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CHAPTER 1 

 

 

INTRODUCTION 
 

 

1.1 Overview 

  Tropical forests are rapidly being altered by habitat loss and fragmentation, with tropical 

deforestation rates in some areas, such as Brazil and Indonesia, exceeding 500,000 hectares per 

year between 1990 to 2015 (FAO 2015a). As tropical forests provide irreplaceable ecosystem 

services, or benefits to society, the consequences of forest loss and fragmentation can be 

detrimental to human well-being at both global and local scales. For example, tropical forests act 

as carbon sinks, removing carbon from the atmosphere through their growth (Soepadmo 1993; 

Pan et al. 2011). As a result, cutting down forests reduces carbon uptake, leaving more carbon to 

reside in the atmosphere (Baccini et al. 2017). On a more local scale, approximately 1.2 to 1.5 

billion people directly depend on tropical forests for provisioning services such as medicine, 

food, clean water, and timber for home construction (Vira et al. 2015), provisions which become 

less available with decreasing forest availability.  

 Carbon sequestration, life provisions, and the abundance of other ecosystem services 

provided by tropical forests are largely dependent on biodiversity, such that a loss of biodiversity 

negatively impacts the quantity and quality of ecosystem services (Losos & Leigh 2004; FAO 

2010). For example, large mammals disperse seeds of tropical hard wood trees (Almeida-neto et 

al. 2008), which are themselves responsible for removing large quantities of carbon from the 

atmosphere. The absence of large mammals to disperse seeds and aid in the generation of these 

tree species results in forests that takes up less carbon when compared to forests with greater 

large mammal diversity (Bello et al. 2015; Deere et al. 2018; Goetz et al. 2018).  

 Because of the importance of biodiversity in maintaining tropical forest ecosystem 

services, many conservation efforts to date have justifiably focused on preserving biodiversity 

by, for example, conserving large tracts of land that act as biological reserves (Tilman et al. 

2017). These types of conservation approaches are sometimes made under the assumption that 

simply designating an area as protected and limiting human interference will maintain the area’s 

biodiversity. However, as biodiversity is influenced by a set of interactions between species or 

between biotic and abiotic factors (Hagen et al. 2012), this approach neglects to account for the 

dynamic intricacies of an ecosystem. For example, lowland tapirs (Tapirus terrestris) are largely 

frugivorous, consuming fruits in one portion of the forest and traveling long distances to defecate 

or extirpate the seeds in another location (Bueno et al. 2013). Therefore, interactions associated 

with tapir diet and movement influence the quantity and locations of future trees, in turn 

impacting overall forest diversity. As tapirs are not functionally redundant (Bueno et al. 2013), a 

conservation plan that does not consider this interaction, and the land use needs essential to 

maintaining this interaction, may result in preserving a portion of forest that is not sustainable in 
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the long-term.   

 This research describes a different approach to tropical forest conservation. Rather than 

employing methods that simply quantify biodiversity, I approach tropical forest conservation by 

determining and conserving species habitat use patterns and the interactions that shape them. The 

benefit of this approach is that it assesses an ecosystem as a whole, by the multiple interactions 

that shape it, rather than by a single factor, such as the number of species in a given location. I 

focus my work on interactions involving large mammals, as they play a key role in maintaining 

tropical forest ecosystems by predating and dispersing seed (Ripple et al. 2015), creating habitat 

for other organisms (Beck et al. 2010), acting as top down regulators of prey populations (Galetti 

& Dirzo 2013; Galetti et al. 2015a), and influencing geologic processes such as sedimentation, 

erosion, and climate regulation (Estes et al. 2011). Large mammals interact with their 

environment in two main ways, through their diet and their movement. Therefore, I evaluate how 

patterns associated with large mammal diet and movement are altered with anthropogenically-

driven climate and land use change.  

 While this approach to conservation is appropriate for a variety of species and locations, I 

apply this method of conserving habitat use patterns associated with diet and movement using 

the white-lipped peccary (Tayassu pecari) as a model species. White-lipped peccaries are 

indicator species of healthy Neotropical forests, as areas where they have gone locally extinct 

have resulted in drastic changes to forest structure and function, including loss of biodiversity in 

the ecosystem  (Silman et al. 2003; Wyatt and Silman 2004; Altrichter et al. 2012; Galetti et al. 

2015a, b). Therefore, white-lipped peccaries are an ideal test subject for evaluating how 

conserving large mammal interactions and habitat use patterns can inform conservation 

decisions. 

 

In assessing white-lipped peccary habitat use patterns, I outline the following research 

objectives: 

 

Objective 1: Evaluate extinct peccary dietary response to past climate change as a proxy for 

understanding how modern species may respond to current and future climate change 

 

Objective 2: Determine how flexible modern peccary species are in their diet and ability to adapt 

to anthropogenic land use change 

 

Objective 3: Model how peccary habitat use patterns driven by diet and movement may be 

altered with land use change 

 

1.2 Organization 

I begin this work by diving into the world of paleontology to elucidate how extinct 

tayassuids altered diet in response to climate change and discuss how this information can be 
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helpful in looking at how their modern counterparts may respond to current anthropogenic 

climate change. I employ dental microwear texture analysis and stable isotope analysis from 

peccary tooth enamel to evaluate whether extinct peccaries consumed food in more open regions 

(less dense forests or grasslands) during potential times of food shortages (from climate change). 

I find that extinct peccaries, Platygonus and Mylohyus, were largely relegated to consuming food 

in forested environments. However, during the Irvingtonian, a drier and/or colder period during 

the Pleistocene, Platygonus and Mylohyus may have somewhat transitioned to mixed feeding. A 

comparison of stable isotope values from modern white-lipped peccary enamel suggests modern 

species are relegated to consuming foods in much denser forests than their extinct counterparts. I 

discuss the caveats of using the fossil record as a proxy for modern species due to time averaging 

and variations in spatial scales. I conclude that at present, one modern species, the white-lipped 

peccary, is largely restricted to consuming food items from forested areas, at least during the 

period over which the analyzed tooth was mineralized (first few months to years of an 

individual’s life).   

Chapter 3 explores how current land use change in Brazil influences modern white-lipped 

peccary diet. Using stable carbon and nitrogen isotopes from white-lipped peccary hair, I 

quantify the ability of peccaries to alter diet in four regions within three Brazilian biomes, each 

with varying climate characteristics, degrees of agricultural impact, and forest canopy cover. 

Results indicate white-lipped peccaries are relegated to consuming food within forests regardless 

of environmental factors such as climate, or human-modification of the landscape due to 

agricultural practices. However, some individuals within a population may incorporate crops into 

their diet during times of food stress. This appears to be a recent phenomenon driven by 

increased deforestation and agricultural intensification. Regardless, white-lipped peccaries as a 

species are still highly dependent on forest resources and do not drastically alter diet to include 

crops, which supports the findings of the previous chapter. 

Chapter 4 begins our journey into the emerging field of movement ecology, specifically 

the novel concept of linking movement ecology with agent-based modelling. In this chapter, I 

describe an agent-based model created to evaluate how variations in the amount of forest cover, 

the number of forest fragments, and spatial orientation of those fragments impact large mammal 

habitat use patterns. Building on the results from chapters 2 and 3, I test this model using 

movement data from white-lipped peccaries and find that both habitat loss and fragmentation 

strongly alter peccary habitat use patterns. As the amount of forest cover decreases, peccary 

habitat use patterns become more disproportionate, such that some portions of suitable habitat 

are used more intensely while others are completely devoid of peccary interactions. 

Fragmentation exacerbates these patterns, as an increase in the number of forest fragments on the 

landscape positively correlates to greater extremes in the disproportionate use of suitable habitat. 

Therefore, with increasing fragmentation, higher levels of forest cover are needed to maintain 

peccary habitat use patterns.  

However, at 60% forest cover, peccaries can maintain habitat use patterns 93.3% of the time, 
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regardless of the quantity and spatial orientation of forest fragments, and 100% of the time at 

70% forest cover and above. Below this forest cover threshold, the number of fragments and the 

degree of isolation between those fragments drives habitat use patterns. Collectively, these 

results suggest that 40% of the forest can be removed (and that land allocated to human 

agricultural use for example) and still maintain peccary habitat use patterns.  

Chapter 5 summarizes all findings from this dissertation and discusses the broader impacts of 

this work as well as future research directions.  
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CHAPTER 2 
 

 

DIETARY VARIABILITY OF EXTINCT TAYASSUIDS AND MODERN WHITE-

LIPPED PECCARIES (TAYASSU PECARI) AS INFERRED FROM DENTAL 

MICROWEAR AND STABLE ISOTOPE ANALYSIS 
 

2.1 Introduction 

Over time, members of the Tayassuidae (commonly referred to as ‘peccaries’) have 

occupied a diverse array of habitats including moist tropical forests, tropical savannas, and 

closed canopy woodlands in North, South, and Central America (e.g. Altrichter and Boaglio, 

2004; Keuroghlian et al., 2009; MacFadden and Cerling, 1996; Wetzel et al., 1975).  However, 

after the end Pleistocene, tayassuid ranges largely became restricted to Mexico, Central America, 

and South America, with isolated populations of collared peccaries found in the southwestern 

United States (Altrichter et al., 2001; IUCN, 2017; Torres et al., 2016; Wetzel et al., 1975). 

As some extant members of this family, e.g. Tayassu, can cause unique top-down effects on their 

ecosystems through herding behaviors, seed predation and dispersal, and the requirement of large 

home ranges (Fragoso 1998; Beck 2006; Keuroghlian & Eaton 2008b; Keuroghlian et al. 2009; 

Reyna-Hurtado et al. 2016), understanding tayassuid ecology both today and in the past can 

provide information on how dietary preferences have changed both over time and in response to 

past climate fluctuations. Further, knowledge of how extinct peccary diets compare to those of 

extant taxa can elucidate the degree to which peccary diet was generalized over time and can 

provide an understanding of how dietary preferences of modern tayassuids may fluctuate in 

response to current and future climate change events.   

Modern Tayassu are highly frugivorous (e.g. Altrichter et al., 2001; Desbiez et al., 2009; 

Keuroghlian and Eaton, 2008). However, they have also been documented as consuming 

additional foliage in times of food scarcity (Sowls 1984; Keuroghlian et al. 2009). Further, the 

amount of fruit in modern Tayassu diets varies with geographic location and tracks fruit 

availability (Beck 2006). However, whether dietary generalism has always been present among 

tayassuids and the degree to which extinct and extant peccaries share similar dietary patterns 

remains unclear. Assessing dietary ecology and variability over deep time requires multiple 

methods capable of capturing different aspects of diet (e.g. textural properties and isotopic 

composition). Coupling multi-proxy paleoecological information from the fossil record with 

ecological studies can provide information on dietary ecology over time.  

Here, we integrate multiple paleoecological methods including morphological data, dental 

microwear texture analysis (DMTA), and geochemical analyses to clarify the ecology of fossil 

peccaries as well as modern Tayassu peccaries at a variety of spatial and temporal scales, 

including since the Plio-Pleistocene and between North and South America. Specifically, we test 

the following hypotheses: 

i) Tayassuids from the late Miocene throughout the Pleistocene were dietary generalists, 
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consuming browse and mixed vegetation in Florida. 

ii) Extinct sympatric genera were able to coexist because they consumed disparate diets 

and hence represent different dietary niches, as inferred from stable isotopes and 

DMTA.  

iii) When compared to their extinct counterparts, extant tayassuids exhibit similar 

degrees of dietary variability, as inferred from stable isotopes and DMTA. 

 

2.2 Background 

2.2.1   Evolutionary history of the Tayassuidae 

Tayassuids, suiform artiodactyls, are distantly related to pigs, hogs, and boars (Wright, 

1998). Three species of extant tayassuids currently exist: the white-lipped peccary (Tayassu 

pecari Link 1795), the collared peccary (Pecari tajacu Linnaeus 1758), and the chacoan peccary 

(Catagonus wagneri Rusconi 1930). The majority of evidence suggests that tayassuids first 

appeared during the late Eocene of North America (Wright 1998). While some suggest 

tayassuids are represented in South America during the late Miocene (e.g. Campbell et al., 2010 

and sources therein), unequivocal skeletal evidence indicates that tayassuids are definitively 

recorded in South America by the late Pliocene (Cione et al., 2015; Gasparini et al., 2013). 

Phylogeny between extinct and extant tayassuids remains unresolved; however, it is a 

topic of active research (Parisi Dutra et al., 2017; Prothero, 2015). To date, the most complete 

assessments of peccary relationships comes from Wright (1989) and Parisi Dutra et al. (2017). 

Using morphological data, Wright (1989) separated the tayassuids into two monophyletic clades, 

one composed of Platygonus, Mylohyus, and Tayassu, and the second comprised of Catagonus 

and Pecari. Through genetic and morphological analyses, Parisi Dutra et al. (2017) suggested the 

genus Catagonus is polyphyletic, such that Catagonus brachydontus is the sister group to 

Platygonus, and Mylohyus, while Catagonus wagneri is most closely related to Tayassu. Due to 

the paraphyletic nature of the genus Catagonus, we hereafter refer to Catagonus brachydontus 

with the newly designated nomenclature of Protherohyus brachydontus (Parisi Dutra et al., 

2017). Other research based on dentition posits Protherohyus and Catagonus may be most 

closely related to Platygonus (Wetzel et al. 1975). A genetic assessment consisting solely of 

extant species concluded Tayassu pecari and Pecari tajacu form a monophyletic clade, with 

Catagonus wagneri equally related to both (Gongora and Moran, 2005). If the phylogeny of 

Wright (1989) is correct, peccaries likely underwent multiple separate migrations from North 

America to South America since the Pliocene, as Miocene representatives of Platygonus and 

Pleistocene Pecari are preserved in North American deposits (Hulbert et al., 2009; Wright, 

1998). Perhaps the best-known and well-described fossil peccaries are those from the late 

Miocene through the Pleistocene, Protherohyus, Mylohyus, and Platygonus, and as such will be 

the focus of this study. Further, the extant genus, Tayassu (commonly referred to as the white-

lipped peccary), is included as a modern taxon with a potential generalized diet based on 
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observational data and fecal analyses (e.g. Altrichter et al., 2001; Keuroghlian and Eaton, 2008).  

 

2.2.2 Paleoecology of extinct peccaries 

Although many tayassuid fossil remains have been described, limited studies have 

undertaken paleoecological assessments of extinct peccaries. Those that have, center on 

morphological information (e.g. Hulbert, 2001) with some additional studies using geochemical 

data to infer tayassuid paleoecology (MacFadden & Cerling 1996; Koch et al. 1998; Feranec & 

MacFadden 2000; D’Amo 2001; Feranec 2005; DeSantis et al. 2009; Feranec & DeSantis 2014; 

Yann & DeSantis 2014; Trayler et al. 2015; Yann et al. 2016). Additionally, there is only one 

dental microwear study of tayassuid fossil remains, Platygonus compressus from southern 

Indiana (Schmidt, 2008).  Through a two-dimensional dental microwear analysis, the author 

concluded that the species’ diet was similar to those of browsers or mixed-feeders, consuming 

both hard and soft food materials as well as abrasive and non-abrasive foods (Schmidt 2008). 

Cheek teeth of Protherohyus and Platygonus are zygodont, having sharply angular crests 

associated with primary cusps, with those of Platygonus being more hypsodont than the former 

(Wright, 1989). In contrast, Mylohyus has bunodont teeth, those with rounded cusps (Wright, 

1998). General morphological interpretations of diet based on dentition suggest Platygonus may 

have consumed cactus and coarse-vegetation, while Mylohyus preferred fruit, nuts, and softer 

vegetation or were browse/browse-dominated mixed feeders (Hulbert, 2001; Webb, 1974; Webb 

et al., 2008; Wright, 1998). This would largely restrict Mylohyus to being a forest-dwelling taxon 

and suggests that Platygonus occupied more open environments, such as prairies (Webb, 1974).  

Most stable isotope analyses of extinct peccaries in North America center around sites in 

Florida, where they are abundant and well preserved (MacFadden & Cerling 1996; Koch et al. 

1998; Feranec & MacFadden 2000; D’Amo 2001; Feranec 2005; DeSantis et al. 2009; Yann et 

al. 2013; Feranec & DeSantis 2014; Yann & DeSantis 2014). Stable isotope analyses of 

Platygonus and Mylohyus enamel from Pleistocene glacial and interglacial localities of Florida 

indicate Platygonus was a C3 browser during a glacial period (Inglis 1A, FL), even though C4 

grasses were present (DeSantis et al. 2009). However, Platygonus transitioned to mixed feeding 

during an early Irvingtonian (~1.6 to 1 Ma) interglacial period (Leisy Shell Pit 1A) and 

consumed both C3 browse and C4 grass (DeSantis et al. 2009). DeSantis and colleagues (2009) 

did not analyze Mylohyus during known glacial periods due to lack of specimens at Inglis 1A but 

note that the genus consumed a mixture of C3 and C4 vegetation during interglacial times.  

Mylohyus consistently consumed C3 vegetation during the latest Pleistocene in Florida, as 

evidenced by isotopic analysis of specimens from Vero Beach 2 (δ13C values of –10.8 ‰ and –

10.9 ‰) and Cutler Hammock (δ13C values of –11.4 ‰, –10.0 ‰, and –8.0 ‰; Koch et al., 

1998). Additional isotopic studies categorize Platygonus as a mixed feeder during the first half 

of the Pleistocene and then strict browser starting in the middle Irvingtonian (~1.0 to 0.6 Ma; 

Feranec and MacFadden, 2000). Feranec and MacFadden (2000) and DeSantis and colleagues 

(2009) suggested this shift occurred in response to the appearance of a second mixed-feeding 
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peccary, Mylohyus, or a shift in flora; yet, morphological interpretations suggest that Mylohyus 

was likely a browser (Webb et al., 2008). Work by Yann and DeSantis (2014) indicate that both 

Platygonus and Mylohyus were browsing or mixed feeding at additional Pleistocene sites (Haile 

8A and Tri-Britton) in Florida. Based on carbon isotopes of tayassuids from Florida throughout 

the Pleistocene, the consumption of moderate amounts of CAM plants or C3 grasses by 

Platygonus and Mylohyus was possible (MacFadden & Cerling 1996), although unlikely due to 

the rarity of CAM plants and C3 grasses in Florida (Teeri & Stowe 1976; Stowe & Teeri 1978; 

Koch et al. 1998).  Platygonus compressus from Ingleside (Texas) has carbon isotope values 

consistent with the consumption of C3 browse in more open environments and/or mixed feeding 

of both C3 browse and C4 grass (values of –9.1 ‰ and –8.8 ‰; Yann et al., 2016).  Further, 

Trayler and colleagues (2015) report one stable carbon isotope value of –13.5 ‰ for Platygonus 

vetus at a mid-Irvingtonian aged site in California, Fairmead Landfill. With the exception of one 

specimen from the Love Bone Bed of Florida (MacFadden & Cerling 1996), the dietary ecology 

of extinct Protherohyus specimens in North America have not yet been extensively studied using 

geochemical techniques.  

 

2.2.3 Ecology of extant peccaries 

Modern Tayassu cheek teeth are bunodont and clear correlations between tooth 

morphology and diet have not been demonstrated in extant tayassuids (Wright 1998), suggesting 

additional methods are needed to fully correlate diet between extinct and extant taxa. While 

Tayassu have been recorded in seasonally inundated wetlands, dry tropical forests, and tropical 

savannas, (e.g. Keuroghlian and Eaton, 2008; Keuroghlian et al., 2009), they are found primarily 

in moist, tropical forests from southern Mexico to Argentina. They are considered largely 

frugivorous, and often consume palm fruits and seeds (Altrichter et al., 2001; Keuroghlian and 

Eaton, 2008; Keuroghlian et al., 2009; Kiltie, 1981a, 1981b; Wright, 1998) with analyses from 

stomach contents suggesting that palm seeds alone can account for over 60 % of Tayassu diet 

(Kiltie 1981b; Bodmer 1990; Beck 2006). Additionally, Tayassu consume a greater diversity of 

fruits during the wet season, when more fruits are available (Keuroghlian et al. 2009). During 

periods of low fruit availability or food scarcity, vegetative plant parts including stems, leaves, 

and roots have been documented as constituting up to 39 % of stomach contents (Kiltie 1981b; 

Barreto et al. 1996; Desbiez et al. 2009). A small portion of stomach contents (< 1 %) even 

consisted of consumed animal materials (Kiltie, 1981a) and additional studies have noted a 

preference of seeds infected with bruchid beetle larvae (Kiltie 1981b; Fragoso 1994; Silvius 

2002; Jansen 2003). 

 

2.2.4 Dental Microwear Texture Analysis (DMTA) 

Dental microwear texture analysis quantifies microscopic features via scale-sensitive 

fractal analysis on the chewing surface of teeth that have resulted from food processing (e.g., 
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Scott et al., 2005, 2006; Ungar et al., 2003). DMTA reflects the textural properties of an 

organism’s diet within the last few days to weeks of an animal’s life (Grine 1986) and can 

distinguish between consumption of foods that are soft and tough compared to those that are hard 

and brittle (Calandra and Merceron, 2016; DeSantis, 2016; Scott et al., 2005, 2006; Ungar et al., 

2003). Tough foods, such as grasses and some leaves, are resistant to crack propagation and are 

therefore best broken down by blade-like structures and shearing motions (e.g. shearing cusps; 

Strait, 1997). Hard foods are those that break or crack such as seeds, nuts, and woody browse, 

such that the harder the food, the more resistant it is to cracking (Strait, 1997). An additional 

descriptive term, abrasiveness, describes a food’s ability to create abrasions on the wear surface 

of the tooth (Calandra and Merceron, 2016).  

Resulting scale-sensitive fractal analyses from DMTA generate the following informative 

parameters: anisotropy (epLsar), complexity (Asfc), heterogeneity of complexity (HAsfc), and 

textural fill volume (Tfv; Scott et al., 2005, 2006). Greater anisotropy values in herbivores result 

from the consumption of tougher food items like leaves or grass, while greater complexity values 

indicate consumption of harder and/or more brittle food items like woody browse, seeds, or fruit 

pits (e.g. DeSantis et al., 2017; DeSantis, 2016; Hedberg and DeSantis, 2016; Jones and 

DeSantis, 2017; Scott, 2012). Heterogeneity of complexity (HAsfc) measures the variation 

among textural features across a surface, while textural fill volume (Tfv) numerically reflects 

both the shape and texture of the surface, specifically the concavity and convexity (Scott et al., 

2006). A surface with greater concavity or convexity will have a greater Tfv value as compared 

to a more planar surface (Scott et al. 2006).  

Initial analyses of microscopic wear features in mammals used scanning electron 

microscopes or optical microscopes to quantify the relative number of pits and scratches, with 

increased pits indicative of the consumption of hard food items and a high proportion of 

scratches demonstrating a diet rich in abrasive food items, such as grass consumption for 

herbivores (e.g. Semprebon et al., 2004; Solounias and Semprebon, 2002; Walker et al., 1978). 

However, at times, these methods can be subject to observer error and inconsistent in data 

replication (DeSantis et al., 2013; Grine et al., 2002; Mihlbachler and Beatty, 2012). While these 

initial dental microwear studies were seminal in our understanding of ancient diets via 

microscopic wear patterns on teeth, the 3D analysis of wear features, as demonstrated with 

DMTA, is better able to distinguish between disparate dietary niches, reduce observer bias, and 

improve reproducibility (DeSantis et al., 2013). Further, assessment of microscopic wear features 

through DMTA has been successfully employed to evaluate the textural properties of diet in a 

diverse assemblage of mammals (e.g. DeSantis, 2016 and references therein). 

 

2.2.5 Geochemical data  

Whereas dental microwear reflects diet over the last few days to weeks of an organism’s 

life, stable carbon isotopes in tooth enamel reflect diet during the time over which enamel was 

mineralized, on the order of weeks to months, a time period much earlier in life than that 



 

 10 

reflected by microwear analysis (Hoppe et al. 2004). Stable carbon isotopes recovered from 

enamel hydroxyapatite can aid in assessing the proportion of C3 or C4 plants consumed, as well 

as clarifying relative forest density (van der Merwe & Medina 1989, 1991; Cerling et al. 2004a; 

DeSantis & Wallace 2008). Carbon values from diet are recorded in mammalian enamel with a 

fractionation factor of –14.1 ‰ for moderately sized herbivores (Cerling & Harris 1999). When 

comparing with modern taxa, there is an additional 1.5 ‰ subtracted from each stable carbon 

isotope value for extinct specimens to account for increased CO2 emissions since the industrial 

revolution, the Suess Effect (Cerling et al. 1997; Cerling & Harris 1999; Passey et al. 2005). 

Stable carbon isotope values of below – 9 ‰ indicate a diet primarily composed of C3 plant 

material, while values greater than – 2 ‰ indicate a diet primarily composed of C4 plants, in 

extinct peccaries (Cerling et al. 1997; Kohn 2010). Values falling between those two end 

members reflect a mixed-feeding diet in extinct taxa (Cerling et al., 1997; Cerling and Harris, 

1999; Kohn, 2010).  Likewise, stable isotope values below – 10.5 ‰ or above – 3.5 ‰ indicate a 

predominantly C3 or C4 diet, respectively, in modern taxa. 

When coupled, stable isotopes and DMTA have the ability to distinguish between C3 and 

C4 browsing and grazing diets (e.g. Prideaux et al., 2009; DeSantis et al., 2017), as well as 

document changes in textural properties of food consumed, even when isotopic breadth is similar 

(e.g. Jones and DeSantis, 2017).  

 

2.3 Materials and Methods 

2.3.1 Sample Collection 

Specimens of extinct taxa, Protherohyus, Platygonus, and Mylohyus, were sampled for 

DMTA and geochemical analysis from the vertebrate paleontology collections at the University 

of Florida (Supplementary Tables 1 and 2). For stable isotope analysis of extinct genera, we 

analyzed a total of 115 teeth including 8 Protherohyus, 58 Platygonus, and 49 Mylohyus. We 

sampled 126 specimens for DMTA including 22 Protherohyus, 72 Platygonus, and 32 Mylohyus 

(Table S2). In Florida, Mylohyus specimens spanned the late Miocene (Hemphillian) to late 

Pleistocene (Rancholabrean), while Platygonus specimens have been recovered from the 

Pliocene (Blancan) to Pleistocene (Rancholabrean; Hulbert, 2001). In Florida, Protherohyus is 

known only from the Hemphillian.  

Extant Tayassu specimens were sampled from collections at the Museu de Zoologia da 

Universidade de São Paulo (MZUSP) as well as skulls donated for use by the Wildlife 

Conservation Society, Brazil (WCS, Brazil) and Dr. Sandra Calvacanti from the Brazilian 

Institute for the Conservation of Neotropical Carnivores (CENAP, Brazil). We analyzed 14 

Tayassu microwear samples from MZUSP and 9 samples from WCS and CENAP 

(Supplementary Tables 1 and 2). No isotope samples were taken from specimens at MZUSP. 

Rather, 35 teeth were drilled from the WCS and CENAP collections. Because of this, all Tayassu 

specimens drilled for isotopic analysis are primarily from more open-canopy biomes of central 

Brazil (Pantanal and Cerrado), whereas Tayassu specimens evaluated for microwear analysis 
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also included specimens from closed-canopy biomes (Amazonian and Atlantic forests; Olson et 

al., 2001).  

 

2.3.2 DMTA 

Microwear analyses followed procedures outlined in Scott et al. (2006). Molars, M/m1 or 

M/m2, were cleaned and molded with a polyvinylsiloxane dental material. After drying, molds 

were taken back to Vanderbilt University and each sample was puttied to form a stable basin 

from which to create a cast. Tooth replicates were then made using epoxy (Epotek 301) and 

examined at Vanderbilt University on a Plu Neox Profiler with white light at 100x magnification. 

Specifically, we scanned a 276-micrometer x 204-micrometer area of enamel on the occlusal 

surface of the protocone (-id). When the protocone (-id) was not preserved or did not exhibit a 

testable wear stage, the hypocone (-id) was scanned. Only on a few instances were alternate 

areas of a molar scanned. The scanned area was then divided into a 2 x 2 grid, representing a 

total of four scans. The median value between the four scans was used to analyze surficial wear 

features using Toothfrax and Sfrax software packages, software designed specifically for 

analyzing three-dimensional microscopic wear patterns on teeth.  

 

2.3.3 Geochemical Analysis 

To sample and chemically prepare specimens for stable isotope analysis, we followed 

similar procedures to DeSantis et al. (2009). We selectively bulk sampled (drilled a line of 

enamel perpendicular to the growth axis of the tooth) M/m1 or P/p4 with a low-powered drill and 

collected the resulting enamel powder, approximately 2 mg. Chemical preparation of samples 

occurred at Vanderbilt University where enamel powder was reacted with 30 % hydrogen 

peroxide for at least 24 hours, facilitating the removal of organic material. After removing 

hydrogen peroxide, samples were rinsed with distilled water to remove any remaining hydrogen 

peroxide residue. We then placed 0.1 N acetic acid in each vial for 18 hours to remove diagenetic 

carbonates, after which the samples were rinsed with distilled water again, dried, and 

subsequently mailed to the University of Florida Stable Isotope Facility in the Department of 

Geological Sciences. There, the processed enamel powders were analyzed within ± 0.1 ‰ 

analytical precision using a VG Prism stable isotope mass spectrometer with an in-line 

ISOCARB automatic sampler. All samples were normalized to the laboratory standard (NBS-19 

with a δ13C value of 1.95 ‰ vs. PDB) and are reported in traditional delta notation δ13C = [(13C 

/12Csample) / (
13C /12Cstandard) −1] x 1000 using the V-PDB standard (Coplen 1994). An additional 

1.5 ‰ has been subtracted from carbon isotope values of extinct fossil taxa to account for 

increased emissions since the industrial revolution and facilitate comparison to modern Tayassu 

specimens (e.g. an isotope value of –12.0 ‰ for an extinct specimen becomes –13.5 ‰ to 

facilitate comparison to its modern counterpart). 

We also compiled published data on tayassuid stable carbon isotopes in enamel from 
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peccaries in Florida and incorporated those into our analyses (Table S1; D’Amo, 2001; DeSantis 

et al., 2009; Feranec, 2005; Feranec and DeSantis, 2014; Feranec and MacFadden, 2000;  Koch 

et al. 1998; MacFadden and Cerling, 1996; Yann and DeSantis, 2014). 

 

2.3.4 Statistical Methods 

With the exception of isotopic data from Protherohyus, results from DMTA and isotopic 

analyses were confirmed by a Shapiro-Wilk test to follow a non-normal distribution 

(Supplementary Table 3). However, given the small sample size of Protherohyus and the need to 

compare the genus with other genera, we used non-parametric statistical tests for all analyses. All 

statistical analyses were done in R, version 3.31 (R Core team, 2013) using Mann-Whitney U 

test when comparing two taxa and Dunn's procedure (Dunn 1964) when comparing more than 

two groups. P-values < 0.05 were considered significant. We also calculated summary statistics 

including mean, median, standard deviation, maximum value, minimum value, and range. We 

compared each of the DMTA variables (Asfc, epLsar, Tfv, HAsfc3x3, and HAsfc9x9) and stable 

carbon isotope values between Florida peccaries exclusive of North American Land Mammal 

Age (NALMA), among co-occurring genera within a single NALMA, for a single genus over 

multiple NALMAs, and between extinct and modern peccaries. 

 

2.4 Results 

2.4.1 DMTA  

Dental microwear texture analysis summary statistics are outlined in Tables 1-2 and 

Figure 1, with all temporal and taxonomic comparisons noted in Table 3 and Supplemental 

Tables 4 and 5.  
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Table 1: Summary statistics of DMTA attributes per taxonomic group. Asfc, area-scale fractal complexity; epLsar, 

anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid, 

respectively; SD, standard deviation (n – 1); Range, total range of all samples examined. 

 

Genus Statistic n Asfc epLsar Tfv HAsfc3x3 HAsfc9x9 

        
Mylohyus Mean 32 6.666 0.0022 13603 0.512 0.957 
 Median  4.716 0.0020 13394 0.482 0.825 
 SD  5.279 0.0010 2176 0.248 0.444 
 Maximum  24.085 0.0038 17918 1.424 2.263 
 Minimum  0.933 0.0007 7699 0.160 0.296 
 Range  23.152 0.0032 10219 1.264 1.967 

        
Platygonus Mean 72 4.816 0.0029 12612 0.445 0.847 
 Median  2.468 0.0025 13232 0.376 0.764 
 SD  5.151 0.0016 3380 0.265 0.485 
 Maximum  22.774 0.0073 19873 1.725 3.293 
 Minimum  0.447 0.0003 2147 0.181 0.317 
 Range  22.327 0.0070 17726 1.544 2.976 

        
Protherohyus Mean 22 3.306 0.0026 11796 0.641 0.982 
 Median  2.577 0.0024 12150 0.567 0.896 
 SD  3.046 0.0011 3432 0.448 0.487 
 Maximum  13.792 0.0050 16313 2.261 1.929 
 Minimum  0.451 0.0006 0 0.203 0.406 
 Range  13.341 0.0044 16313 2.058 1.523 

        
Tayassu Mean 23 4.916 0.0026 13358 0.446 0.789 
 Median  2.887 0.0021 13373 0.436 0.718 
 SD  4.347 0.0013 1745 0.221 0.368 
 Maximum  16.800 0.0061 15964 0.882 1.504 
 Minimum  1.681 0.0008 9081 0.124 0.254 
 Range  15.118 0.0053 6884 0.759 1.249 
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Table 2: Statistical comparisons (P-values) for all DMTA attributes between taxa. Asfc, area-scale fractal 

complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, Heterogeneity of complexity in a 3 x 3 

and 9 x 9 grid respectively. Bold denotes significance (p < 0.05).   

 
 

Collectively, excluding NALMA subsampling, Mylohyus yields the largest mean 

complexity value (6.666) and has a complexity range of 23.152, while Protherohyus has the 

smallest mean complexity value (3.306) and a complexity range of 13.341 (Table 1). Mylohyus 

has significantly higher complexity than both Platygonus (p = 0.0034) and Protherohyus (p = 

0.002; Table 2). In contrast, Mylohyus has significantly lower anisotropy than Platygonus (p = 

0.044), but not Protherohyus (Table 2). Platygonus has lower heterogeneity of complexity than 

both Mylohyus (p = 0.040) and Protherohyus (p = 0.012) at the 3 x 3 scale; yet, there are no 

significant differences between genera in heterogeneity of complexity at the 9 x 9 scale (Table 

2). Mylohyus has a higher mean texture fill volume than Protherohyus (p = 0.020) but does not 

differ from Platygonus (Table 2).  

A comparison between DMTA features for Tayassu and each extinct taxon reveals there 

are no significant differences in any DMTA features between Tayassu and any of the extinct 

genera with the exception of HAsfc3x3, where Tayassu demonstrates lower mean values than 

those of Protherohyus (p = 0.047; Tables 1-2). 

 

    Mylohyus Platygonus Protherohyus 

Asfc Platygonus 0.003   

 Protherohyus 0.002 0.175  
 Tayassu 0.104 0.168 0.063 

epLsar Platygonus 0.018   
 Protherohyus 0.067 0.455  
 Tayassu 0.159 0.239 0.317 

Tfv Platygonus 0.074   

 Protherohyus 0.020 0.143  
 Tayassu 0.367 0.186 0.056 

Hasfc3x3 Platygonus 0.027   
 Protherohyus 0.224 0.005  
 Tayassu 0.144 0.309 0.047 

Hasfc9x9 Platygonus 0.070   
 Protherohyus 0.483 0.091  
 Tayassu 0.074 0.364 0.086 
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Figure 1: Scatterplot comparing the DMTA parameters of complexity (Asfc) and anisotropy (epLsar) for 

Protherohyus, Mylohyus, Platygonus, and Tayassu. 

 

  DMTA variables of extinct peccaries were also compared among genera, through time. 

Mean complexity values for Mylohyus appear to generally increase over time from the 

Hemphillian to the Rancholabrean (Table 3). During the Hemphillian, Myloyhus complexity 

values were lower than during the Blancan (p = 0.013) and Rancholabrean (p = 0.007) (Table 

S4). Texture fill volume values in the Hemphillian were lower in the Irvingtonian (p = 0.047) 

and the Blancan (p = 0.016), but not the Rancholabrean (Table S4). Mylohyus does not exhibit 

any other textural differences in dental microwear attributes between the Hemphillian and 

Rancholabrean (Table S4). There are no significant differences in any dental microwear feature 

over time for Platygonus (Table S5). As Protherohyus fossils in Florida are only recorded from 

the early Pliocene (Hemphillian), temporal comparisons for this genus were not possible. 

Summary statistics of DMTA attributes of co-occurring genera in each NALMA can be found in 

Table 3. Mylohyus and Protherohyus co-occur during the Hemphillian and do not significantly 

differ in any DMTA attribute during this time period (Table S6); Platygonus fossils are not 

present in high enough densities during the Hemphillian in Florida to facilitate inclusion into this 

analysis. Mylohyus and Platygonus co-occur during the Irvingtonian, Blancan, and 

Rancholabrean NALMAs (Table 3). During the Irvingtonian and Blancan, Mylohyus and 

Platygonus have indistinguishable DMTA attribute values with the exception of Mylohyus 

having higher mean HAsfc3x3 values than Platygonus during the Irvingtonian (p = 0.028; Table 

S7). During the Rancholabrean, Platygonus had a lower mean complexity value (4.349) than 

Mylohyus (8.348; p = 0.025).  
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Table 3: Summary statistics of all DMTA attributes separated by taxonomic group and North American Land 

Mammal Age (NALMA). Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, 

HAsfc9x9, Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively; SD, standard deviation (n – 1). Range, 

total range of all samples examined. 

 
 

2.4.2 Stable carbon isotopes 

Results from carbon isotope analyses are found in Tables 4-6, and Figure 2. When all 

isotopic values are pooled together (regardless of NALMA), Mylohyus, Platygonus, and 

Protherohyus all demonstrated similar mean δ13C values that are indistinguishable from one 

another (Tables 4-5). Mylohyus had a range of 12.0 ‰, while Protherohyus and Platygonus had 

ranges of 6.3 ‰ and 10.6 ‰, respectively (Table 4). However, when comparing co-occurring 

genera in each NALMA, δ13C values were not always indistinguishable (Figure 2, Table 6). 

During the Hemphillian, Mylohyus had a lower mean δ13C value (–13.5 ‰) than Protherohyus (–

10.6 ‰; p = 0.032). During the Blancan, both Platygonus and Mylohyus had similar δ13C values 

(–12.8 ‰ and –13.9 ‰, respectively; Table S4). While δ13C values for Platygonus and Mylohyus 

in the Irvingtonian are indistinguishable (p = 0.518), Platygonus had a lower mean δ13C value (-

13.0 ‰) than Mylohyus (-11.0 ‰) during the Rancholabrean (p = 0.002; Table 6).  

 

  

Modern

Mylohyus Protherohyus Mylohyus Platygonus Mylohyus Platygonus Mylohyus Platygonus Tayassu

Mean 3.045 3.306 7.901 3.445 6.053 5.072 8.348 4.349 4.916

Median 2.786 2.577 10.454 1.690 4.284 2.497 7.645 2.898 2.887

Standard Deviation 1.834 3.046 4.170 3.917 4.572 5.304 6.277 5.210 4.347

Maximum 7.087 13.792 11.734 10.322 12.827 22.774 24.085 20.200 16.800

Minimum 0.941 0.451 2.673 0.447 2.815 0.578 0.933 0.724 1.681

Total Range 6.146 13.341 9.060 9.874 10.012 22.196 23.152 19.476 15.118

Mean 0.0023 0.0026 0.0018 0.0031 0.0021 0.0028 0.0023 0.0032 0.0026

Median 0.0023 0.0024 0.0017 0.0026 0.0021 0.0025 0.0020 0.0025 0.0021

Standard Deviation 0.0009 0.0011 0.0009 0.0023 0.0004 0.0014 0.0012 0.0020 0.0013

Maximum 0.0036 0.0050 0.0033 0.0067 0.0026 0.0073 0.0038 0.0072 0.0061

Minimum 0.0012 0.0006 0.0010 0.0008 0.0016 0.0003 0.0007 0.0006 0.0008

Total Range 0.0023 0.0044 0.0023 0.0059 0.0010 0.0070 0.0032 0.0066 0.0053

Mean 12482 11796 14757 11209 14545 12948 13566 11802 13358

Median 12572 12150 14855 11292 14806 13367 13297 11481 13373

Standard Deviation 2186 3432 1218 3663 1666 3287 2371 3639 1745

Maximum 16781 16313 16447 15669 16145 19873 17918 19021 15964

Minimum 9421 0 13026 5109 12422 2147 7699 5028 9081

Total Range 7360 16313 3421 10559 3723 17726 10219 13993 6884

Mean 0.551 0.641 0.501 0.686 0.593 0.428 0.474 0.399 0.446

Median 0.422 0.567 0.422 0.366 0.580 0.379 0.479 0.344 0.436

Standard Deviation 0.403 0.448 0.131 0.619 0.032 0.209 0.215 0.180 0.221

Maximum 1.424 2.261 0.649 1.725 0.639 1.129 0.987 0.884 0.882

Minimum 0.160 0.203 0.393 0.234 0.572 0.181 0.229 0.233 0.124

Total Range 1.264 2.058 0.255 1.492 0.067 0.948 0.758 0.651 0.759

Mean 1.108 0.982 0.832 1.379 1.049 0.797 0.895 0.802 0.789

Median 0.806 0.896 0.800 0.788 1.048 0.773 0.777 0.738 0.718

Standard Deviation 0.740 0.487 0.089 1.245 0.213 0.319 0.356 0.388 0.368

Maximum 2.263 1.929 0.942 3.293 1.283 1.680 1.605 1.872 1.504

Minimum 0.296 0.406 0.722 0.364 0.815 0.317 0.397 0.400 0.254

Total Range 1.967 1.523 0.220 2.929 0.468 1.363 1.209 1.472 1.249

HAsfc 9x9

Hemphillian Blancan Irvingtonian Rancholabrean

Asfc

epLsar

Tfv

HAsfc 3x3
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Table 4: Summary statistics for stable carbon isotope analysis (V-PDB, ‰) between genera. Data summarized here 

include both newly collected data as well as data from MacFadden and Cerling (1996), Koch et al. (1998), Feranec 

and MacFadden (2000), D’Amo (2001), Feranec (2005), DeSantis et al. (2009), Feranec and DeSantis (2014), and 

Yann and DeSantis (2014). n is sample size; SD, standard deviation (n – 1). Values have been corrected for the 

Suess effect (–1.5 ‰ in extinct taxa as compared to modern taxa).   

 

  Protherohyus Mylohyus Platygonus Tayassu 

n 8 49 58 35 

Mean -10.6 -11.4 -11.3 -14.4 

Median -11.1 -12.0 -12.0 -14.5 

SD 2.5 2.5 2.7 0.7 

Maximum -7.3 -3.8 -4.8 -12.7 

Minimum -13.6 -15.8 -15.4 -15.5 

Total Range 6.3 12.0 10.6 2.8 

 

 

Table 5: Statistical comparisons (P-values) for stable carbon isotope analysis between all studied taxa. Values from 

extinct genera accounted for the Suess effect (-1.5 ‰) prior to comparison. P-values less than 0.05 are considered 

significant and noted here in bold.  

 

  Mylohyus Platygonus Protherohyus 

Platygonus 0.467   
Protherohyus 0.213 0.198  
Tayassu <0.0001 <0.0001 <0.0001 

 

 

An evaluation of Mylohyus through time reveals that during the Hemphillian and Blancan 

Mylohyus had similar mean δ13C values (–13.5 ‰ and –13.9 ‰, respectively; Table S8). Yet, 

mean δ13C values from Mylohyus in the Hemphillian are lower than those of Mylohyus in the 

Irvingtonian (p = 0.003) and Rancholabrean (p = 0.003). Similarly, mean δ13C values in the 

Blancan were also lower than the Irvingtonian (p = 0.006) and the Rancholabrean (p = 0.009). 

However, Mylohyus stable carbon isotope values during the Rancholabrean and the Irvingtonian 

do not differ from each other, nor do they differ between the Hemphillian and the Blancan (Table 

S8).  Platygonus has lower mean δ13C values during the Blancan, as compared to the 

Irvingtonian (p = 0.011), yet not the Rancholabrean (p = 0.355), as Rancholabrean values are 

lower than those of the Irvingtonian (p = 0.0002).  
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Table 6: Summary statistics of stable carbon isotope values (V-PDB, ‰) of all extinct taxa during different 

NALMA (North American Land Mammal Age). n is sample size; SD, standard deviation (n – 1); Range, total range 

of all samples examined. Values have been corrected for the Suess effect (–1.5 ‰ in extinct taxa as compared to 

modern taxa).   

 

 
 

While all extinct peccaries evaluated have similar mean δ13C values exclusive of NALMA, 

Tayassu has a lower mean δ13C value than any of the extinct genera (after accounting for the 

Suess effect, see Materials and Methods; Tables 4-5).  

 

 

 
Figure 2: Boxplot of stable carbon isotope values separated by NALMA for co-occurring Tayassuidae genera. All 

stable carbon values for extinct genera have been adjusted by –1.5 ‰ to account for increased emissions since the 

industrial revolution (Cerling et al., 1997; Cerling and Harris, 1999; Passey et al., 2005). The single line within each 

box represents the median value, while the left and right boundaries of the box represent the first and third quartiles, 

respectively. Lines extending perpendicularly from the outer boundaries of the box encompass data falling outside of 

the first and third quartiles, with the end points of these lines not exceeding 1.5 * inner quartile range (distance between 

lower and upper quartile).  Isolated black dots are outliers. 

 

 

 Hemphillian Blancan Irvingtonian Rancholabrean 

 Mylohyus 
Protherohyu
s Mylohyus Platygonus Mylohyus Platygonus Mylohyus Platygonus 

n 7 8 3 8 10 33 29 17 

Mean -13.5 -10.6 -13.9 -12.8 -10.6 -10.0 -11.0 -13.0 
Median -13.8 -11.1 -14.0 -12.9 -11.6 -10.1 -11.5 -13.1 

SD 2.4 2.5 1.0 0.9 2.4 2.8 2.2 1.7 
Maximum -8.6 -7.3 -12.9 -11.5 -6.4 -4.8 -3.8 -9.4 

Minimum -15.8 -13.6 -14.9 -14.6 -13.7 -14.2 -13.6 -15.4 
Range 7.2 6.3 2.0 3.1 7.3 9.4 9.8 6.0 
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2.5 Discussion 

2.5.1 Extinct Peccaries 

Of the tayassuids sampled, only Protherohyus and Mylohyus were evaluated during the 

Hemphillian NALMA due to the limited availability of specimens for study. As indicated by 

lower δ13C values, Mylohyus consumed food items from a more closed environment than 

Protherohyus (van der Merwe & Medina 1989, 1991). Further, higher mean Asfc values indicate 

Mylohyus also consumed harder food items than Protherohyus (Ungar et al. 2003; Scott et al. 

2005, 2006). Collectively, these results suggest Mylohyus may have been a C3 frugivore and/or 

consumed a greater proportion of woody browse (including hard twigs), consistent with 

morphological interpretations (Hulbert, 2001; Webb et al., 2008). The wide range of δ13C values 

for Protherohyus (–13.6 ‰ to –7.3 ‰) suggests that Protherohyus consumed both C3 and C4 

material. As C3 grasses and C4 shrubs are rare in Florida (Koch et al., 1998; Stowe and Teeri, 

1978; Teeri and Stowe, 1976;), these data suggest that Protherohyus consumed both browse and 

grass.  

While Protherohyus fossils are not recorded in Florida after the Hemphillian, Mylohyus 

persists in Floridian deposits throughout the Pleistocene (Hulbert, 2001). During the 

Hemphillian, Mylohyus consumed softer food items than during the Rancholabrean (p = 0.007) 

and Blancan (p = 0.013) as evidenced by lower mean Asfc values in the Hemphillian. Mylohyus 

also exhibited lower Tfv values (p = 0.016) during the Hemphillian as compared to the Blancan, 

indicating that microwear features had lower volumes during the Hemphillian. Stable carbon 

values from Mylohyus in the Hemphillian and Blancan are significantly lower than those of the 

Irvingtonian and Rancholabrean, indicating Mylohyus was foraging in more open environments 

in the Pleistocene as compared to the late Miocene or Pliocene. Collectively, these results 

suggest Mylohyus had a diet comprised of primarily C3 browse and/or fruit and consumed hard 

objects throughout the late Miocene to early Pliocene. As complexity values for Mylohyus are 

higher in the Rancholabrean and the genus is potentially consuming food items in more open 

environments, increased complexity values may also be indicative of increased grit consumption 

(Janis et al. 2002; Kaiser & Schulz 2006). However, recent research has shown that the dietary 

signal overwhelms any signal created by dust or phytoliths (Merceron et al. 2016), so these 

changes in complexity are most likely indicative of dietary differences. 

After the disappearance of Protherohyus at the end of the Pliocene, Platygonus becomes 

more prominent and coexists with Mylohyus in Florida throughout the Pleistocene (Hulbert, 

2001). When comparing the two genera independent of NALMA, higher epLsar values suggest 

Platygonus was consuming tougher food items than Mylohyus (p = 0.044), potentially tough 

leaves and/or grass. The higher complexity values seen in Mylohyus suggest the genus consumed 

harder food items than Platygonus (p = 0.009, Table 2). These results are consistent with 

morphological differences between these taxa.  Mylohyus has more bunodont teeth, which are 

well suited for crushing and grinding, while Platygonus has sheering crests on their teeth, which 

suggest a more folivorous or tough-food diet (Webb, 1974). Overall, isotopic ranges for both 
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genera suggest both Platygonus and Mylohyus consumed C3 and C4 plant material in Florida 

(Table 4; Cerling et al., 1997; Cerling and Harris, 1999). 

Stable carbon isotope values from both genera become significantly higher and 

indistinguishable from one another during the Irvingtonian (Table S8), suggesting both 

Platygonus and Mylohyus shifted their diet from primarily C3 browse towards more of a mixed 

diet. Further, isotope values for the two genera were indistinguishable from one another, 

indicating both genera potentially foraged in similar habitats. During the Rancholabrean, 

Mylohyus continued to consume harder food items in more open environments than Platygonus, 

as evidenced by higher Asfc values and greater stable carbon isotope values for Mylohyus. 

(Figure 2).  

Throughout the Pleistocene, Platygonus does not alter the textural properties of food 

items consumed and during all times is consuming tough foods (e.g., tough leaves and/or grass). 

However, Platygonus is interpreted as a C3 browser in the early and late Pleistocene but a mixed 

C3/C4 feeder in the mid Pleistocene (Irvingtonian), demonstrating variability in dietary behavior 

including potential food or habitat preferences. The environment during the Irvingtonian may 

have been more open than the earlier or later Pleistocene as indicated by higher δ13C values from 

both Platygonus and Mylohyus during this time period, and previous studies (DeSantis et al., 

2009). This may suggest that Platygonus was primarily a C3 browser but was able to fluctuate 

diet during times of increased aridity.  

All tayassuid mean isotope values are below –9 ‰ suggesting that none of the peccaries 

in this study had a primarily C4 grazing diet; however, higher isotopic values indicate at least 

some C4 resources were consumed by Platygonus and Mylohyus. Further, Mylohyus was not 

restricted to the forest in terms of food consumption during the Irvingtonian and Rancholabrean 

NALMAs, as δ13C values are representative of a broader diet including both C3 and C4 resources 

during these time periods. With the exception of the Irvingtonian, when Platygonus and 

Mylohyus are eating both C3 and C4 food sources, δ13C values for Platygonus are consistent with 

those of a predominantly C3 browser. Over the past 2.5 million years, the paleoclimate of Florida 

has been consistently somewhat warm and humid, as evidenced by the consistent presence of 

alligators and land tortoises (Hulbert 2001), though some periods reflect glacial times when 

climates were dryer and/or cooler with associated sea level fluctuations (DeSantis et al., 2009; 

Hulbert, 2001; Yann and DeSantis, 2014). The transition from lower δ13C values in the 

Hemphillian and Blancan to higher values in the Irvingtonian is consistent with prior studies 

documenting that some Irvingtonian sites occurred during interglacial periods and were 

subjected to increased evapotranspiration (DeSantis et al., 2009; Yann et al., 2013). Lower δ13C 

values in the Rancholabrean suggest a return to consuming vegetation in more closed 

environments, despite some sites occurring during times with increased evapotranspiration 

(Yann and DeSantis, 2014).  

Previous studies have hypothesized that more generalized dietary behavior may have 

been key to surviving the end Pleistocene extinction (e.g. DeSantis and Haupt, 2014). Therefore, 
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it is also interesting to note that both Mylohyus and Platygonus, taxa that have demonstrated the 

ability to alter diet in response to changing climate, become extinct at the end Pleistocene. Thus, 

perhaps the ability to alter diet was not a sufficient survival mechanism for tayassuids and 

additional selective pressures, such as increased predation (e.g. Surovell and Waguespack, 2009), 

were driving factors in their extinction.  

 

2.5.2 Modern peccaries 

All three genera of extinct peccaries exhibit higher mean isotopic values as compared to 

modern Tayassu (Tables 4-5). This may be due either to the extinct peccaries having more 

generalized diets or an impact of canopy-cover, which can be greater in tropical as compared to 

temperate latitudes (Canham et al., 1990). Further, there are no differences in the textural 

properties of food items consumed between Tayassu and any of their extinct relatives (Table 2, 

Figure 1), suggesting that Tayassu consume similar food items in terms of texture (i.e. 

abrasiveness and hardness). Low mean carbon isotope values and relatively high complexity 

values similar to those of the extinct peccaries, indicate modern Tayassu exhibit similar diets to 

their extinct counterparts and are primarily C3 frugivores/folivores/browsers, consistent with 

modern ecological studies evaluating diet (e.g. Altrichter et al., 2001; Beck, 2005; Keuroghlian 

and Eaton, 2008). A narrow range of Tayassu carbon isotope values (Table 4) may insinuate that 

modern tayassuids have a more restrictive diet, isotopically, or potentially have a large range of 

food items available within a narrow range of isotopic values. As modern ecological studies note, 

Tayassu consume a wide variety of food items based on seasonal availability (Keuroghlian et al. 

2009). Based on isotopic data here discussed, variations in diet during times of food scarcity 

likely do not include C4 plant material as a food source, thus limiting total isotopic variability.  

It is important to note that our results may be a conservative estimate of stable carbon 

isotope values for Tayassu. All specimens analyzed here were recovered from central Brazil, and 

all but five occurred in the Cerrado and Pantanal biomes, an interior tropical forest and 

seasonally inundated wetland, respectively (Olson et al., 2001). We anticipate, however, that 

stable carbon values from the enamel of peccaries in a denser tropical rainforest, such as the 

Atlantic Forest or the Amazon (Olson et al. 2001), would result in more negative values than are 

indicated here. Therefore, the carbon values from modern Tayassu enamel as noted in this study 

may be interpreted as a minimum estimate of differences between extant and extinct peccaries. 

In addition, comparisons between extinct and extant peccaries may also be somewhat reflective 

of the time averaging, as extant samples are from a more temporarily narrow time frame. Future 

work that assesses how extinct peccaries compare to the extant collared peccary (Pecari tajacu) 

and the chacoan peccary (Catagonus wagneri) can help clarify if and how dietary variability as 

inferred from stable isotopes and dental microwear has changed for the Tayassuidae as a whole, 

as opposed to one specific genus.   
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2.6 Conclusions 

Here, we assessed the degree of dietary variability among extinct peccaries in Florida to 

understand whether extinct peccaries were able to fluctuate diet in times of changing climate and 

to use this information as a proxy for understanding how modern taxa may respond to climate 

changes. In Florida, both Mylohyus and Platygonus shift from consuming predominantly C3 

vegetation to a mixed diet of C3 and C4 vegetation over time, while Protherohyus consumed 

vegetation in more open areas during the Hemphillian when C4 grasses were beginning to expand 

globally (Cerling et al., 1997). In contrast, modern Tayassu show no indication of mixed-feeding 

and instead consume primarily C3 resources in more closed environments, even in more open 

biomes such as the Cerrado and the Pantanal. The diet of Tayassu may be a function of a shift in 

dietary preferences in the present day, as compared to their extinct counterparts. While it is 

unclear if and how Tayassu will alter diets with changing climates, like their extinct 

predecessors, tayassuids did fluctuate their diet over time and may be more adaptable than other 

co-occurring taxa. 
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CHAPTER 3 

 

 

SPATIAL ISOTOPIC DIETARY PLASTICITY OF A NEOTROPICAL FOREST 

UNGULATE: THE WHITE-LIPPED PECCARY (TAYASSU PECARI) 
 

3.1 Introduction 

White-lipped peccaries (Tayassu pecari, Tayassuidae, Cetartiodactyla) are social, forest 

ungulates, ranging from southern Mexico to northern Argentina (Reyna-Hurtado et al. 2009; 

Altrichter et al. 2012; Keuroghlian et al. 2013; Jorge et al. 2019). By traveling in herds as large 

as 200 individuals, white-lipped peccaries (WLPs) often constitute the largest proportion of 

terrestrial biomass in pristine Neotropical forests (Kiltie and Terborgh 1983; Reyna-Hurtado et 

al. 2016). WLPs are predominantly frugivorous, a trait partially responsible for their large daily 

displacement (Kiltie 1981; Beck 2005; Keuroghlian and Eaton 2008b; Keuroghlian et al. 2009; 

Jorge et al. 2019). The percentage of fruit composition in the diet of WLPs ranges from 60 to 

80%, depending upon season and biome, and includes fruits from a variety of families such as 

Arecaceae, Fabaceae, Moraceae, Sapotaceae, and Chrysobalanaceae (Kiltie 1981b; Bodmer 

1989; Altrichter et al. 2001; Beck 2005; Keuroghlian & Eaton 2008b; Desbiez et al. 2009; 

Keuroghlian et al. 2009).  

Through their dietary preferences and large home ranges (Fragoso 1998; Reyna-Hurtado 

et al. 2009; Keuroghlian et al. 2015), WLPs play a key role in seed dispersal and seed predation 

(Altrichter et al. 2001; Keuroghlian & Eaton 2008b), and have unique top-down effects on 

Neotropical forest ecosystems (Beck 2005; Keuroghlian & Eaton 2008b; Keuroghlian et al. 

2009; Beck et al. 2010). For example, WLPs are the primary predators of palm seeds, destroying 

73% of all palm seeds they consume and as a result directly modulating the demography and 

spatiotemporal distribution of palms in Neotropical forests (Beck 2005, 2006; Keuroghlian & 

Eaton 2009).  

White-lipped peccary habitats are currently threatened because of increased land-use 

change and deforestation, resulting in the species being listed as “vulnerable” by the 

International Union for Conservation of Nature (IUCN— (Altrichter et al. 2012; Keuroghlian et 

al. 2013). Areas where WLPs have become locally extinct resulted in drastic changes to forest 

structure and loss of biodiversity (Silman et al. 2003; Wyatt and Silman 2004; Altrichter et al. 

2012; Galetti et al. 2015a, b). As a result, WLPs serve as indicator species of healthy Neotropical 

forest ecosystems, making their conservation a high priority (Eaton et al. 2017). While it is 

understood their ability to physically navigate fragmented and agriculturally modified 

ecosystems is dependent on the presence of large, continuous tracts of forest (Altrichter et al. 

2001; Jácomo et al. 2013; Keuroghlian et al. 2015; Jorge et al. 2019), it remains unclear if the 

diet of WLPs is also altered in response to human-driven land-use changes.  

Here, we used stable carbon and nitrogen isotopes from WLP hair and food resources 

from four regions in three Brazilian biomes with differing climactic characteristics, native forest 
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cover, levels of fragmentation, and availability of agriculture crops to investigate whether WLPs 

alter their diet spatially and in conjunction with increased agricultural impacts and decreased 

native forest cover. While individual plant species consumed by WLPs have been documented 

(Altrichter et al. 2001; Beck 2005; Keuroghlian and Eaton 2008a, 2008b; Desbiez et al. 2009), 

stable isotopes can often reflect a much broader picture of diet, including seasonal variations in 

diet, relative trophic position, or environmental and habitat preferences (van der Merwe & 

Medina 1991; Cerling et al. 2004b; Loudon et al. 2007; Ben-David & Flaherty 2012). Stable 

carbon isotopes (δ13C) from mammal hair can determine whether an organism’s diet consisted 

predominately of plants employing the C4 photosynthetic pathway or those using a C3 pathway 

(Bender 1971; Sponheimer et al. 2003a; Ayliffe et al. 2004). Plants using the C4 photosynthetic 

pathway are common in warm environments with high light conditions and limited water 

availability such as deserts, grasslands, and some subtropical and tropical regions (Teeri & 

Stowe 1976; Stowe & Teeri 1978; Ehleringer et al. 1991). Examples of common C4 plants 

include warm season grasses, sugarcane, and corn (Ehleringer & Bjorkman 1977; Klink & Joly 

1989; Martinelli et al. 1999). The majority of plants on the planet are C3 plants (Still et al. 2003). 

Plants using the C3 photosynthetic pathway are more common in cooler, more temperate, or 

wetter climates and include trees, shrubs, herbs, cool-season grasses, rice, and soybeans. 

Isotopically, C4 plants will have higher δ13C values than C3 plants, as the C3 photosynthetic 

pathway discriminates more against the heavy 13C isotope (Bender 1971; Ehleringer et al. 1991). 

In addition to distinguishing between C4 and C3 plant consumption, stable carbon isotopes can 

also reflect canopy density, as vegetation growing in denser forests will have lower δ13C values 

than vegetation from less-dense forests (van der Merwe & Medina 1989, 1991).  

Stable nitrogen isotopes (δ15N) from hair can provide specific information regarding the 

trophic level at which a species is eating, where higher δ15N values can indicate consumption at a 

higher trophic level. This phenomenon occurs due to discrimination against the lighter 14N 

isotope during excretion (e.g., Loudon et al. 2007; Ben-David and Flaherty 2012). Collectively, 

δ13C and δ15N can describe the type of food resource consumed, including engagement in more 

omnivorous diets, more herbivorous diet with emphasis in C3 or C4 plants, and information 

regarding forest canopy cover and climatic characteristics (e.g., humidity; Madhavan et al. 1991) 

from areas where the animals are consuming resources. 

Given WLPs are largely restricted to forested environments (Fragoso 1998; Altrichter et 

al. 2001; Reyna-Hurtado et al. 2009; Keuroghlian et al. 2015), even in agriculturally dominated 

landscapes (Jorge et al. 2019), we hypothesize that WLPs will primarily consume resources 

within the forest and thus diet would vary in accordance with forest type and density. 

Specifically, we anticipate diet to remain within the C3 range but to vary in relation to the 

environmental characteristics of each region including floral and seasonal characteristics, such 

that consumption from more dense, wet tropical forests (e.g., ombrophilous Atlantic Forest) 

would be isotopically distinguished (via more negative δ13C values) from consumption in less 

dense, dryer forests with more severe seasonal patterns (e.g., semi-deciduous Atlantic Forest, 
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Cerrado, and Pantanal, in that order). As each of the regions in this study area have varied 

histories of human occupancy, we expect the diet of WLPs in regions devoid of heavy human 

influences (e.g., deforestation and agricultural development) to be reflective of the underlying 

stable carbon and nitrogen isotopic signatures of the native plants, as these would be the primary 

components of the diet of WLPs.  

 

3.2 Materials and Methods 

3.2.1  Field Sites 

All WLP hair and resource samples used in this study originated from four regions in 

three Brazilian biomes (Figure 3): Pantanal (n = 5 sites, 61 hairs), Cerrado (n = 4 sites, 56 hairs), 

semi-deciduous Atlantic Forest (n = 4 sites, 47 hairs), and ombrophilous Atlantic Forest (n = 3 

sites, 68 hairs). The Pantanal is a seasonally inundated inland savanna wetland, dotted with 

naturally occurring salt and freshwater ponds and spans Brazil, Bolivia, and Paraguay (Olson et 

al. 2001; Alho 2008). The Pantanal experiences extreme seasonal variation between the wet and 

dry seasons with approximately 80% of the Pantanal completely inundated during the wet season 

(Alho 2008). While the Pantanal floodplain is threatened because of deforestation and land-use 

change (Parente & Ferreira 2018), the Brazilian portion retains greater than 80% of the native 

forest (Machado et al. 2011). The land that has been deforested in the Pantanal is allocated 

mostly to cattle production (Seidl et al. 2001). The Cerrado contains the headwaters for the 

Pantanal and is predominantly savanna shrubland, with forest and wooded grasslands (Olson et 

al. 2001). While the Cerrado experiences both a wet and a dry season, it does not become 

inundated in the wet season, as does the Pantanal. Because of extensive cattle ranching and 

agricultural expansion, only about 50% of the native Cerrado landscape remains and less than 

3% of that is federally protected (Klink & Machado 2005; Arantes et al. 2016). Some areas of 

the southwestern Cerrado, which border the Pantanal, maintain only about 30% of native forests, 

as the surrounding areas are dedicated to cattle production (Santana 2015; Jorge et al. 2019).  

The Atlantic Forest biome consists of tropical broadleaf forest and extends along the 

eastern coast of Brazil and northern Argentina. Because of an extensive history of development 

and deforestation, less than 12% of the total Atlantic Forest remains and even less so in the 

interior portions of the biome, as deforestation varies greatly depending on the region (Ribeiro et 

al. 2009). Forest density also varies spatially throughout the biome, with densely forested coastal 

regions receiving more rain and experiencing less seasonal shifts compared to the less dense 

forests in the interior portion of the biome (Câmara 2003). The ombrophilous Atlantic Forest 

refers to the portion of the Atlantic Forest that is closest to the ocean and receives more rain. 

Much of the area is federally or state protected and consists of large, continuous tracts of native 

forest vegetation. While there are some instances of poaching (Galetti et al. 1997; Cullen et al. 

2000), these areas are free from agricultural development and heavy land use interference. Sites 

in the semi-deciduous Atlantic Forest occur in the landlocked interior of southeastern Brazil and 

experience more seasonality in weather patterns. Sites within this region of the biome also occur 
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predominantly on private land and exist as pockets of native forest cover surrounded by 

agricultural fields predominantly growing soy, sugarcane, coffee, and corn. 

 
Figure 3: Map of Brazil showing the six biomes in the country. Black points indicate sites where white-lipped 

peccary (Tayassu pecari) hair samples originated. Hair samples were collected from four regions in three biomes: 1) 

the Pantanal, circles; 2) the Cerrado, stars; 3) the semi-deciduous Atlantic Forest, diamonds; and 4) the 

ombrophilous Atlantic Forest, squares. The semi-deciduous Atlantic Forest is a transitional region between the 

Atlantic Forest and the Cerrado biomes, consisting of localities containing flora indicative of the Atlantic Forest 

biome and localities containing flora from the Cerrado biome (Ribeiro et al. 2009). All samples collected from the 

semi-deciduous Atlantic Forest were directly collected from sites containing Atlantic Forest flora.  

 

3.2.2 Sample collection 

White-lipped peccary hair was collected from specimens at the Museu de Zoologia da 

Universidade de São Paulo (MZUSP), via hair traps, or from live captures (ICMBio -Instituto 

Chico Mendes de Conservação da Biodiversidade – SISBIO license n. 31088 and n. 46131). Hair 

from MZUSP was collected between 1955 and 1992 (n = 9 samples, 2 from the ombrophilous 

Atlantic Forest and 7 from the semi-deciduous Atlantic Forest), while hair collected from hair 

traps occurred between 1990 and 2016 and live captures occurred between 2014 and 2016. Hair 

collection from live captures followed ASM guidelines as outlined in Sikes et al. (2016). 

 Food resources were opportunistically collected from each region between 2009 and 

2016 and are reflective of potential dietary items for WLPs including multiple plant parts (e.g., 

leaf, fruit, root) as well as animal prey and fungi. Animal prey (e.g., small invertebrates such as 
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beetles, gastropods, and chilopods) were collected from the topsoil in known WLP foraging 

areas, mimicking prey that are possibly consumed during bioturbation as WLPs search for food. 

 

3.2.3 Sample processing and isotope analysis  

Hair was cut just above the root, placed in a glass vial, and rinsed three times with a 2:1 

chloroform:ethanol solution to remove all potential contaminants. Hair was then thoroughly 

rinsed with DI water and put into a drying oven at 55ºC for 48 hours. Individual hairs were 

placed in envelopes, catalogued with a unique identification number, and sent to the University 

of Wyoming Stable Isotope Facility (UW SIF) for processing. There, each hair was 

homogenized, weighed, and placed in a tin capsule for processing. At UW SIF, hair was 

analyzed on the continuous flow isotope ratio mass spectrometer (CF-IRMS; Thermo Finnigan 

Delta Plus XP Isotope Ratio MS; Thermo Finnigan LLC, Somerset, New Jersey) by an elemental 

analyzer (Costech 4010 Elemental Analyzer; Costech Analytical Technologies Inc., Valencia, 

California) and interface (Finnigan Conflo III Universal Interface). Standard uncertainties were 

0.1‰ for carbon and 0.04‰ for nitrogen. All δ13C values are reported with reference to the 

Vienna Pee Dee Belemnite (V-PDB) and δ15N to atmospheric air.  

Resources were washed with distilled water, dried, and crushed with a mortar and pestle. 

The resulting crumbles were placed in a microcentrifuge 1.5 mL tube, labeled with a unique 

identification number, and sent to the Stable Isotope Center (CIE) at the São Paulo State 

University (UNESP) for analysis.  At CIE, resources were pulverized using a cryogenic grinder 

(Spex Sample - Geno Grinder 2010; Spex SamplePrep LLC, Metuchen, New Jersey). Each 

powdered sample was then weighed and placed in a tin capsule for isotopic analysis. At CIE, 

resources were analyzed on a CF-IRMS (Delta V Advantage Isotope Ratio MS; Thermo 

Scientific, Karlsruhe, Germany) with an elemental analyzer (Flash 2000 Organic Elemental 

Analyzer; Thermo Scientific, Germany) and interface (Conflo V Universal Interface; Thermo 

Scientific, Germany). Standard uncertainties were 0.2‰ and 0.3‰ for carbon and nitrogen, 

respectively.  

Results of stable isotope analyses for both hair and resources are expressed through 

standard delta notation such that δ13C = [(13C /12Csample) / (
13C /12Cstandard) −1] x 1000 and similar 

for δ15N. Trophic discrimination factors (TDF) between diet and hair were specifically calculated 

for WLP using the SIDER package in R (Healy et al. 2017) and found to have a mean TDF of – 

3.1‰ for carbon and – 3.8‰ for nitrogen. We considered stable carbon isotope plant values 

between – 9‰ and – 20‰  indicative of plants using a C4 photosynthetic pathway, while δ13C 

values between – 20‰ and – 34‰ indicated plants using the C3 photosynthetic pathway (Bender 

1971; Cerling et al. 1997; Kohn 2010). 

As hair is composed of hydrophobic proteins that are not easily degraded (Lubec et al. 

1987), stable carbon and nitrogen isotope composition from hair are reliable indicators of diet 

(Macko et al. 1999; Sponheimer et al. 2003a; Ayliffe et al. 2004; Cerling et al. 2009) because 

dietary signals are incorporated into hair at the time of growth and remain stable unless altered 
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by certain species of parasitic and saprotrophic fungi or thermophilic anaerobic bacteria (Böckle 

et al. 1995; Friedrich and Antranikian 1996). As hair collected in this study was not exposed to 

conditions favored by these parasitic species, authors do not anticipate the age of the hair or the 

source location (i.e., museum-collected or field-collected) would affect the isotopic signal.  

 

3.2.4 Statistical analysis  

All statistical analyses were performed using R software, version 3.5 (R Core Team 

2018). A Shapiro-Wilk test for stable carbon and nitrogen values from peccary hair confirmed 

both were non-normally distributed (P < 0.0001 and P = 0.014, respectively). Therefore, when 

comparing peccary hair and resources among locations and through time, we used a Kruskal-

Wallis test with a Dunn post hoc test for significant Kruskal-Wallis results and employed a 

Bonferroni correction to increase the robustness of resulting relationships by controlling for the 

family-wise error rate (Dunn 1964; Cabin & Mitchell 2000). Adjusted P-values reference this 

correction. We used a Wilcoxon rank-sum test to discern whether hair and resources from the 

same location were selected from populations having the same distribution. In all analyses, we 

considered P-values less than 0.05 to be significant. 

 

3.3 Results 

Mean δ13Chair values for all four regions ranged from –28.7‰ to –26.9‰, with the highest 

and lowest values occurring in the semi-deciduous Atlantic Forest and the ombrophilous Atlantic 

Forest, respectively (Tables 7 and 8, Figure 4). The Cerrado had higher δ13Chair than the 

ombrophilous Atlantic Forest but not the Pantanal, while there were no differences between the 

Pantanal and ombrophilous Atlantic Forest (Tables 7 and 8). Stable nitrogen isotopes from WLP 

hair differed among all four regions (Tables 7 and 9), with WLP hair from the semi-deciduous 

Atlantic Forest having the highest mean δ15N at 2.6‰, followed by the Pantanal, Cerrado, and 

the ombrophilous Atlantic Forest having the lowest at 0.1‰ (after the application of a TDF). 

There were no differences in δ13Cresources among regions (X2 = 4.040, d.f. = 3, P = 0.257; Table 

10). However, stable nitrogen isotope values from resources did vary, with the ombrophilous 

Atlantic Forest having a lower mean δ15Nresource than both the Cerrado and the Pantanal (P = 

0.018 and 0.007, respectively; Table 10). Resources from the semi-deciduous Atlantic Forest did 

not differ in δ15N compared to the other regions.  
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Table 7: Summary statistics of stable carbon and nitrogen isotope values (V-PDB, ‰) of white-lipped peccary 

(Tayassu pecari) hair from four regions in central Brazil: Pantanal, Cerrado, semi-deciduous Atlantic Forest, and 

ombrophilous Atlantic Forest. Values have been adjusted according to trophic discrimination factor of – 3.1‰ for 

carbon and – 3.8‰ for nitrogen. AF = Atlantic Forest; n = sample size; SD = standard deviation (n – 1); Range = 

difference between max and min of all samples examined. 

 

 
 

 

Table 8: Pairwise statistical comparisons (P-values) from Dunn post hoc tests following a Kruskal-Wallis test 

(overall comparison among all regions: χ2 = 35.288, P <0.0001) for stable carbon isotope analyses among white-

lipped peccary (Tayassu pecari) hair from four regions in central Brazil: Pantanal, Cerrado, semi-deciduous Atlantic 

Forest, and ombrophilous Atlantic Forest.  Adjusted P-values < 0.05 are considered significant and noted in bold. 

 

Region comparisons  Z  P (adjusted) 

AF ombrophilous - AF semi-deciduous 

 

-5.494  <0.0001 

AF ombrophilous - Cerrado -2.840  0.014 

AF semi-deciduous - Cerrado 2.677  0.022 

AF ombrophilous - Pantanal -0.720  1 

AF semi-deciduous - Pantanal 4.716  <0.0001 

Cerrado - Pantanal 2.083  0.112 

 

Region N Isotope Mean Median SD Max Min Range 

AF ombrophilous 68 δ13C -28.7 -28.7 0.6 -27.3 -30.0 2.7 

  δ15N 0.1 0.0 0.9 2.6 -3.1 5.7 

AF semi-

deciduous 47 δ13C -26.9 -26.9 2.0 -20.7 -29.6 8.9 

  δ15N 2.6 2.2 1.1 6.3 1.0 5.3 

Cerrado 56 δ13C -28.2 -28.4 0.7 -26.7 -29.5 2.8 

  δ15N 1.1 1.0 0.6 3.0 -0.6 3.6 

Pantanal 61 δ13C -28.4 -28.7 1.2 -26.0 -30.3 4.3 

    δ15N 1.7 1.6 0.8 3.1 0.0 3.1 
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Figure 4: Scatterplots depicting stable carbon and nitrogen isotope values from white-lipped peccary (Tayassu 

pecari) hair and resource samples from the Brazilian Pantanal, Cerrado, semi-deciduous Atlantic Forest, and 

ombrophilous Atlantic Forest regions. Gray points indicate hair samples of white-lipped peccaries and the dashed-

line ellipse shows the associated 95% confidence interval. Solid-line ellipses outline the 95% confidence interval of 

white-lipped peccary food resources. Resources included here are reflective of potential dietary items including 

multiple plant parts (e.g., leaves, fruit, roots), animal prey, and fungi, but do not include crops.   

Wilcoxon rank-sum tests comparing the distributions of δ13Chair and δ13Cresources from the 

same region demonstrated there was no difference between the distributions for hair and 

resources in the Cerrado or in the ombrophilous Atlantic Forest (after accounting for a TDF of –

3.1‰ for carbon and –3.8‰ for nitrogen; Table 11, Figure 4). However, δ13Chair and δ13Cresources 

did not show the same distribution in the semi-deciduous Atlantic Forest (P < 0.0001) or 

Pantanal (P = 0.031; Table 11, Figure 4). The distribution of stable nitrogen isotopes was not 

different between hair and resources in the semi-deciduous Atlantic Forest. However, the δ15Nhair 

and δ15Nresource distributions were different in all other regions (Table 11, Figure 4).  

Samples from the semi-deciduous Atlantic Forest allowed for a comparison at two 

timescales, prior to 2000 and 2016. Prior to 2000, mean δ13Chair values were lower than those in 

2016 (X2= 10.429, d.f. = 1, P = 0.001; Figure 5). There were no differences in δ15N values 

between hairs sampled prior to 2000 and those from 2016.  
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Table 9: Pairwise statistical comparisons (P-values) from Dunn post hoc tests following a Kruskal-Wallis test 

(overall comparison among all regions: χ2 = 127.305, P <0.0001) for stable nitrogen isotope analyses among white-

lipped peccary (Tayassu pecari) hairs from four regions in central Brazil: Pantanal, Cerrado, semi-deciduous 

Atlantic Forest, and ombrophilous Atlantic Forest.  Adjusted P-values < 0.05 are considered significant and noted in 

bold. 

Region comparisons  Z  

P 

(adjusted) 

AF ombrophilous - AF semi-deciduous 

 

-10.620  <0.0001 

AF ombrophilous - Cerrado -4.800  <0.0001 

AF semi-deciduous - Cerrado 5.805  <0.0001 

AF ombrophilous - Pantanal -7.964  <0.0001 

AF semi-deciduous - Pantanal 3.143  0.005 

Cerrado - Pantanal -2.909  0.011 

 

 

Table 10: Summary statistics of stable carbon and nitrogen values (V-PDB, ‰) of white-lipped peccary (Tayassu 

pecari) food resources from four regions in central Brazil: Pantanal, Cerrado, semi-deciduous Atlantic Forest, and 

ombrophilous Atlantic Forest.  AF = Atlantic Forest; n = sample size; SD = standard deviation; Range = difference 

between max and min of all samples examined. Resources do not include C4 crops. 

Region n Isotope Mean Median SD Max Min Range 

AF ombrophilous 267 δ13C -28.9 -29.0 4.2 -13.1 -38.3 25.2 

  δ15N 2.4 2.0 3.7 17.5 -6.3 23.8 

AF semi-deciduous 89 δ13C -29.6 -29.5 4.7 -7.2 -36.9 29.8 

  δ15N 2.6 2.3 2.7 20.0 -3.5 23.5 

Cerrado 16 δ13C -27.3 -28.3 5.0 -15.1 -34.7 19.6 

  δ15N 4.1 4.2 2.4 7.7 0.3 7.4 

Pantanal 59 δ13C -27.9 -29.1 4.9 -4.9 -33.3 28.4 

    δ15N 3.2 3.0 1.8 10.5 -0.5 11.0 

 

 

3.4 Discussion 

Mean δ13Chair values collected from the Brazilian Pantanal, Cerrado, semi-deciduous 

Atlantic Forest, and ombrophilous Atlantic Forest regions were all less than – 26‰ (after the 

application of a TDF), indicating WLPs in all four regions primarily consumed C3 resources. 

While the rate of WLP hair growth has not been evaluated, that of the wild boar (Sus scrofa), one 

of the closest living relatives to the Tayassuidae (Chen et al. 2007), has been documented at 1.1 

mm/day (Holá et al. 2015). If WLPs have a similar rate of hair growth, then one peccary hair, as 

sampled here, temporally represented up to a few months. Therefore, bulk sampling an 

individual hair may have captured a seasonal signal, as the wet or dry seasons in all of the 

biomes here typically spanned approximately 3 to 6 months (Castro et al. 1994; Alho 2008; 
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Keuroghlian and Eaton 2008b; Keuroghlian et al. 2009; Ribeiro et al. 2009; Arantes et al. 2016; 

Jorge et al. 2019). However, as the hairs in this study were collected throughout the year and 

over multiple years, the seasonal signal was likely averaged out through the analysis of multiple 

hairs. Thus, while an individual hair might reflect a seasonal dietary preference, the abundance 

of hairs representing various seasons throughout the year indicated a C3 diet for WLPs. Further, 

an isotopic analysis of tooth enamel of WLPs, representing diet during the time of tooth 

mineralization (e.g., months to years), confirms a C3 diet over a longer period of time (Bradham 

et al. 2018). 

 

 

Table 11: Results of Wilcoxon rank sum test comparing white-lipped peccary (Tayassu pecari) hair and resource 

stable isotopes from the same region (Pantanal, Cerrado, semi-deciduous Atlantic Forest, or ombrophilous Atlantic 

Forest) in central Brazil. P-values < 0.05 are considered significant and noted in bold. 

Region P-value (δ13C) P-value (δ15N) 

AF ombrophilous 0.543 <0.0001 

AF semi-deciduous <0.0001 0.306 

Cerrado 0.714 <0.0001 

Pantanal 0.031 <0.0001 
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Figure 5: Boxplot of δ13Chair values from the semi-deciduous Atlantic Forest region for white-lipped peccary 

(Tayassu pecari) hair collected before the year 2000 and hair collected during the year 2016. Values have not been 

altered in accordance with a fractionation factor. The single line within each box represents the median value, while 

the upper and lower boundaries of the box represent the first and third quartiles, respectively. Lines extending 

perpendicularly from the outer boundaries of the box encompass data falling outside of the first and third quartiles, 

with the end points of these lines not exceeding 1.5 times the inner quartile range (distance between lower and upper 

quartile). Isolated black dots are outliers. 
 

Because δ13Cresource values did not vary among the regions in this study, any differences in 

δ13Chair values between regions were likely indicative of underlying differences in diet and not 

attributed to differences in the underlying resource isoscapes. While the Cerrado had higher 

δ13Chair than the ombrophilous Atlantic Forest (Tables 7 and 8), mean and median δ13Chair values 

for both locations were approximately – 28‰, and thus these statistical differences were not 

ecologically meaningful, as these miniscule changes in carbon were not descriptive of broad 

dietary variation (Deniro & Schoeniger 1983). Therefore, it can be interpreted that there were no 

ecologically significant differences in δ13Chair among the ombrophilous Atlantic Forest, Cerrado, 

or Pantanal, despite seasonal variations in rainfall and differential degrees of land use by humans 

among these regions. Therefore, in the ombrophilous Atlantic Forest, Cerrado, and Pantanal, 

WLP were consuming solely C3 resources and showed no isotopic evidence of C4 resource 

consumption. However, in the semi-deciduous Atlantic Forest, WLP seemed to slightly alter 

their diet.   

In the semi-deciduous Atlantic Forest, mean δ13Chair value was approximately 2‰ higher 

than in any of the other ecosystems (Tables 7 and 8, Figure 4), and thus may describe a 

difference in diet. Stable carbon isotope values comparing the resources from the semi-deciduous 

Atlantic Forest to the hair from the same region indicated at least some portion of the species’ 
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diet in this region came from material not accounted for in our resource sampling (Table 11, 

Figure 4), which included only species from the native forest. While this difference was also 

seen between hair and resources in the Pantanal (Table 11, Figure 4), it was a much weaker 

relationship and no individual δ13Chair values indicated consumption of material other than C3 

plants (Figure 4).  The food items sampled in this study as “resources” included plants, animals, 

and fungi, to the exclusion of crops and non-native vegetation. We do not anticipate that the 

unaccounted resources included native resources that were not seasonally present during the 

times of sample collection, and thus absent from the analysis, given that the resources sampled 

span almost the entire range of δ13C values for C3 plants. Therefore, WLP in the semi-deciduous 

Atlantic Forest seemed to be supplementing their primarily C3 diet with something else that is 

likely not native. 

A higher δ13C for hair in the semi-deciduous Atlantic Forest may have been driven by the 

consumption of C4 resources (Bender 1971; Cerling et al. 1997) or the consumption of resources 

in a more open, less dense forest than in the other three ecosystems (van der Merwe & Medina 

1989, 1991). Further, as dietary protein consumption is routed to collagen, the isotopic 

composition of hair is also reflective of dietary protein (Ambrose & Norr 1993; Gannes et al. 

1998) and thus increased δ13C values could have resulted from greater protein consumption (e.g., 

insects— Beck 2005; carcasses— A. Keuroghlian, pers. obs.; fish— (Fernandes et al. 2013); and 

additional animals— (Perez-Cortez & Reyna-hurtado 2008)). 

The main crops grown in the semi-deciduous Atlantic Forest are soybeans, sugarcane, 

and corn. In addition to agricultural crops, this area has been heavily deforested to account for 

cattle ranching. Corn and sugarcane are C4 crops and thus consumption of either would be 

distinguished isotopically through higher δ13C values. Previous studies of stable carbon isotope 

values of Brazilian sugarcane noted a δ13C range from – 10.2‰ to – 14.3‰ (Bender 1968; 

Martinelli et al. 2002; Neves et al. 2015; Silva et al. 2015). Two sugarcane samples that we 

collected from the semi-deciduous Atlantic Forest yielded δ13C values of – 15.2‰ and – 15.7‰. 

Corn δ13C values range from –10.8‰ (Tieszen et al. 1983; Tieszen & Fagre 1993) to – 12.0‰ 

(Holá et al. 2015). The single corn sample that we collected from one of our semi-deciduous 

Atlantic Forest study sites (Bacury) yielded a δ13C of – 15.45‰. Thus, some WLPs may have 

been consuming either corn or sugarcane to supplement their diet. This could have been in 

response to seasonal fluctuations in available resources (Keuroghlian & Eaton 2008b; 

Keuroghlian et al. 2009) or in response to decreased availability of native forest, as the semi-

deciduous Atlantic Forest has been heavily deforested over time (Ribeiro et al. 2009), more so 

than any of the other three regions in this study. As discussed previously, we do not anticipate 

these changes in diet were recording a purely seasonal signal.  

Nitrogen values in hair were also highest in the semi-deciduous Atlantic Forest (Tables 7 

and 9), while nitrogen values in resources in the semi-deciduous Atlantic Forest did not differ 

from those of the other regions (Table 10, Supplementary Table 8). While nitrogen values can be 

influenced by both biotic and abiotic factors (Ambrose 1991; Craine et al. 2009), increased stable 
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nitrogen values in hair can indicate consumption of food items at a higher trophic level 

(Sponheimer et al. 2003b) or can potentially reflect malnutrition (e.g., Loudon et al. 2007). The 

WLPs that were live-captured as well as those observed in these areas by other researchers 

showed no indication of malnutrition. Given the slightly higher carbon values and the reflection 

of dietary protein in collagen in addition to increased stable nitrogen values, it is possible these 

data indicate WLPs in the semi-deciduous Atlantic Forest were consuming an increased number 

of insects or other small invertebrates. This would not be uncommon, as WLPs have been known 

to prefer palm seeds infested with insect larvae such as the bruchid beetle (Callosobruchus 

maculatus— Beck 2005; Reyna-Hurtado et al. 2009), or it may be a reflection that palm seeds 

were more infested in the semi-deciduous Atlantic forest than in the other three regions (Mendes 

et al. 2016).  

This slight deviation from the traditional C3 diet to an inclusion of insects or crops as 

components of diet may have been because of environmental factors (e.g., habitat loss) resulting 

in a lack of sufficient fruit or seed resources (Terborgh 1986, 1992). Samples from the semi-

deciduous Atlantic Forest were collected from either privately owned farm land with isolated 

patches of native forest or from the Caetetus Ecological Station, a 2,178-ha Atlantic Forest 

fragment on the inland plateau region of São Paulo state, which is surrounded by farms 

predominantly growing coffee, soybeans, and maize (Keuroghlian et al. 2004). In the absence of 

sufficient resources in these small, isolated native forest fragments, WLPs may have been 

incorporating C4 crops into their diet.  

Soybeans are C3 crops, and thus WLPs in the semi-deciduous Atlantic Forest may have 

been consuming soybeans fertilized with organic fertilizer, which would have accounted for a C3 

diet and higher stable nitrogen values (Bateman & Kelly 2007; Choi et al. 2017). However, 

farmers in this area have confirmed use of mineral fertilizers (NPK) for crops. Soybean δ13C 

values range from – 30‰ to – 26‰  (Feng et al. 2003; Yu et al. 2014) and δ15N values vary from 

3.1‰ to 6.6‰, depending on the part of the plant sampled (Amarger et al. 1979). After 

accounting for a TDF, mean δ13Chair values in the semi-deciduous Atlantic Forest fell within the 

range of soybean carbon, but only some nitrogen values did (Figure 4), Therefore, isotopic 

evidence presented here cannot exclude consumption of soybeans from some sites within this 

study.  

To better understand why WLPs in the semi-deciduous Atlantic Forest may have 

somewhat altered their diet from traditional C3 resources, we isotopically analysed the diet of 

WLPs through time (available samples did not allow for a through-time comparison of diets for 

other regions in this study). In the semi-deciduous Atlantic Forest, mean δ13C values from hair 

collected during 2016 were higher than from those collected prior to the year 2000 (Figure 5). 

Prior to 2000, mean δ13C was – 24.8‰ with minimum and maximum values of –26.3‰ and –

21.2‰, respectively. These data indicate that WLPs were consuming primarily C3 resources with 

no evidence of C4 crop consumption. However, in 2016 the mean δ13C was –23.0‰ and values 

ranged from –21.2‰ to –17.6‰, suggesting at least some consumption of C4 resources by 
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individuals in this area. While the predominant types of crops grown (e.g., sugarcane, coffee, and 

soybeans) in the semi-deciduous Atlantic Forest have not changed over recent timescales, the 

quantities of crops grown have varied, with some areas transitioning from a small focus on cattle, 

cotton, and tobacco production before 2000 to more extensive sugarcane cultivation and cattle 

ranching recently (C. Leôncio, owner of Fazenda Bacury, pers. comm., April 28, 2018). Others 

diversified from mainly cattle and coffee production prior to 2000 to extensive soybean 

cultivation coupled with cattle ranching and coffee production more recently (Marcelo de 

Rezende Barbosa, owner of Fazenda Torrao de Ouro, pers comm., August 13, 2018). C4 crops 

prior to 2000 were not a main component of the diet of WLPs and the highest δ13C values in the 

semi-deciduous Atlantic Forest came from 2016. As a result, we posit that the deviation from the 

traditional C3 diet is a shift that occurred in the past decade, perhaps in response to land use 

change in the semi-deciduous Atlantic Forest (Lira et al. 2012).  

It is also possible that deviation from a traditional native C3 diet was seasonal and 

occurred during the dry season when fruit was scarcest (Keuroghlian & Eaton 2008b; 

Keuroghlian et al. 2009). The majority of 2016 samples were collected between August and 

October and older hairs spanned July through December, though not all museum-collected hair 

samples referenced a specific month of collection. If these dietary changes are reflective of 

seasonality, fragmentation may be exacerbating the lack of resources in the dry season, 

potentially causing WLPs to supplement their primarily C3 diet. Regardless, C4 resources such as 

crops did not constitute a large portion of the diet of WLPs and our evidence suggests that only 

some individuals in a population may have consumed C4 resources.  

The isotopic breadth of the diets of WLPs did not reflect the full isotopic breadth of the 

potential resources, as seen by the broad range of δ13Cresource values and the small range of WLP 

δ13Chair values (Figure 4). Therefore, despite having more resources available, WLPs were 

somewhat narrow in their dietary choices isotopically. It has been suggested that higher levels of 

diet plasticity, or a wider range of isotopic dietary options, may translate into a greater ability to 

persist in changing environments when traditional food items become scarce or unavailable 

(Keuroghlian & Eaton 2008b; Keuroghlian et al. 2009). Given the somewhat narrow range of the 

diets of WLPs across regions and biomes and the lack of substantial consumption of dietary 

resources other than native C3 resources, peccaries may not be able to alter their diet in rapidly 

changing conditions to include large portions of C4 crops.   

Most prior data on the diet of WLPs has come from direct observations. Here, we 

demonstrated geochemically that the main components of the diet of WLPs were C3 resources, 

and that worms, fish, and C4 crops were not a main element of their diet, even though WLPs 

have been seen consuming these resources at times. Previous studies have confirmed a diet of 

native fruits and seeds for WLPs (e.g., Beck 2005; Keuroghlian and Eaton 2008a; Desbiez et al. 

2009), but those have focused on observing WLPs in their native forested environments and did 

not evaluate whether and to what degree crops were being consumed. We established that WLPs 

are likely consuming native C3 resources in a variety of regions that include open vegetation, 
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closed vegetation, and more seasonally affected regions. While WLPs may have been able to 

supplement their traditional diet with insects or crops in areas with a greater history of crop 

plantations and higher amounts of isolated forest fragments, they did not seem to substantially 

alter their diet from primarily consuming native C3 resources. Our results suggest that WLP 

populations will not be sustained by simply preserving patches of native forests unless those 

forests contain substantial and sufficient resources to support the dietary needs of WLPs. 

Therefore, to persist in fragmented landscapes, WLPs are reliant on the presence of native 

forests. 
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CHAPTER 4 
 

 

LINKING AGENT-BASED MODELING AND ANIMAL MOVEMENT TO EVALUATE 

CHANGES IN HABITAT USE BY MOBILE FOREST-DWELLING SPECIES IN 

FRAGMENTED LANDSCAPES  
 

4.1 Introduction 

Tropical forests regulate global climate, act as carbon sinks, and contain some of the 

highest levels of biodiversity in the world (Raven 1980; Clark 2007; Bonan 2008; Pan et al. 

2011; Anderson-Teixeira et al. 2012). In addition to these global benefits, approximately 1.2 to 

1.5 billion people directly rely on tropical forests for food, medicine, and other ecosystems 

services (FAO 2015b; Vira et al. 2015). However, tropical forests are among the most threatened 

ecosystems on the planet, with some regions, such as Brazil and Indonesia, experiencing 

deforestation rates exceeding 500,000 ha/year (FAO 2015b). High rates of tropical deforestation 

in these regions are largely driven by global demand for palm oil, soy, beef, and wood products 

(David et al. 2001; Ramankutty et al. 2008; Gibbs et al. 2010; Herold et al. 2015). To 

compensate for increased global demands, cultivated land area in the tropics is projected to 

increase by as much as 10 billion ha by the year 2050, more than double the current amount of 

land dedicated for agricultural purposes (David et al. 2001; Gibbs et al. 2010; Gibbs & Salmon 

2015).  

Demand for arable land in the tropics has led to increased forest loss and fragmentation, 

the breaking up of continuous forests into smaller and more isolated units (Fahrig 2003). Loss 

and fragmentation of tropical forests impact landscape function. For example, forest 

fragmentation may alter the distribution of fruit-producing tree species (Talora et al. 2016). As a 

result, forest-dwelling animals that consume fruit may alter their movement and habitat use 

patterns in order to track these food resources (Baguette et al. 2014; Doherty & Driscoll 2017; 

Jorge et al. 2019). Animal movement and habitat use play a key role in maintaining functional 

connectivity, the species-specific interactions with the landscape (Tracey et al. 2013; van Toor et 

al. 2018), by, for instance, influencing forest structure through seed dispersal or influencing 

intra-species population dynamics through pathogen transmission (Morales et al. 2010). 

Therefore, changes in animal habitat use patterns driven by forest fragmentation may alter the 

functional connectivity of a landscape (van Toor et al. 2018) resulting in loss of biodiversity 

(Laurance et al. 2002), increased genetic isolation (Hanski 1998), or changes in predator-prey 

dynamics (Crooks & Soule 2010).  

Previous studies have documented the landscape remains structurally connected when 

suitable habitat is above 60%. Below this threshold, suitable habitat occurs as numerous, small, 

isolated clusters and functional connectivity is therefore determined by species-specific 

interactions (Gardner et al. 1991; Pearson et al. 1996). Using both landscape models and 

biodiversity models, Yin et al. (2017) also concluded between 0% and 40% habitat loss was the 
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most that could occur and still avoid high rates of biodiversity loss, as that range was the 

maximum permissible habitat destruction to avoid creating significant landscape fragmentation. 

With & Crist (1995) used a percolation theory model and also found a fragmentation threshold 

between 35 and 40% natural habitat loss, below which would result in alterations to population 

structure.  

Other studies have suggested higher amounts of habitat loss are needed before drastic 

changes in a system occur. The fragmentation threshold hypothesis, as outlined by Andrén 

(1994) in a meta-analysis, notes that negative effects on species may not be seen until suitable 

habitat is reduced to between 10% and 30% of the landscape but that for landscapes with less 

than 30% forest cover remaining, the spatial configuration of the patches is crucial to 

maintaining species diversity. Fahrig (1998) reached a similar conclusion and suggested that 

suitable habitat may be reduced by up to 80%, before population persistence would be drastically 

altered.  

These studies have measured or implied species abundance or biodiversity loss as their 

affected metrics, but information on what happens to key processes before biodiversity is lost 

may be more important to preventing this loss in the first place. Here, we suggest a new way of 

determining fragmentation thresholds, by using animal movement and habitat use patterns. We 

created a spatially explicit agent-based model to assess how the amount of forest cover and the 

spatial orientation of forest fragments influence animal habitat use patterns and therefore 

functional connectivity of a landscape. While previous work has investigated how certain species 

respond to a distinct fragmentation scenario (e.g. De Oliveira Filho & Metzger 2006), how 

movement (e.g. Vanbianchi et al. 2018) and gene flow (Storfer et al. 2010) are impeded with 

fragmentation, or whether fragmentation positively or negatively impacts a system (Fahrig 

2017), assessing how variations in habitat fragmentation and loss influence the habitat use 

patterns, such as visitation frequency, remains quantitatively unexplored. Further, our model 

allows for an evaluation of how habitat use patterns are altered in fragmentation settings that are 

not necessarily testable in field studies. We explore under what spatial conditions changes in 

landscape configurations alter animal habitat use patterns and evaluate whether habitat use 

patterns gradually change with fragmentation or whether thresholds exist at which habitat 

patterns are drastically altered.  

Using habitat use patterns as a metric for informing conservation decisions incorporates 

empirical animal movement data, which has recently been established as essential information 

for making effective conservation decisions (Allen & Singh 2016). Knowing how animal 

behaviors change as the landscape is altered allows for an understanding of the mechanisms by 

which species may become locally extinct from some fragments. Furthermore, our model also 

provides insight into how the top-down impacts of a species on its ecosystem will change with 

fragmentation.  

We focus our model simulation on white-lipped peccaries (Tayassu pecari) from the 

Brazilian Cerrado biome but note that this model is relevant to other mobile forest-dwelling 



 

 40 

species around the world, such as those in tropical forests of Asia or Africa. White-lipped 

peccaries are forest-dwelling ecosystem engineers that are not functionally redundant 

(Keuroghlian & Eaton 2008a; Beck et al. 2010; Jorge et al. 2019). They directly influence 

ecosystems where they are present by creating habitats for other organisms (Keuroghlian & 

Eaton 2009; Beck et al. 2010), serving as prey to apex predators (Weckel et al. 2006), and 

influencing forest structure by traveling in large herds and consuming and dispersing seeds 

(Kiltie & Terborgh 1983; Bodmer 1989; Fragoso 1998; Keuroghlian & Eaton 2008b). Areas 

where white-lipped peccaries have gone locally extinct have resulted in dramatic alterations in 

forest structure and loss of biodiversity (Silman et al. 2003; Wyatt & Silman 2004; Altrichter et 

al. 2012; Galetti et al. 2015a, 2015b), making white-lipped peccaries an ideal proxy for 

evaluating how their habitat use patterns, and thus their associated impacts on an ecosystem, are 

altered with fragmentation.  

 

4.2 Methods 

4.2.1 Model Purpose 

The purpose of the model is to determine how distinct scenarios of habitat loss and 

fragmentation affect habitat use patterns by large mobile forest-dwelling species. The model was 

programmed in R version 3.3 and the code for the model can be found at 

https://github.com/jlbradha/IBM. A full Overview, Design concepts, and Details (Grimm et al. 

2010) for the model can be found in the supplemental material.  

 

4.2.2 Model Description 

The model consists of three main steps: (i) creation of a landscape with a specified 

fragmentation scenario, (ii) animal movement through the landscape; and (iii) analysis of animal 

habitat use patterns for each fragmentation scenario (Figure 6).  

 

 

 
Figure 6: Conceptual model describing the three main steps of the agent-based model 
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4.2.2.1  Creation of the landscape 

The landscape is initialized by creating a grid with a specified length and width, which 

are determined by the species and landscape of interest. Each cell in the grid is categorized as 

‘forested’ (the cell is composed entirely of forest and is a habitat used by the animal) or ‘matrix’ 

(the cell is composed entirely of non-forested habitat and is not used by the animal but can be 

crossed). The proportion of forested cells to matrix cells is specified by a loss and fragmentation 

scenario. The loss scenario is determined by the percentage of forest cover and the fragmentation 

scenario is determined by the number of forest fragments (Figure 7A-B), as studies have 

documented the importance of these two factors on species persistence and diversity in 

fragmented landscapes (Lindenmayer et al. 2008; Prugh et al. 2008).  

The percent of forest cover can vary between 10% and 100%, where 10% forest cover 

represents a landscape that is 90% matrix cells and 90% forest cover represent a landscape 

containing only 10% matrix cells (Figure 7A). The forested area of the landscape is divided into 

forest fragments, ranging from one to four. When the number of forest fragments is set to one, 

the forested cells form a single unit, or a single forest fragment (e.g. Figure 7B). A two-fragment 

simulation divides the forested cells (specified by the percent of forest cover input) into two 

individual forest fragments. If the number of forest fragments is set to three or four, the 

predefined amount of forest cover will be divided into three or four individual forest fragments, 

respectively (Figure 7B). However, the location of the forest fragment(s) on the landscape is 

randomly generated, such that the distance between the forest fragments varies in scenarios with 

two or more forest fragments. A distance of zero between two forest fragments indicates that the 

two randomly generated forest fragments happen to have adjacent/connecting cells and therefore 

form a single, larger forest fragment. Thus, a setting in which the number of forest fragments is 

set to ‘two’ can result in the existence of one single large forest fragment as well as two separate 

smaller forest fragments, due to the random effect of landscape creation. Therefore, for each 

specific scenario of percent forest cover and number of forest fragments, the model records the 

distance between forest fragments and the actual number of fragments present in the landscape 

regardless of the initial specified fragmentation value (1 to 4 fragments; Figure 7C).  
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Figure 7: Sample landscape configuration generated by the model: A) one-fragment scenario showing three levels 

of forest cover: 10%, 50%, and 90%; B) four levels of fragmentation in a 10% forest cover scenario; c) distance 

between forest fragments quantified as the straight line distance between two fragments. For multi-fragment 

scenario where n = the number of fragments, the n-1 shortest distances were averaged together to get a distance for 

the simulation.  

4.2.2.2  Animal movement through the landscape 

Once fragmentation scenarios are created, the model subjects an individual agent (the 

forest-dwelling animal species of interest) to move across the landscape and records how habitat 

use differs for each fragmentation scenario (see Habitat Use Analysis section below). The way 

the animal moves is governed by the following inputs: an empirical distribution of the step 

lengths, an empirical distribution of turning angles, the maximum distance that can be taken in a 

single step, the probability of the agent crossing the matrix, and the maximum distance over 

which the animal will cross the matrix.  

 At the beginning of the model simulation, the animal is randomly placed on a forested 

cell. The model then randomly chooses a step length and a turning angle from the specified 

distributions to guide animal movement. The step length is the straight-line distance the animal 

will move, and the turning angle determines in what direction (up, down, left, or right) the 

animal will complete the step. If a step takes the animal to the middle of the matrix, the model 

will re-choose a step length and turn angle. If the step takes the animal to another forested 
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fragment that is separated by matrix from its current forest fragment, the animal decides whether 

to cross the matrix and make the journey to the next forest fragment based on the following input 

parameters: probability of matrix crossing and maximum matrix crossing distance. Each forest 

cell the animal passes over is recorded such that each forested cell has a ‘tread count’, or the 

number of times it was used (i.e. visited) by the animal during the simulation. The duration of the 

simulation is specified through the total number of steps taken. For example, if a single step 

represents one hour, then 8,760 steps are equivalent to 8,760 hours, or 365 days. This 

information should be based on the movement data for the species of interest.  

 

4.2.2.3  Habitat use analysis 

After the animal has moved over the fragmented landscape, the model quantifies habitat 

use in two ways: (i) the visitation frequency for each forested cell in the landscape, and (ii) the 

amount of unused forested cells (cells that were never visited by the animal) in the landscape. In 

simulations specifying only a single forest fragment (i.e. the landscape is composed of one 

cluster of forested cells surrounded by matrix cells; Figure 7A), habitat use patterns are reflective 

of only percent forest cover, as the number of forest fragments is one. However, in simulations 

with a greater number of fragments, habitat use patterns are reflective of percent forest cover, 

number of forest fragments, and distance between forest fragments.  At the end of all 

simulations, the model generates a distribution of visitation frequency of forested cells for each 

combination of forest cover and number of forest fragments, as well as tables recording distances 

between fragments, and the number of unused forested fragments on the landscape. 

 

4.2.2.4  Model scenario using white-lipped peccaries as an agent 

We evaluated the model using white-lipped peccaries (Tayassu pecari, Tayassuidae, 

Cetartiodactyla). White-lipped peccaries are ideal species to use in the simulation as they are 

restricted to forested environments and rarely utilize agricultural matrices (Keuroghlian et al. 

2004; Jorge et al. 2013, 2019). White-lipped peccary movement data came five GPS-tracked 

herds in an agricultural landscape of the Cerrado biome of central-western Brazil. Location data 

for the herds was collected every 3 to 6 hours between 2013 and 2016 (Jorge et al. 2019).  

In order to have our model landscape reflect the home range of one white-lipped peccary herd 

(approximately 5 km x 5 km) in the area from which the movement data was collected (Jorge et 

al. 2019) with a resolution of 30 x 30 m, our model landscape grid measured 167 cells x 167 

cells (27,899 cells in total). For each fragmentation scenario, we varied the percent forest cover 

from 10% to 100% in increments of 10% and specified the number of forest fragments as one to 

four, in increments of one. Each combination of percent forest cover and number of forest 

fragments (40 total) was replicated 30 times, comprising a total of 1,200 landscapes and 

simulation runs. Despite specifying a specific percent forest cover and number of forest 

fragments combination for each of the 30 iterations, none of the 30 iterations were exactly the 
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same, as the distance between fragments varied among each of the randomly generated 

landscapes. 

For each fragmentation scenario, a peccary herd moved across the landscape for 14,600 

steps. Given that one step in the model represents a three-hour time period (to reflect the 

temporal resolution of the GPS movement data), 14,600 steps represent 5 years of movement 

over the landscape. The maximum step distance was specified at 83.33 units, which represents 

2,490 m (83.33 units x 30 m / unit). The maximum step length was chosen from the GPS 

movement data and is the largest distance covered in a three-hour period by any of the white-

lipped peccaries studied (Jorge et al. 2019). Step lengths were chosen from an exponential 

distribution while turning angle was chosen from a circular uniform distribution. These 

distributions were chosen because they best expressed the GPS collected movement and turning 

angles (Bradham, unpublished). Given the lack of robust empirical data on matrix crossing, we 

chose a matrix probability crossing of 50%, as long as the matrix crossing distance was 

approximately 625 m, the average distance between fragments where empirical movement data 

was collected.  

4.3 Results 

The scenario with one fragment and 100% forest cover will be referred to as the control, 

because there are no barriers for movement and the entire landscape is suitable habitat. In the 

control, the amount of unvisited forest after five years averaged 1.6%, indicating that peccaries 

visited 98.4% of forested cells in the landscape at least once during the time period (Figure 8).   
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Figure 8: The proportion of unused forested cells for each percent forest cover in one fragment scenarios. As there 

is no fragmentation, habitat use patterns are reflective of solely variations in forest cover. The single line within each 

box represents the median value, while the upper and lower boundaries of the box represent the first and third 

quartiles, respectively. Lines extending perpendicularly from the outer boundaries of the box encompass data falling 

outside of the first and third quartiles, with the end points of these lines not exceeding 1.5 * inner quartile range 

(distance between lower and upper quartile).  Isolated black dots are outliers.  

For all the other simulations where the number of forest fragments was set to one and 

forest cover was less than 100%, less than 3% of the forest remained unused (i.e. not visited by 

peccaries), independent of the amount of forest cover (Figure 8). Therefore, regardless of forest 

amount, in a non-fragmented landscape, after five years, peccaries visited 97% or more of the 

forest given their movement patterns and lack of movement barriers (i.e. matrix; Figure 8). 

However, the visitation frequency distribution of forested cells was driven by the amount of 

forest cover (Figure 9). As the percent of forest cover decreased, the visitation frequency 

distribution (i.e. the number of times a forested cell was visited) changed from being highly left 

skewed (e.g. 100% forest cover; Figure 9A) to less left-skewed (e.g. 50% forest cover; Figure 

9B), and finally more uniformly distributed (e.g. 10% forest cover; Figure 9C). Specifically, in 

100% forest cover, the mode was at five visits per cell, with a frequency of 3,350 cells, and the 

maximum number of visits any cell received was 23 (Figure 9A). At 50% forest cover, the mode 

was 13 visits per cell, with a frequency of 1,061 cells, and the maximum number of times a cell 

was visited was 38 (Figure 9B). At 10% forest cover the mode was 52 visits per cell with a 

frequency of 79 cells, and the maximum cell visit was 109 (Figure 9C). Therefore, with 

decreasing amounts of forest cover, a greater number of cells were visited more frequently.  

In the simulations with two or more forest fragments, the percent of unused forest (i.e. 

non-visited cells) varied drastically depending on the number of fragments and the percentage of 

forest cover. Below I outline the habitat use patterns for each fragmentation scenario in relation 
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to both the amount and spatial distribution of available habitat.  

 

 
Figure 9: Forest cell visitation frequency for 1-fragment scenario. Therefore, there is no fragmentation, just habitat 

loss. The figures above are from one (out of thirty total) simulations. However, they are representative of the 

patterns seen with all simulations of these fragmentation scenarios. 

 

4.3.1 Two-fragment scenario 

In the fragmentation scenario where the number of fragments was specified as 2, forest 

use as a function of forest cover (Figure 10A) was heavily driven by a combination of actual 

number of fragments generated in the simulation (Table 12, Figure 10B) and average distance 

between them (Table 13, Figure 10C), which explained the increased number of simulations in 

which one fragment was not visited at all as the percent of forest cover decreased (Table 12, 

Figure 10D).  
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Figure 10: Results from the 2-fragment scenario: A) The percent of forested cells in the landscape that were never 

visited by peccaries for each habitat loss scenario (i.e. percent of forest cover); B) For each habitat loss scenario, the 

number of simulations resulting in 1 forest fragment on the landscape and the number of simulations with 2 forest 

fragments on the landscape; C) Average distance between fragments for each habitat loss scenario. Blue numbers 

indicate the sample size (n); D) For scenarios where there were two forest fragments on the landscape, bar plot 

depicting the number of simulations in which one forested fragment was not visited by peccaries. For figures A and 

C, the single line within each box represents the median value, while the upper and lower boundaries of the box 

represent the first and third quartiles, respectively. Lines extending perpendicularly from the outer boundaries of the 

box encompass data falling outside of the first and third quartiles, with the end points of these lines not exceeding 

1.5 * inner quartile range (distance between lower and upper quartile).  Isolated black dots are outliers.  
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Table 12: Two-fragment scenario: the amount of forest cover, the number of simulations that resulted in 1 or 2 

fragments on the landscape, and the number of simulations in which one of the fragments was not used by the 

peccaries. 

Forest 

Cover 

(%) 

# of fragments on 

the landscape 

# simulations with 1 or 2 

fragments on the landscape 

# simulations in which one 

fragment is not used 

10 
1 6 0 

2 24 20 

20 
1 10 0 

2 20 17 

30 
1 15 0 

2 15 11 

40 
1 18 0 

2 12 5 

50 
1 23 0 

2 7 7 

60 
1 25 0 

2 5 2 

70 
1 29 0 

2 1 0 

80 
1 30 0 

2 0 0 

90 
1 30 0 

2 0 0 

100 1 30 0 

 

At or above 70% forest cover, peccaries used almost all forested cells present in the 

landscape (Figure 10A). This was because at 70% forest cover, ~97% of simulations yielded 

only one fragment (Table 12, Figure 10B). In the sole simulation where there were two 

fragments in the landscape (at 70% forest cover), the fragments were only 372 meters apart 

(Table 13, Figure 10C). Therefore, habitat use patterns mimicked those seen in the one-fragment 

scenario (i.e. where the forested habitat was fully connected).  

Between 60% and 40% of forest cover, an increased number of simulations resulted in 

scenarios where a greater number of forested cells were not used at all (Figure 10A). This was a 

consequence of an increased number of simulations generating a landscape with two fragments 

(Table 12, Figure 10B), where the average distance between them was greater than 600 meters 

(Figure 10C). As a result, an increased number of simulations resulted in a scenario where one of 

the two forested fragments were not visited at all (Table 12, Figure 10D). At 60% forest cover, 

17% of simulations resulted in a landscape scenario with two fragments. Of those, 40% resulted 

in peccaries not using one of the fragments. At 50% forest cover, 23% of simulations resulted in 

a fragmentation scenario with two fragments on the landscape and in all of those scenarios, 
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peccaries only used one of the two fragments on the landscape. Finally, at 40% forest cover, 40% 

of the simulations resulted in a fragmentation scenario with two fragments. Of those two-

fragment simulations, 42% resulted in landscapes where peccaries used only one fragment. 

At 30% forest cover and below, there was a qualitative change in forest habitat use 

patterns, as there was a wide variation in the number of forested cells that were not used per 

simulation (Figure 10A). At 30% forest cover, 50% of the simulations resulted in two forest 

fragments (Table 12, Figure 10B) and the average distance between the two fragments was 1,370 

m (Table 13, Figure 10C); therefore, 73% of the simulations with two fragments resulted in 

peccaries unable to use one of the fragments (Table 12, Figure 10D). At 10% forest cover, 80% 

of the simulations resulted in two fragments on the landscape (Table 12, Figure 10B) and the 

average distance between them was 1,842 m (Table 13, Figure 10C). Of those, 83% resulted in 

peccaries only using one of the forested fragments (Table 12, Figure 10D).  

 Results from the two-fragment scenario show that below 40% forest cover, the majority 

of the simulations resulted in a landscape where forest fragments were very isolated from each 

other, resulting in highly uneven use of the remaining forest. 

 

Table 13: Summary statistics for distances between the fragments (distances between fragments equal to zero were 

removed). Distances are shown in meters. 

    Forest Cover (%) 

Fragmentation 

Scenario 
Statistic 10 20 30 40 50 60 70 80 90 100 

2 

mean 1842 1824 1369 1044 709 668 372 NA NA NA 

median 1751 2134 1392 804 709 759 372 NA NA NA 

min 628 383 343 270 457 429 372 NA NA NA 

max 3413 3224 2567 1964 1139 832 372 NA NA NA 

n 24 20 15 12 6 5 1 0 0 0 

3 

mean 1759 1630 1285 1164 1007 708 432 388 NA NA 

median 1784 1629 1220 1295 1103 732 432 388 NA NA 

min 186 260 397 474 201 405 295 388 NA NA 

max 3332 2732 2532 1809 1581 1027 569 388 NA NA 

n 28 21 23 21 14 8 2 1 0 0 

4 

mean 1752 1526 1381 1115 902 751 390 208 NA NA 

median 1736 1678 1311 1091 822 719 408 229 NA NA 

min 473 367 351 131 350 477 96 42 NA NA 

max 2921 2430 2911 2249 1490 1034 665 332 NA NA 

n 30 27 26 24 17 11 3 4 0 0 

 

4.3.2 Three-fragment scenario 

Like the two-fragment scenario, in the fragmentation scenario where the number of 

fragments was specified as 3, forest use was a function of forest cover (Figure 11A) and was 
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driven by the number of individual fragments on the landscape (Table 14, Figure 11B) as well as 

the distance between them (Table 13, Figure 11C). As a result, the number of simulations in 

which at least one fragment was not used increased as percent of forest cover decreased (Table 

14, Figure 11D). 

 

A

 

B

 
C

 

D

 
 

Figure 11: Results 3-fragment scenario: A) The percent of forested cells in the landscape that were never visited by 

peccaries for each habitat loss scenario (i.e. percent of forest cover); B) For each habitat loss scenario, the number of 

simulations resulting in 1, 2, or 3 forest fragments on the landscape; C) Average distance between fragments for the 

two shortest distances in each habitat loss scenario. Blue numbers indicate the sample size (n); D) For scenarios 

where there were two or three forest fragments on the landscape, bar plot depicting the number of simulations in 

which at least one forested fragment was not visited by peccaries. For figures A and C, the single line within each 

box represents the median value, while the upper and lower boundaries of the box represent the first and third 

quartiles, respectively. Lines extending perpendicularly from the outer boundaries of the box encompass data falling 

outside of the first and third quartiles, with the end points of these lines not exceeding 1.5 * inner quartile range 

(distance between lower and upper quartile).  Isolated black dots are outliers. 
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Table 14: Three-fragment scenario: the amount of forest cover, the number of simulations that resulted in 1, 2 or 3 

fragments on the landscape, and the number of simulations in which at least one of the fragments was not used by 

the peccaries.   

Forest 

Cover 

(%) 

# of fragments on 

the landscape 

# simulations 1, 2 or 3 

fragments on the landscape  

# simulations where at least one 

fragment is not used 

10 

1 2 0 

2 8 4 

3 20 19 

20 

1 8 0 

2 11 9 

3 11 11 

30 

1 7 0 

2 16 8 

3 7 6 

40 

1 9 0 

2 16 11 

3 5 4 

50 

1 16 0 

2 13 8 

3 1 0 

60 

1 22 0 

2 8 2 

3 0 0 

70 

1 28 0 

2 2 0 

3 0 0 

80 

1 29 0 

2 1 0 

3 0 0 

90 

1 30 0 

2 0 0 

3 0 0 

100 1 30 0 

 

In simulations where forest cover was at or above 70%, peccaries used almost all forested 

cells in the landscape (Figure 11A). Above this forest cover threshold, the landscape never 

resulted in a scenario with three fragments (Table 14, Figure 11B) and when there were two 

fragments on the landscape, the average distance between them was less than 430 m (Table 13, 

Figure 11C). Therefore, habitat use patterns mimicked those seen in the one-fragment 

simulations where the forested habitat was fully connected. 

Between 60% and 50% forest cover, more simulations resulted in a greater number of 
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forested cells that were not visited (Figure 11A). This was because of an increased number of 

simulations generated a landscape with two fragments (and one simulation with three fragments; 

Table 14, Figure 11B), where mean distances between them exceeded 708 m (Table 13, Figure 

11C). As a result, more simulations resulted in a scenario where at least one fragment was not 

visited at all (Table 14, Figure 11D). At 60% forest cover, 27% of simulations resulted in two 

fragments, and no simulations yielded a landscape with three fragments (Table 14, Figure 11B). 

Only 25% of the two-fragment scenarios yielded a landscape in which peccaries did not use one 

of the fragments (Table 14, Figure 11D). At 50% forest cover, 43% of simulations resulted in 

two fragments and 3% resulted in three fragments (Table 14, Figure 11B). In 62% of the two 

fragment scenarios, peccaries did not use all fragments on the landscape; yet, peccaries used all 

forested fragments in the single scenario where there were three fragments on the landscape 

(Table 14, Figure 11D). 

At 40% forest cover and below, there was a qualitative change in forest use patterns, as 

demonstrated by the wide variation in the number of forested cells that were not used per 

simulation (Figure 11A). At 40% forest cover, 68% of simulations resulted in more than one 

forested fragment on the landscape (Table 14, Figure 11B), and the average distance between 

fragments was 1,164 m (Table 13, Figure 11C). Therefore, at least one fragment was not used by 

peccaries in 71% of the scenarios with more than one forested fragment on the landscape (Table 

14, Figure 11D). At 10% forest cover, 93% of simulations resulted in more than one fragment on 

the landscape (Figure 11A) and the average distance between them was 1,759 m (Table 13, 

Figure 11C). Of those, 82% resulted in at least one fragment not used by peccaries (Table 14, 

Figure 11D). 

Results from the three-fragment scenario show that below 50% forest cover, most 

simulations resulted in a landscape where forest fragments were too isolated to support peccaries 

using all fragments on the landscape. 

 

4.3.3 Four-fragment scenario 

In the fragmentation scenario where the number of fragments was set to 4, forest use as a 

function of forest cover (Figure 12A) was driven by the combination of actual number of 

fragments generated in the landscape (Table 15, Figure 12B) and the average distance between 

them (Table 13, Figure 12C). These patterns explained the increased number of simulations in 

which at least one fragment was not visited as the percent of forest cover decreased (Table 15, 

Figure 12D). 
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Figure 12: Results 4-fragment scenario: A) The percent of forested cells in the landscape that were never visited by 

peccaries for each habitat loss scenario (i.e. percent of forest cover); B) For each habitat loss scenario, the number of 

simulations resulting in 1, 2, 3, or 4 forest fragments on the landscape; C) Average distance between fragments for 

the three shortest distances in each habitat loss scenario. Blue numbers indicate the sample size (n); D) For scenarios 

where there were two or more forest fragments on the landscape, bar plot depicting the number of simulations in 

which at least one forested fragment was not visited by peccaries. For figures A and C, the single line within each 

box represents the median value, while the upper and lower boundaries of the box represent the first and third 

quartiles, respectively. Lines extending perpendicularly from the outer boundaries of the box encompass data falling 

outside of the first and third quartiles, with the end points of these lines not exceeding 1.5 * inner quartile range 

(distance between lower and upper quartile).  Isolated black dots are outliers. 
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Table 15: Four-fragment scenario: the amount of forest cover, the number of simulations that resulted in 1, 2, 3 or 4 

fragments on the landscape, and the number of simulations in which at least one of the fragments was not used by 

the peccaries.    

Forest 

Cover (%) 

# of fragments on 

the landscape 

# simulations with 1, 2, 3 or 4 

fragments on the landscape 

# simulations where at least one 

fragment is not used 

10 

1 0 0 

2 2 1 

3 11 10 

4 17 17 

20 

1 3 0 

2 5 3 

3 10 8 

4 12 12 

30 

1 4 0 

2 14 10 

3 9 8 

4 3 3 

40 

1 6 0 

2 12 9 

3 10 7 

4 2 1 

50 

1 13 0 

2 11 4 

3 6 4 

4 0 0 

60 

1 19 0 

2 8 1 

3 3 1 

4 0 0 

70 

1 27 0 

2 3 1 

3 0 0 

4 0 0 

80 

1 26 0 

2 4 0 

3 0 0 

4 0 0 

90 

1 30 0 

2 0 0 

3 0 0 

4 0 0 

100 1 30 0 

 

At or above 80% forest cover, peccaries used almost all forested cells present in the 

landscape (Figure 12A). This was because at 80% forest cover 87% of simulations resulted in 

one fragment (Figure 12B). When there was more than one fragment on the landscape, the 
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average distance between them was only 207 m (Table 15, Figure 12C). Therefore, at this forest 

cover threshold, habitat use patterns mimicked those seen in the one-fragment simulations.  

 Between 70% and 60% forest cover, an increased number of simulations resulted in 

scenarios where a greater number of forested cells were not used (Figure 12A). This was a 

consequence of an increased number of simulations generating a landscape with multiple 

fragments (Table 15, Figure 12B), where the average distance between fragments ranged from 

390 m to 751 m (Table 13, Figure 12C). As a result, an increased number of simulations resulted 

in a scenario where at least one of the forested fragments was not visited (Table 15, Figure 12D). 

At 70% forest cover, there were no three-fragment scenarios and only 10% of simulations 

yielded two fragments (Table 15, Figure 12B). In the two-fragment scenario, only 3% of 

simulations yielded a landscape where peccaries did not use one of the fragments (Table 15, 

Figure 12D). At 60% forest cover, 10% of simulations yielded three fragments and 27% yielded 

two fragments (Table 15, Figure 12B). Of those multi-fragment scenarios, only 18% resulted in 

at least one fragment not used by peccaries (Table 15, Figure 12D).  

At 50% forest cover and below, there is a qualitative change in forest habitat use patterns, 

resulting in a wide variation in the number of forested cells that were not used (Figure 12A). At 

50% forest cover, 57% of simulations resulted in more than one fragment on the landscape 

(Table 15, Figure 12B) and the average distance between them was 902 m (Table 13, Figure 

12C). Therefore, 47% of simulations with multiple fragments resulted in peccaries unable to use 

at least one of the fragments (Table 15, Figure 12D). At 10% forest cover, all simulations 

resulted in multiple fragment scenarios (Table 15, Figure 12B) and the average distance between 

them was 1,752 m (Table 13, Figure 12C). Of those, 93% resulted in scenarios where at least one 

fragment was never used by peccaries (Table 15, Figure 12D).   

Results from the four-fragment scenario show that below 60% forest cover, the majority 

of simulations resulted in a landscape where forest fragments were too isolated to facilitate 

peccaries using all forest fragments on the landscape.  

 

4.3.4 All fragment scenarios 

In all simulations (one-, two-, three-, and four-fragment), peccaries utilized forest 

fragments more intensely with decreasing forest cover, as exemplified through higher visitation 

numbers per cell for more cells (Figure 9). Increased fragmentation of the forest fragments made 

the pattern of forest use more irregular as percent of forest cover decreased, because the average 

distance between forest fragments increased (Table 12). With an increased number of forest 

fragments, more forest cover was needed before peccaries could use all fragments of the 

landscape. However, regardless of fragmentation level, at or above 70% forest cover peccaries 

used all fragments of the landscape (Table 12, Tables 14-15, Figures 10-12).  

 

4.4 Discussion 

Our results confirm that both fragmentation and habitat loss influence habitat use patterns. 
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Fragmentation exacerbates the patterns driven by forest loss, as an increase in the number of 

fragments positively correlated to greater extremes in the disproportionate use of suitable habitat. 

In addition, the distance between fragments increased with decreasing forest cover. Not 

surprisingly, forest cover thresholds can be lower with lower levels of fragmentation, as there are 

less matrix barriers and edge effects.  

 These results somewhat agree with previous studies noting a 60% forest cover threshold 

needed to maintain functional connectivity of the landscape. However, Pearson et al. (1996) and 

Gardner et al. (1991) concluded that at 60% forest cover the structural connectivity of the 

landscape is maintained. Our results did not show structural connectivity in all simulations with 

60% forest cover, but we note that at 60% forest cover, in the majority of the simulations 

(93.3%) habitat use patterns and therefore functional connectivity of a landscape were 

maintained. Our results support the importance of spatial configuration in a fragmented 

landscape, similar to what was specified by Andrén (1994), but we specify that spatial 

configuration is crucial when suitable remaining habitat is less than 60%, not 30% as suggested 

by Andrén (1994).  Our model results did not support a sustainable landscape at only 10% forest 

cover regardless of the spatial orientation of the forest fragments, unless those fragments were 

fully connected. Studies concurring with the lower values of the range proposed by Andrén 

(1996) may be a result of using species richness as a proxy for evaluating a threshold, whereas 

we incorporated habitat use patterns. Species richness may generate a lower threshold because it 

is the ultimate consequence of fragmentation and loss (Radford et al. 2005). However, there may 

be other ecological patterns prior to local extinction that may trigger downward declines of 

ecosystem function (Radford et al. 2005). 

Additional work specifying critical habitat fragmentation and loss values specific to 

tropical ecosystems have concluded through different methods similar ranges to what we propose 

here. Assessing biodiversity conservation in tropical landscapes, Decaëns et al. (2018) concluded 

the landscape needs to retain over 40% forest in addition to 50% unaffected patches. Assessing 

different patterns of deforestation, De Oliveira Filho & Metzger (2006) determined that tropical 

forest-dwelling species needed above 60% forest cover, as below that relationships between key 

forest components (e.g. edge effects) were abruptly altered. Regarding deforestation in 

Amazonia specifically, habitat loss greater than ~30 to 50% forest cover acts as a critical 

threshold beyond which alterations to rainfall patterns negatively impact ecosystem function and 

structure (Lawrence & Vandecar 2015). Yet, others have suggested a minimum of 50% forest 

cover is essential to maintaining species richness and abundance of forest-specialist seed 

dispersers (Morante-Filho et al. 2015; Melito et al. 2018).  

Given white-lipped peccaries are a wide-ranging tropical species and can cross the 

matrix, the threshold values proposed in this study may be considered maximum values, as other 

species with less dispersal ability may need better connectivity (With & Crist 1995). With and 

Crist (1995) assessed when isolated populations aggregated in response to fragmentation and 

found thresholds related to dispersal ability, with habitat generalists needing greater than 40% of 
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the landscape to have natural habitat and generalists with good dispersal needing only 35% of 

landscape to have suitable habitat.  

Ultimately, thresholds are reflective of individual species preferences and perception of 

the matrix as connected is a determinant of whether a species will use a fragmented landscape 

(Andrén & Andren 1994; With & Crist 1995; Prugh et al. 2008; Martin 2018). In general, forest 

dwelling species, such as white-lipped peccaries, may respond more negatively to fragmentation 

than habitat generalists who can actively use the matrix instead of just cross through it (With & 

Crist 1995; Pardini et al. 2010). In addition, fragmentation thresholds may also be habitat 

dependent. For example, Radford et al. (2005) found that woodland-dependent birds in Australia 

saw rapid declines in species richness after a threshold of only 10% tree cover was reached. On 

the other hand, Morante-Filho et al. (2015) concluded less than 50% forest cover impaired 

species richness for tropical birds. As conclusions on thresholds can vary even between the same 

taxonomic groups (e.g. birds), it is essential to consider species habitat use patterns, as illustrated 

with our model, when discussing threshold values for suitable habitat.  

In order to maintain white-lipped peccary habitat use patterns seen in the control 

simulation (i.e. 100% forest cover and no fragmentation) in more than 93% of scenarios, forest 

cover needed to be at or above 60%, as this resulted in landscape configurations in which the 

distance between fragments were crossable by peccaries. When forest cover exceeded this 

threshold, there was unbalanced use of the remaining forest, with some fragments being 

completely devoid of peccary visitation and others seeing an increase in visitation frequency. 

Fragmentation exacerbated these patterns. However, in some scenarios, peccary habitat use 

patterns could be maintained with greater forest loss when the remaining landscape contained 

fewer fragments. Collectively, these results suggest that in fragmented ecosystems with forest 

loss exceeding 40%, some forested areas on the landscape may receive an overabundance of 

mammalian top-down impacts while others may be completely devoid of those impacts. These 

contrasting habitat use patterns (i.e. over use or no use) will alter ecosystem dynamics including 

seed dispersal, trampling, and habitat modification (e.g. ecosystem engineering). 

Agricultural land currently comprises 38% of earth’s land surface and is likely to increase 

in the future, especially in tropical forests where it is projected to be detrimental to biodiversity 

conservation (Kehoe et al. 2017). Therefore, pathways that maintain tropical forests while 

informing landscape planning are essential (Lewis et al. 2015). Further, areas with high 

deforestation rates such as South America, Southeast Asia, and Africa may already be nearing 

critical fragmentation thresholds (Saravia et al. 2018). Therefore, models, such as this one, that 

propose solutions for maintaining tropical forests while also accounting for human land use 

needs are essential.  

We have focused our model on evaluating habitat use patterns in varying fragmentation 

scenarios, where the quality of all forest fragments is equal, such that all forest fragments have 

the same diversity and frequency of endless resources. In future iterations, this model could be 

enhanced to distinguish between the quality and quantity of different forested cells to see how 
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habitat use patterns vary with fragment quality.  

In addition, it should be noted that when applying the model results to conservation 

decisions, it is important to consider scale (Fahrig 1998), such as the minimum amount of forest 

cover needed to maintain a population. Here, we did not specify a minimum fragment size to 

sustain populations, rather we investigated how the fragment size would influence habitat use 

patterns should peccaries be able to survive in a patch that size. Nonetheless, the fragment size in 

our model should be scaled up to reflect the minimum fragment size necessary for peccary 

populations to persist (see Jorge et al. 2013, 2019). 

 

4.5 Conclusion 

Our model showed that habitat use patterns by a forest-dwelling mobile species can be used 

to determine fragmentation thresholds beyond which ecosystem structure and function may 

become impaired. When the amount of forest cover was less than 60%, maintenance of normal 

habitat use patterns was dependent on the quantity, spatial configuration, and distance between 

forest fragments. Below 40% forest cover, connectivity of the landscape was highly impaired as 

most of the matrix was not crossable. This greatly affected patterns of habitat use, irrespective of 

spatial configuration of forest fragments. Future work will assess whether this relationship is true 

for less mobile or non-forest dwelling species as well as the repercussions on ecosystem function 

related to alterations in habitat use patterns. 
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CHAPTER 5 
 

 

SYNTHESIS AND OUTLOOK 
 

 

5.1 Synthesis 

Tropical regions have undergone recurrent deforestation since the 1990s. Continuation of 

this trend will severely impair tropical forest ecosystem services, the consequences of which 

could be dire for human well-being. Therefore, it is urgent to establish guidelines and approaches 

that conserve the natural landscape while also accounting for human land use needs. The 

research outlined in this dissertation contributed to this effort by describing an approach for 

evaluating tropical forest conservation using animal interactions and habitat use patterns as 

conservation proxies. In this work, I described ecological interactions associated with large 

mammal movement and diet and evaluated how conserving these interactions could provide 

information on how to balance land use for both human and wildlife needs.  

In chapters two and three, I focused on interactions involving large mammal diet. In 

chapter two, I took a deep time approach and evaluated how extinct peccaries altered diet with 

climate change. A comparison between extinct peccary dietary plasticity and modern white-

lipped peccary dietary plasticity indicated extinct peccaries may have shifted diet during times of 

colder and or drier climate, while modern peccaries did not show the same dietary flexibility. 

However, the time over which extinct peccaries altered diet (e.g. on a scale of thousands of 

years) was vastly more expansive than the brief snapshot in time for which modern peccary diet 

was analyzed. Therefore, although extinct peccaries may have had the ability to alter diet, it 

cannot be assumed that modern peccaries will do the same in response to current anthropogenic 

climate change. Chapter three discussed modern peccary dietary plasticity as related to climate 

and land use change in central Brazil. Based on stable isotope analysis of white-lipped peccary 

hair, I concluded that white-lipped peccaries were largely restricted to consuming food in natural 

forested environments, even though some individuals may have consumed small portions of 

crops during times of food stress.  

Where chapters two and three focused on animal interactions as related to animal diet, 

chapter four looked at interactions related to animal movement. Using movement data from 

GPS-collared white-lipped peccaries and the conclusions from chapters two and three noting that 

peccaries are restricted to the forest for food, I created an agent-based model to evaluate how 

habitat loss and fragmentation alter white-lipped peccary habitat use patterns. With decreasing 

forest availability and increasing fragmentation, peccaries used suitable habitat areas more 

intensely, meaning these areas were subjected to an overabundance of peccary interactions (e.g. 

trampling, seed predation), while other areas of suitable habitat were completely devoid of 

peccary interactions. However, when forest loss was less than 40%, functional connectivity (as 

measured through habitat use patterns) was maintained in more than 93% of simulations. As 



 

 60 

disparities in peccary habitat use patterns and associated landscape interactions may alter forest 

structure, the size and spatial orientation of forest fragments are key to maintaining habitat use 

patterns when forest loss exceeds 40%.  

 

5.2 Outlook 

My work to date has focused on the ways in which mammals respond to changing 

conditions. Building on this work, I have recently begun field experiments to understand how 

fragmentation and seasonality exacerbate these responses. Through international collaborations 

with colleagues at the Universidade Federal do Mato Grosso do Sul and the Projecto Queixada 

grass roots environmental group in Brazil, we have recently constructed exclosure (fenced) plots 

in ecosystems with varying levels of fragmentation. These plots exclude large mammals and 

provide an opportunity to investigate the impacts of land use change on plant-animal interactions 

by assessing the cascading effects on plant and invertebrate biodiversity, forest regeneration, and 

soil nitrogen cycling resulting from the absence or over-presence of large mammals. I hope to 

incorporate the results of this study in a future iteration of the agent-based model simulation 

described in chapter 4 to better understand the ecological repercussions of habitat use pattern 

alterations. 

I also plan to begin research at the intersection of wildlife conservation and human well-

being. I am working with colleagues at Utah State University and the University of Colorado to 

understand how human land use decisions impact forest structure and function and how changes 

in forest factors ultimately impact subsequent land use decisions. At the local scale, we will 

investigate how species-level biological interactions (e.g. predator-prey interactions) determine 

ecosystem services and how these relationships may be altered because of climate and land use 

change. At a larger scale we will determine the relationship between quantity and quality of 

forest on agricultural and cattle ranching ecosystem services to evaluate under what conditions 

sustainable landscapes exist that benefit both humans and wildlife.  
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APPENDIX A 

 

Supplementary Tables 
 

Supplemental Table 1: Stable carbon isotope values (V-PDB) of tooth enamel for all taxa 

studied. Values of extinct taxa have not been adjusted to account for the Suess Effect (-

1.5 ‰). 
 

Specimen Taxa NALMA Tooth δ13C(‰) 

UF424 Protherohyus HMP rm3 -6.2 

UF429 Protherohyus HMP lm3 -11.3 

UF430 Protherohyus HMP lm3 -5.8 

UF431 Protherohyus HMP lm3 -6.7 

UF103706 Protherohyus HMP rm3 -11.3 

UF203140 Protherohyus HMP RM2 -12.1 

UF203183 Protherohyus HMP rp4 -9.8 

UF212394 Protherohyus HMP RM3 -9.4 

UF16509 Mylohyus BLC m3/M3 -12.5 

UF21957 Mylohyus BLC M3 -13.4 

UF21958 Mylohyus BLC m3 -11.4 

UF440 Mylohyus HMP LM3 -7.1 

UF481 Mylohyus HMP lp4 -11.9 

UF101982 Mylohyus HMP lm3 -11.2 

UF203540 Mylohyus HMP LM3 -13.4 

UF211795 Mylohyus HMP rm2 -14.3 

UF211796 Mylohyus HMP rm2 -13.7 

UF294749 Mylohyus HMP rp4 -12.3 

UF63902 Mylohyus IRV RM3 -12.2a 

UF63903 Mylohyus IRV lp4 -4.9a 

UF67068 Mylohyus IRV RM3 -10.5a 

UF67184 Mylohyus IRV RM3 -9.5a 

UF81312 Mylohyus IRV P -10.3a 

UF84753 Mylohyus IRV RP3 -10.5a 

UF84758 Mylohyus IRV RP4 -10.5a 

UF87768 Mylohyus IRV lp3 -7.0a 

UF87778 Mylohyus IRV rm3 -5.8a 

UF209229 Mylohyus IRV lm1 -9.9b 

UF3224 Mylohyus RCH lm3 -7.6b 

UF3268 Mylohyus RCH lm3 -11.2b 

UF3279 Mylohyus RCH LM3 -11.9b 

UF8590 Mylohyus RCH M? -10.8c 
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UF8593 Mylohyus RCH M? -10.9c 

UF10324 Mylohyus RCH LM3 -11.1b 

UF12494 Mylohyus RCH R2 -9.1b 

UF17699 Mylohyus RCH lm3 -9.6 

UF24521 Mylohyus RCH m3 -8.4 

UF148675 Mylohyus RCH M2/3 -10.0c 

UF148677 Mylohyus RCH M2 -11.4c 

UF207307 Mylohyus RCH NP -9.8d 

UF207308 Mylohyus RCH NP -9.6d 

UF207312 Mylohyus RCH NP -11.3d 

UF207313 Mylohyus RCH NP -8.4d 

UF207315 Mylohyus RCH NP -10.8d 

UF207318 Mylohyus RCH NP -7.5d 

UF207320 Mylohyus RCH NP -9.0d 

UF207321 Mylohyus RCH NP -11.1d 

UF207322 Mylohyus RCH NP -10.0d 

UF207327 Mylohyus RCH NP -11.4d 

UF207331 Mylohyus RCH NP -12.1d 

UF207332 Mylohyus RCH NP -6.9d 

UF207336 Mylohyus RCH NP -8.0d 

UF207339 Mylohyus RCH NP -4.8d 

UF207342 Mylohyus RCH NP -10.7d 

UF207344 Mylohyus RCH NP -2.3d 

UF207347 Mylohyus RCH NP -7.6d 

UF207350 Mylohyus RCH NP -11.7d 

UF18188 Platygonus BLC rm3 -11.5a 

UF18203 Platygonus BLC rm3 -10.0a 

UF45313 Platygonus BLC rm3 -10.4a 

UF60027 Platygonus BLC rm3 -11.6a 

UF60030 Platygonus BLC RM3 -13.1a 

UF176742 Platygonus BLC LM1 -11.2a 

UF227644 Platygonus BLC RM3 -10.9a 

UF227645 Platygonus BLC RM3 -11.5a 

UF12073 Platygonus IRV left M/m3 -12.6 

UF12078 Platygonus IRV M? -12.4e 

UF12086 Platygonus IRV rm3 -10.5 

UF12089 Platygonus IRV lm3 -10.3 

UF12703 Platygonus IRV lm3 -12.6 

UF62705 Platygonus IRV LM3 -7.9 

UF62706 Platygonus IRV LM3 -9.1 

UF63350 Platygonus IRV RM3 -7.8 

UF63922 Platygonus IRV lm3 -8.0f 
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UF66669 Platygonus IRV rm3 -9.1 

UF66670 Platygonus IRV rm3 -10.1 

UF66686 Platygonus IRV lm3 -8.7 

UF66689 Platygonus IRV lm3 -3.3 

UF80117 Platygonus IRV lm3 -3.9f 

UF81238 Platygonus IRV rm3 -7.4f 

UF83122 Platygonus IRV rm3 -5.1a 

UF83384 Platygonus IRV RM2 -6.5a 

UF86760 Platygonus IRV frag -12.7g 

UF86948 Platygonus IRV LP4 -4.0a 

UF87791 Platygonus IRV lm3 -7.7a 

UF87830 Platygonus IRV lm3 -9.2f 

UF87834 Platygonus IRV RM3 -6.6f 

UF87850 Platygonus IRV rm3 -3.5a 

UF211009 Platygonus IRV lm3 -7.8b 

UF214391 Platygonus IRV lm3 -8.6 

UF217659 Platygonus IRV rm3 -5.6 

UF219564 Platygonus IRV rm3 -7.3 

UF221021 Platygonus IRV RM3 -12.0 

UF221282 Platygonus IRV RM3 -9.5 

UF221528 Platygonus IRV RM3 -12.0 

UF235900 Platygonus IRV lm3 -6.4 

UFNC RSF-86 Platygonus IRV M? -12.2e 

UFNC RSF-87 Platygonus IRV M? -11.3e 

UF3098 Platygonus RCH M3 -11.5e 

UF12497 Platygonus RCH rm2 -11.8 

UF12498 Platygonus RCH M3 -12.4e 

UF55264 Platygonus RCH m2 -10.8 

UF126496 Platygonus RCH lm2 -13.7 

UF126497 Platygonus RCH LM2 -10.9 

UF126498 Platygonus RCH LM2 -12.6 

UF126499 Platygonus RCH RM3 -13.9 

UF131949 Platygonus RCH rm3 -9.6 

UF131950 Platygonus RCH rm3 -10.7 

UF207489 Platygonus RCH NP -11.6d 

UF207490 Platygonus RCH NP -11.2d 

UF212691 Platygonus RCH rm2 -13.5 

UF212692 Platygonus RCH lm3 -7.9 

UFNC (100) Platygonus RCH lm3 -8.3h 

UFNC RSF-40 Platygonus RCH P -12.0e 

UFNC RSF-41 Platygonus RCH P -12.6e 

WCSCRTP1 Tayassu MOD RM3 -15.0 
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WCSCRTP2 Tayassu MOD RM3 -13.4 

WCSCRTP3 Tayassu MOD RM3 -13.9 

WCSCRTP4 Tayassu MOD RM3 -14.5 

WCSCRTP5 Tayassu MOD rm3 -15.5 

WCSCRTP6 Tayassu MOD rm3 -14.2 

WCSCRTP7 Tayassu MOD LM3 -12.7 

WCSCRTP8 Tayassu MOD LM3 -14.3 

WCSCRTP9A Tayassu MOD rm2 -14.6 

WCSCTP1 Tayassu MOD lm3 -14.7 

WCSCTP10 Tayassu MOD rm3 -15.4 

WCSCTP3 Tayassu MOD lm3 -13.9 

WCSCTP4 Tayassu MOD rm3 -14.7 

WCSCTP5 Tayassu MOD rm3 -14.2 

WCSCTP9 Tayassu MOD RM3 -14.4 

WCSF7TP14 Tayassu MOD lm3 -15.0 

WCSF7TP35 Tayassu MOD RM3 -14.7 

WCSF7TP36 Tayassu MOD rm3 -14.0 

WCSF7TP37 Tayassu MOD rm3 -14.9 

WCSF7TP4 Tayassu MOD lm3 -14.6 

WCSF7TP51 Tayassu MOD rm3 -14.9 

WCSF7TP52 Tayassu MOD rm3 -13.7 

WCSF7TP54 Tayassu MOD lm3 -12.7 

WCSF7TP57 Tayassu MOD rm3 -14.5 

WCSF7TP62 Tayassu MOD lm3 -14.7 

WCSUTP11 Tayassu MOD lm3 -15.1 

WCSUTP12 Tayassu MOD lm3 -13.7 

WCSUTP14 Tayassu MOD rm3 -15.0 

WCSUTP15 Tayassu MOD RM3 -12.8 

WCSUTP16 Tayassu MOD LM3 -13.5 

WCSUTP18 Tayassu MOD rm3 -14.5 

WCSUTP2 Tayassu MOD rm3 -14.3 

WCSUTP6 Tayassu MOD rm3 -15.2 

WCSUTP7 Tayassu MOD lm3 -15.1 

WCSUTP8 Tayassu MOD lm3 -15.3 

 
a DeSantis et al. (2009); bYann and DeSantis (2014); cKoch et al. (1998); dD’Amo (2001); eFeranec and 

MacFadden (2000); fFeranec (2005); gFeranec and DeSantis (2014); hMacFadden and Cerling (1996); NP, 

not provided; NC = not catalogued; UF, University of Florida Museum of Natural History; WCS, Wildlife 

Conservation Society, Brazil and CENAP samples; HMP, Hemphillian; RCH, Rancholabrean; BLC, 

Blancan; IRV, Irvingtonian, MOD, Modern. 
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Supplemental Table 2: DMTA attribute values for all taxa studied. 

Specimen Taxon NALMA Tooth 
Asfc 

median 

epLsar 

median 

Tfv 

median 

HAsfc3x3 

median 

HAsfc9x9 

median 

UF408 Protherohyus HMP lm3 0.909 0.0048 11402 0.203 0.449 

UF409 Protherohyus HMP lm3 0.451 0.0039 10858 0.203 0.449 

UF424 Protherohyus HMP lm3 1.339 0.0024 9855 0.430 0.516 

UF426 Protherohyus HMP lm3 4.811 0.0018 14330 0.379 0.741 

UF428 Protherohyus HMP lm3 6.625 0.0022 13001 0.742 1.772 

UF430 Protherohyus HMP lm3 2.257 0.0031 13678 1.104 1.929 

UF431 Protherohyus HMP lm3 7.195 0.0006 12368 2.261 1.696 

UF434 Protherohyus HMP RM3 1.361 0.0025 10499 0.528 1.272 

UF435 Protherohyus HMP LM3 3.382 0.0022 12367 0.618 0.889 

UF439 Protherohyus HMP RM2 3.369 0.0019 15517 1.189 1.581 

UF455 Protherohyus HMP RM3 1.466 0.0043 11104 0.271 0.468 

UF456 Protherohyus HMP RM3 13.792 0.0023 16313 0.691 1.021 

UF458 Protherohyus HMP RM3 5.632 0.0023 11778 0.772 1.768 

UF459 Protherohyus HMP LM3 2.369 0.0037 11934 0.386 0.747 

UF460 Protherohyus HMP LM3 1.653 0.0026 8056 0.286 0.473 

UF463 Protherohyus HMP LM2 3.405 0.0024 15136 0.561 0.902 

UF464 Protherohyus HMP LM2 2.785 0.0026 10514 0.892 0.997 

UF467 Protherohyus HMP LM1 4.686 0.0025 13406 0.573 0.770 

UF203140 Protherohyus HMP RM2 0.751 0.0050 8488 0.490 0.719 

UF203169 Protherohyus HMP M1 1.166 0.0018 14001 0.599 0.960 

UF212392 Protherohyus HMP RM1 2.811 0.0017 14911 0.617 1.078 

UF212419 Protherohyus HMP lm3 0.510 0.0010 0 0.304 0.406 

UF16509 Mylohyus BLC m3/M3 10.509 0.0017 14855 0.638 0.902 

UF21957 Mylohyus BLC M3 2.673 0.0010 13026 0.393 0.792 

UF21958 Mylohyus BLC m3 11.734 0.0018 14922 0.649 0.942 

UF60857 Mylohyus BLC lm1 4.132 0.0033 16447 0.422 0.800 

UF97174 Mylohyus BLC rm3 10.454 0.0012 14537 0.402 0.722 

UF412 Mylohyus HMP rm3 0.941 0.0017 11145 0.254 0.457 

UF440 Mylohyus HMP LM3 3.261 0.0015 12587 0.430 0.749 

UF12265 Mylohyus HMP LM3 2.190 0.0012 13491 0.160 0.296 

UF26995 Mylohyus HMP LM1 1.775 0.0036 12557 0.642 2.126 

UF101982 Mylohyus HMP lm3 2.673 0.0028 16781 0.414 0.835 

UF203540 Mylohyus HMP LM3 2.900 0.0033 10891 0.756 1.359 

UF211795 Mylohyus HMP lm1 7.087 0.0021 12982 1.424 2.263 

UF211796 Mylohyus HMP rm2 3.535 0.0024 9421 0.329 0.777 

UF14243 Mylohyus IRV M2 2.815 0.0016 16145 0.573 1.163 

UF86301 Mylohyus IRV LM2 4.506 0.0022 15554 0.572 0.933 

UF86691 Mylohyus IRV M2 4.063 0.0026 14057 0.586 1.283 

UF214390 Mylohyus IRV LM3 12.827 0.0020 12422 0.639 0.815 

UF2418 Mylohyus RCH lm1 4.927 0.0036 14429 0.439 0.673 
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UF2514 Mylohyus RCH lm1 8.001 0.0031 14289 0.229 0.657 

UF3567 Mylohyus RCH RM1 2.004 0.0020 12339 0.987 1.340 

UF4070 Mylohyus RCH lm3 10.026 0.0011 17121 0.501 0.745 

UF4921 Mylohyus RCH rm3 9.223 0.0015 12055 0.268 0.730 

UF10754 Mylohyus RCH ukn 5.585 0.0014 13928 0.485 0.970 

UF12465 Mylohyus RCH lm3 6.098 0.0038 13157 0.479 0.925 

UF12484 Mylohyus RCH rm1 24.085 0.0007 17918 0.352 0.777 

UF13987 Mylohyus RCH molar 9.085 0.0035 12128 0.627 1.377 

UF16513 Mylohyus RCH ukn 14.063 0.0007 13224 0.349 0.628 

UF17699 Mylohyus RCH lm3 17.649 0.0020 15052 0.519 0.993 

UF24521 Mylohyus RCH m3 7.645 0.0018 14622 0.777 1.605 

UF309883 Mylohyus RCH LM2 1.934 0.0038 12230 0.242 0.397 

UF12516AA Mylohyus RCH molar 3.966 0.0013 13297 0.622 1.200 

UF12516BB Mylohyus RCH molar 0.933 0.0036 7699 0.240 0.404 

UF15156 Platygonus BLC RM2 1.218 0.0036 9838 0.286 0.663 

UF15158 Platygonus BLC lm2 5.883 0.0008 11217 1.168 3.293 

UF18195 Platygonus BLC M2 10.322 0.0016 14054 1.725 2.591 

UF45313 Platygonus BLC lm2 0.447 0.0046 11367 0.234 0.451 

UF60028 Platygonus BLC lm3 2.163 0.0013 15669 0.445 0.913 

UF176742 Platygonus BLC LM1 0.638 0.0067 5109 0.257 0.364 

UF12073 Platygonus IRV rm2 8.177 0.0012 14630 0.548 0.983 

UF12079 Platygonus IRV LM2 4.596 0.0054 13754 0.365 0.670 

UF12086 Platygonus IRV rm3 22.774 0.0010 19873 0.423 1.018 

UF12090 Platygonus IRV rm3 2.572 0.0016 13795 0.450 0.639 

UF12094 Platygonus IRV m1 15.351 0.0029 11186 0.590 1.059 

UF12703 Platygonus IRV lm3 3.493 0.0026 14296 0.349 0.883 

UF62704 Platygonus IRV RM3 13.707 0.0022 15564 0.481 1.020 

UF62708 Platygonus IRV LM3 2.155 0.0013 13306 0.325 0.470 

UF63270 Platygonus IRV RM2 1.103 0.0041 9676 0.402 0.652 

UF63337 Platygonus IRV RM2 2.144 0.0054 10539 0.398 0.738 

UF63528 Platygonus IRV lm3 1.558 0.0010 11145 0.181 0.422 

UF63907 Platygonus IRV lm3 1.878 0.0029 13202 0.557 1.098 

UF63909 Platygonus IRV lm3 1.091 0.0037 10370 0.289 0.432 

UF63924 Platygonus IRV LM3 3.527 0.0031 12550 0.948 1.222 

UF63927 Platygonus IRV M2 2.232 0.0017 10814 0.487 0.855 

UF65257 Platygonus IRV RM3 2.422 0.0019 12302 1.046 1.180 

UF65258 Platygonus IRV RM3 1.623 0.0057 11112 0.253 0.511 

UF65260 Platygonus IRV lm3 2.360 0.0039 9389 0.403 0.785 

UF66651 Platygonus IRV rm3 3.738 0.0020 15604 0.388 1.007 

UF66654 Platygonus IRV rm3 9.222 0.0017 15127 0.247 0.587 

UF66656 Platygonus IRV rm2 0.578 0.0019 9395 0.216 0.415 

UF66664 Platygonus IRV rm3 11.423 0.0014 17871 0.319 0.929 

UF66665 Platygonus IRV rm2 15.931 0.0003 16503 0.351 0.764 

UF66669 Platygonus IRV rm3 4.419 0.0033 12944 0.574 1.089 

UF66676 Platygonus IRV rm3 9.547 0.0037 15123 0.848 1.645 
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UF66678 Platygonus IRV lm3 1.534 0.0047 11454 0.189 0.471 

UF66683 Platygonus IRV lm3 14.894 0.0018 18076 0.509 0.936 

UF66686 Platygonus IRV lm2 1.748 0.0031 14358 0.269 0.638 

UF67177 Platygonus IRV lm3 4.568 0.0033 13900 0.324 0.656 

UF67182 Platygonus IRV M2 1.672 0.0015 13818 0.257 0.466 

UF67183 Platygonus IRV M3 3.341 0.0030 14596 1.129 1.597 

UF80319 Platygonus IRV RM3 1.753 0.0055 12462 0.377 0.655 

UF81556 Platygonus IRV m2 9.010 0.0016 18430 0.373 0.975 

UF84402 Platygonus IRV lm3 2.134 0.0023 8533 0.510 0.956 

UF86758 Platygonus IRV lm3 1.918 0.0013 11725 0.234 0.486 

UF87819 Platygonus IRV lm3 2.178 0.0019 12748 0.399 0.702 

UF87835 Platygonus IRV lm3 6.524 0.0018 15065 0.375 0.931 

UF116009 Platygonus IRV LM3 10.259 0.0018 15419 0.358 0.726 

UF211009 Platygonus IRV lm3 2.583 0.0035 14763 0.364 0.859 

UF214391 Platygonus IRV lm3 1.121 0.0027 10133 0.611 0.985 

UF217654 Platygonus IRV RM3 0.868 0.0033 4865 0.196 0.429 

UF217659 Platygonus IRV m3/M3 2.780 0.0024 13261 0.631 1.680 

UF219563 Platygonus IRV RM2 1.511 0.0026 4969 0.209 0.317 

UF221016 Platygonus IRV lm3 0.838 0.0073 11650 0.237 0.427 

UF221021 Platygonus IRV RM3 19.220 0.0018 14494 0.598 1.030 

UF221173 Platygonus IRV LM2 4.018 0.0024 15103 0.197 0.399 

UF221282 Platygonus IRV RM3 2.320 0.0020 11575 0.305 0.465 

UF221528 Platygonus IRV RM3 4.362 0.0042 14161 0.380 0.892 

UF221543 Platygonus IRV lm3 3.797 0.0024 14146 0.424 0.927 

UF221767 Platygonus IRV lm3 2.406 0.0032 13428 0.697 1.071 

UF235900 Platygonus IRV lm3 0.971 0.0031 11071 0.265 0.424 

UF12078C Platygonus IRV molar 14.979 0.0018 16107 0.586 0.728 

UF12078D Platygonus IRV molar 2.162 0.0040 16655 0.491 0.782 

UFNC D Platygonus IRV lm3 0.767 0.0046 2147 0.191 0.378 

UF2924 Platygonus RCH molar 0.724 0.0041 5028 0.254 0.400 

UF10130 Platygonus RCH M1 3.326 0.0019 11217 0.884 1.872 

UF12497 Platygonus RCH rm2 4.545 0.0019 14464 0.491 0.764 

UF12498 Platygonus RCH ukn 3.559 0.0072 10583 0.437 0.936 

UF126495 Platygonus RCH lm1 2.389 0.0021 11744 0.396 1.027 

UF126496 Platygonus RCH lm2 2.465 0.0042 13919 0.530 0.862 

UF126498 Platygonus RCH LM2 4.325 0.0013 19021 0.356 0.844 

UF126499 Platygonus RCH RM3 2.470 0.0028 9485 0.321 0.589 

UF131950 Platygonus RCH rm3 20.200 0.0006 14582 0.316 0.516 

UF131952 Platygonus RCH RM1 0.777 0.0051 7690 0.235 0.638 

UF212691 Platygonus RCH rm2 5.696 0.0021 10491 0.233 0.462 

UF212692 Platygonus RCH lm3 1.709 0.0052 13403 0.332 0.712 

MZUSP107 Tayassu MOD rm2 1.739 0.0018 10983 0.513 0.628 

MZUSP2998 Tayassu MOD rm2 2.887 0.0016 9081 0.226 0.373 

MZUSP5437 Tayassu MOD rm2 3.326 0.0029 10971 0.436 0.642 

MZUSP8087 Tayassu MOD rm2 11.011 0.0027 14229 0.661 0.976 
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MZUSP10346 Tayassu MOD rm1 2.813 0.0020 14169 0.622 0.744 

MZUSP10350 Tayassu MOD lm1 2.896 0.0023 13866 0.352 0.718 

MZUSP13489 Tayassu MOD rm2 14.679 0.0008 12961 0.519 0.935 

MZUSP13491 Tayassu MOD rm2 2.613 0.0020 15281 0.533 1.442 

MZUSP20015 Tayassu MOD lm2 2.080 0.0023 10769 0.124 0.254 

MZUSP20017 Tayassu MOD RM1 1.958 0.0032 13250 0.882 1.312 

MZUSP21607 Tayassu MOD rm2 6.340 0.0016 12567 0.423 0.935 

MZUSP28146 Tayassu MOD rm1 1.681 0.0019 15781 0.170 0.411 

MZUSP28547 Tayassu MOD rm2 16.800 0.0013 14806 0.754 1.504 

MZUSP32288 Tayassu MOD rm1 2.344 0.0019 14280 0.214 0.483 

WCSTPU10 Tayassu MOD rm1 4.234 0.0021 13373 0.518 0.930 

WCSTPU11 Tayassu MOD rm3 2.252 0.0051 13144 0.176 0.327 

WCSTPU12 Tayassu MOD rm3 2.066 0.0018 14390 0.662 0.881 

WCSTPU13 Tayassu MOD rm3 2.876 0.0036 12090 0.266 0.575 

WCSTPU14 Tayassu MOD rm3 5.954 0.0033 15083 0.216 0.500 

WCSTPU17 Tayassu MOD RM3 11.463 0.0015 15964 0.820 1.419 

WCSTPU2 Tayassu MOD rm3 5.653 0.0048 13252 0.558 1.049 

WCSTPU3 Tayassu MOD rm3 1.831 0.0061 12219 0.287 0.534 

WCSTPU7 Tayassu MOD rm3 3.577 0.0030 14724 0.333 0.585 

 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively; UF, University of Florida Natural 

History Museum; MZUSP, Museu de Zoologia da Universidade do São Paulo; WCS, Wildlife 

Conservation Society, Brazil and CENAP samples; HMP, Hemphillian; RCH, Rancholabrean; BLC, 

Blancan; IRV, Irvingtonian, MOD, Modern. R, upper right; r, lower right; L, upper left; l, lower left; m, 

molar; ukn, unknown tooth position.  

 

 

Supplemental Table 3: Shapiro Wilk test for normality 
 

Microwear 

Feature 
p-value 

Stable Carbon 

Isotopes 
p-value 

Asfc <0.0001 Mylohyus 0.035 

epLsar <0.0001 Platygonus 0.005 

Tfv <0.0001 Protherohyus 0.198 

Hasfc3x3 <0.0001 Tayassu 0.033 

Hasfc9x9 <0.0001     

 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively. Data with p-values less than 0.05 are 

considered non-normally distributed and indicated in bold font. 
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Supplemental Table 4: Statistical comparisons (P-values) for DMTA attributes between 

NALMAs for Mylohyus 
 

    Rancholabrean Irvingtonian Blancan 

Asfc Irvingtonian 0.352   

 Blancan 0.355 0.273  

 Hemphillian 0.007 0.079 0.013 

epLsar Irvingtonian 0.476   

 Blancan 0.164 0.211  

 Hemphillian 0.398 0.448 0.139 

Tfv Irvingtonian 0.194   

 Blancan 0.093 0.384  

 Hemphillian 0.108 0.047 0.016 

HAsfc3x3 Irvingtonian 0.085   

 Blancan 0.310 0.220  

 Hemphillian 0.416 0.134 0.388 

HAsfc9x9 Irvingtonian 0.119   

 Blancan 0.495 0.158  

 Hemphillian 0.326 0.223 0.359 

 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively. P-values less than 0.05 are considered 

significant and noted here in bold. 

 

Supplemental Table 5: Statistical comparisons (P-values) of DMTA attributes between 

NALMAs for Platygonus. 
 

    Rancholabrean Irvingtonian 

Asfc Irvingtonian 0.500  

 Blancan 0.170 0.133 

epLsar Irvingtonian 0.284  

 Blancan 0.331 0.466 

Tfv Irvingtonian 0.108  

 Blancan 0.453 0.146 

HAsfc3x3 Irvingtonian 0.320  

 Blancan 0.289 0.382 

HAsfc9x9 Irvingtonian 0.377  

 Blancan 0.348 0.413 

 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively 
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Supplemental Table 6: Pairwise comparison of DMTA attributes between Mylohyus and 

Protherohyus during the Hemphillian NALMA. 
 

  Hemphillian 

Asfc 0.765 

epLsar 0.534 

Tfv 0.801 

HAsfc3x3 0.558 

HAsfc9x9 0.833 

 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively 

 

 

 

 

Supplemental Table 7: Statistical comparisons (P-values) of DMTA attributes between 

Platygonus and Mylohyus for each NALMA where the two genera co-occur.  

 

  Irvingtonian Blancan Rancholabrean 

Asfc 0.192 0.052 0.025 

epLsar 0.434 0.537 0.152 

Tfv 0.263 0.082 0.126 

HAsfc3x3 0.028 0.792 0.323 

HAsfc9x9 0.083 0.931 0.427 

Asfc, area-scale fractal complexity; epLsar, anisotropy; Tfv, textural fill volume; HAsfc3x3, HAsfc9x9, 

Heterogeneity of complexity in a 3 x 3 and 9 x 9 grid respectively. P-values less than 0.05 are considered 

significant and noted here in bold. 

 

 

 

Supplemental Table 8: Statistical comparisons (P-values) for stable carbon isotope analysis 

between NALMAs for Mylohyus.  
 

  Rancholabrean Irvingtonian Blancan 

Irvingtonian 0.282   

Blancan 0.009 0.006  

Hemphillian 0.003 0.003 0.331 

P-values less than 0.05 are considered significant and noted here in bold. 
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Supplementary Table 8: Statistical comparisons (P-values) resulting from a Kruskal-Wallis test 

with a Dunn post hoc test for stable nitrogen isotope analyses among white-lipped 

peccary (Tayassu pecari) dietary resources from four Brazilian regions: Pantanal, 

Cerrado, semi-deciduous Atlantic Forest, and ombrophilous Atlantic Forest.  P-values < 

0.05 are considered significant and noted in bold. AF = Atlantic Forest. 
 

Region Comparisons χ2 Z P P (adjusted) 

AF ombrophilous - AF semi-deciduous 

15.200 

-0.879 0.190 1 

AF ombrophilous - Cerrado -2.743 0.003 0.018 

AF semi-deciduous - Cerrado -2.204 0.014 0.083 

AF ombrophilous - Pantanal -3.034 0.001 0.007 

AF semi-deciduous - Pantanal -1.959 0.025 0.150 

Cerrado - Pantanal 0.956 0.169 1 
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APPENDIX B 

 

Overview, Design Concepts and Details  

Model purpose 

We developed a spatially-explicit, discrete agent-based model evaluating changes in large 

mammal habitat-use patterns as a function of habitat loss and fragmentation, here simplified to 

be percent of forest cover, the number of forested fragments, and the distance between forest 

fragments (a measure of connectivity). The purpose of the model is to determine how different 

fragmentation and loss scenarios result in differential use of the landscape by large mammals. 

This model was programmed in R version 3.3 and the version of the model used in this 

simulation can be found at https://github.com/jlbradha/IBM. To follow standard procedures with 

individual-based model description, we utilize the Overview, Design concepts, and Details 

method (Grimm et al. 2010).  

 

Empirical peccary movement data 

Model parameters that govern agent movement were derived from empirical movement data of 

white-lipped peccaries. Between 2013 and 2015, 12 white-lipped peccaries were captured and 

fitted with GPS collars in the southern Cerrado of central Brazil (Jorge et al. 2019). GPS 

locations were recorded every 3 to 6 hours through satellite transmission (Iridium). To quantify 

movement from GPS relocations, data were processed using adehabitatHR and adehabitatLS 

packages in R (Calenge 2006) to determine step length and relative turn angle (Bradham et al. 

unpublished). Step length is the straight-line distance between two GPS locations, while relative 

turn angle is the numerical change in angle between the continued trajectory direction from 

relocation one and the new trajectory direction from relocation two (Calenge 2006). Using 

Fitdistrplus package in R (Delignette-Muller and Dutang 2015) and associated AIC values, we 

established the empirical distributions that best fit the distribution of step lengths. The step 

lengths of all peccaries evaluated could be explained best by an exponential distribution. As the 

rate parameter of the associated exponential distribution varied per peccary, we took the median 

value for use in the model. Relative angles were also fitted to distributions using R and all 

peccary step angles could be explained through a circular uniform distribution.  

 

Entities, state variables, and scales 

The landscape of the model is divided into a grid of 167 x 167, 1-unit x 1-unit cells, with each 

cell representing 30 m x 30 m at our target field site. The state variable for each cell is the habitat 

type (i.e. forested or matrix) and number of times the cell has been visited by the agent. This 

model includes one type of agent, a single peccary herd, which moves across the landscape. State 

variables for the herd are their x and y coordinates. This model is spatially explicit and two-

dimensional. Each time step represents a three-hour period in order to be consistent with the 

resolution from empirical movement data. The model run stops after the pre-specified amount of 
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time has passed (here 14600 steps or 5 years).  

 

Process overview and scheduling 

In each time step, the agent randomly chooses a step length and turn angle (90˚, 180 ˚, 270 ˚, 

360˚) to map its next path. The model then checks to see if that path is within the boundary of the 

grid and whether the final coordinate of the move falls in a forested cell. If the final coordinate 

falls in a forest fragment but requires crossing the matrix, the peccary herd makes a stochastic 

decision whether to cross or to stay on the current cell. If the final coordinate falls on a forested 

cell but does not require crossing the matrix, the peccary herd always proceeds to that 

destination. The landscape state variable is updated after each peccary movement and each cell 

records the total number of visits from the peccary herd as it crosses from one location to 

another. Additional details from each of the actions executed here can be found in the Submodels 

section.  

 

Design concepts 

Basic principles – This model couples the fragmentation threshold hypothesis with empirical 

movement data to better understand the impact of fragmentation on animal habitat-use patterns. 

Parameters for animal movement and rules governing movement as utilized in this model can be 

found in Jorge et al. (2019). 

Emergence – The spatial orientation and distribution of habitat-use intensity (measured in the 

model as visitation frequency) emerges as a function of the specified percent forest cover, the 

number of forest fragments on the landscape, and the distance between fragments. 

Sensing – Agents can discern between a forested cell and a matrix cell. Agents preferentially 

stay in the forest and cross the matrix only under certain conditions (e.g. if the random step 

length and angle result in a distance below the maximum threshold for crossing and a stochastic 

process that prompts peccaries to cross the matrix). 

Stochasticity – The configuration of the initial landscape and the decision whether or not to 

cross the matrix to arrive at another forested fragment are randomized.  

Observation – For each fragmentation scenario and iteration, a csv file and an accompanying 

frequency histogram illustrate the distribution of visitation amount (i.e. visit count per cell). A 

csv file and an accompanying box plot show the percent of unvisited forested cells for each 

percent forest cover scenario. Finally, a csv file records the average distance between fragments 

and a scatterplot illustrates the number of unvisited forested cells as it relates to the distance 

between isolated forest fragments. In addition, the model generates a picture of the grid before a 

peccary herd has walked on it as well as the grid showing areas that are used more or less 

frequently after the peccary herd has walked over the landscape for the specified amount of time.  

 

Initialization 

The model is initialized by first creating a landscape, a grid with the specified dimensions where 
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all cells have the same state variable. Then, the model randomly selects a “seed” number 

between 1 and 4 depending on the fragmentation scenario. For one-fragment scenarios, the 

model randomly selects one cell on the landscape to be the seed cell. For two-fragment 

scenarios, the model randomly selects two cells on the landscape to be seed cells, and for three- 

and four-fragment scenarios, the model randomly selects three or four cells, respectively, as seed 

cells. Each seed cell converts their state variable to “forested”. Then, seed cells convert the state 

variables of adjacent cells (up, down, left, or right – to the exclusion of diagonally connected 

cells) to ‘forested’ until the desired percent forest cover is reached for the entire landscape (i.e. 

the whole grid). Each forested seed cell and connected forested cells now form a forest fragment. 

Forest fragments are not uniform in size. Initialization continues by randomly placing one agent 

on a forested cell. From this location, the agent will choose a distance and an angle (90˚, 180 ˚, 

270 ˚, 360˚) to inform movement to another cell location. The step length that the agent will take 

to move is chosen from an Exponential distribution with rate parameter of 6.67, while turn 

angles are chosen from a circular uniform distribution, in the form of four equally likely angles: 

90˚, 180 ˚, 270 ˚, 360˚. The state variable for number of visits for each forested landscape cell is 

initially set to 0, while the state variable for matrix cells is permanently set to ‘NA’.  

 

Input 

The model does not include any input of external data.  

 

Submodels 

Choose step length and turn angle – Since the turn angle was chosen from a circular uniform 

distribution, all directions on the grid are equally likely to be chosen. Thus, when choosing a turn 

angle, the agents randomly pick an integer between 1 and 4 where a value of “1” indicates 

movement to the left (270˚), ‘2’ indicates movement up (360˚), ‘3’ is to the right (90˚), and ‘4’ is 

down (180˚). Step lengths were chosen from an exponential distribution with a parameter of 6.67 

and multiplied by a specified maximum step distance and added to one to make the step-length 

scale comparable with the scale of the entire grid. After choosing the step length and the 

direction to travel in, the model locates the coordinates of the endpoint.  

Check to see if the path is in bounds – To ensure that the agent remains on the map, the model 

checks to see whether the endpoint of the determined path lies within the grid boundaries. If the 

endpoint of the selected path is off the grid, the agent selects a new step length and turn angle. If 

the path is viable such that the endpoint lies on a forested cell and does not require crossing the 

matrix to arrive at that forested cell, the agent will proceed with the chosen movement trajectory.  

Cross matrix or stay – If the endpoint of the determined path lies within an isolated forest 

fragment separated from the current forest fragment by matrix, the agent will decide whether or 

not to cross. If the distance to the endpoint requires crossing the matrix in which the matrix 

distance is greater than ¼ the pre-determined maximum step length, the agent will choose to 

stay. Otherwise, the agent will randomly choose to cross or stay with a probability of 0.5.  
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Update visit count to landscape – Each forested cell initially has a value of zero. As the agent 

moves across the forested landscape, the value of each cell increases according to the number of 

times the agent ‘walks’ across the cell. The frequency distribution of ‘number of cell visits’ is 

recorded in a data matrix for creating the frequency histogram and boxplot (see ‘Observations’). 

Calculate distance between fragments – To calculate distance between two forested patches, 

the model draws an ellipse around each isolated forest fragment that includes 80% of the forested 

cells in that fragment using the dataEllipse function in the Car package (Fox and Weisburg, 

2011). Once the ellipses are calculated, the model calculates the minimum distance between the 

ellipses. For one-fragment scenarios, there is no distance to be calculated. For two-fragment 

scenarios, a single distance between the two forested fragments is calculated. For scenarios 

involving three or more forest fragments, the distances between all fragments are calculated and 

the average of the n –1 shortest distance is recorded, where n is the number of forest fragments. 

In each simulation, this distance is used to calculate the scatterplot (see Observations) that relates 

distance between forest fragments to the number of forested cells where the visitation count is 

zero, as this provides an estimation of the maximum distance between fragments where white-

lipped peccary movement is not impeded by the matrix. 

 


