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ABSTRACT 

Because American bison (Bison bison) are important to both conservation and ranching, I 

inquired as to the diet and gut microbiota of these animals, and the implications of these factors 

for sound management. I found that bison in Kansas browsed more in spring and fall, and 

consumed more forbs during summer, but graminoids formed a consistently low proportion of 

the diet. In Colorado, the bison diet was dominated by graminoids, followed by forbs, then 

browse. This pattern remained consistent for 18 months, despite a brief increase in forbs and 

decrease in graminoids when the herd’s pasture was enlarged. Comparisons among sites from 

May-August showed significant differences, with bison in Montana and Kansas consuming more 

forbs and browse than those in Colorado during certain months. Thus, the diet of bison was 

temporospatially variable and sometimes deviated significantly from grazing, possibly due to 1) 

plants that are high in protein and low in toxins; 2) large body size dictating less forage 

selectivity; 3) a lack migration; and 4) broad niche breadth. The present study suggests that bison 

may benefit from access to forbs and browse in addition to grasses. I also compared gut 

microbiota along the digestive tract between grass-finished and grain-finished bison. Location 

had the greatest effect, with sections of the foregut, the hindgut, and to a lesser degree the midgut 

being statistically similar. I also found a significant effect of diet on gut microbiota throughout 

the digestive tract, with the grain-finished bison exhibiting higher relative abundances of the 
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bacterial phyla Firmicutes and Proteobacteria. Finally, my analysis of the natural and human 

history of the Great Plains shows that bison and other animals, as well as new energy sources, 

have the potential to foster both ecological and economic sustainability in the region to a greater 

degree than the system currently in place. 
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CHAPTER I 

Seasonal shifts in diet and gut microbiota of the American bison (Bison bison) 

 

Abstract 

 North American bison (Bison bison) are becoming increasingly important to both 

grassland management and commercial ranching. However, a lack of quantitative data on their 

diet constrains conservation efforts and the ability to predict bison effects on grasslands. In 

particular, we know little about the seasonality of the bison diet, the degree to which bison 

supplement their diet with eudicots, and how changes in diet influence gut microbial 

communities, all of which play important roles in ungulate performance. To address these 

knowledge gaps, we quantified seasonal patterns in bison diet and gut microbial community 

composition for a bison herd in Kansas using DNA sequencing-based analyses of both 

chloroplast and microbial DNA contained in fecal matter. Across the 11 sampling dates that 

spanned 166 days, we found that diet shifted continuously over the growing season, allowing 

bison to take advantage of the seasonal availability of high-protein plant species. Bison 

consumed more woody shrubs in spring and fall than in summer, when forb and grass intake 

predominated. In examining gut microbiota, the bacterial phylum Tenericutes shifted 

significantly in relative abundance over the growing season. This work suggests that North 

American bison can continuously adjust their diet with a high reliance on non-grasses throughout 

the year. In addition, we find evidence for seasonal patterns in gut community composition that 

are likely driven by the observed dietary changes. 
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Introduction 

North American bison (Bison bison) are a keystone species in the grasslands of the Great 

Plains, where their feeding, migration, and wallowing activities promote plant diversity (Knapp 

et al. 1999). Bison are considered primarily grazers, meaning they consume mostly graminoids 

(grasses and sedges) (Peden et al. 1974; Reynolds et al. 1978; Coppedge et al. 1998; Van Soest 

1994). The bison diet varies across different geographic regions, depending on the type and 

abundance of potential forage available. For example, in northern habitats, bison diets are 

dominated by cool-season graminoids (H. Reynolds, Hansen, and Peden 1978). Yet bison may 

also browse, feeding on shrubs such as Salix as their primary forage when graminoids are scarce 

(Waggoner and Hinkes 1986; Painter and Ripple 2012).  

In general, herbivores have been shown to prefer fresh shoots, because they are often 

lower in plant secondary compounds and richer in protein, making such plants more palatable, 

easier to digest, and more nourishing (Albon and Langvatn 1992; Villalba, Provenza, and Bryant 

2002; Villalba et al. 2004). Phenologically driven pursuit of new growth was first observed in 

geese (R. Drent, Ebbinge, and Weijand 1978; RH Drent et al. 2007; Graaf et al. 2006; van Wijk 

et al. 2012), and then in deer (Smallidge et al. 2010; Sawyer and Kauffman 2011; Bischof et al. 

2012; Albon and Langvatn 1992). Bison prefer newly produced shoots as well, including those 

on mowed areas (Larson and Murdock 1989), burned areas ( Coppock and Detling 1986; 

Coppedge and Shaw 1998; Schuler et al. 2006; Biondini et al. 2013), and prairie dog towns 

(Coppock et al. 1983; Coppock et al. 1983; Krueger 1986). Despite their historic keystone role in 

North American grasslands, little is known about how the bison diet changes seasonally. Bison 

have been observed exhibiting seasonal variation in diet, continuing to feed on graminoids 

(Reynolds et al. 1978; Fortin et al. 2002), but also incorporating forbs, woody plants, and even 
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lichen into their diet (Larter and Gates 1991). These temporal shifts in the bison diet are likely 

due to the changing nutritional quality of plants, and likely important to understanding the health 

of bison, as well as the impacts of bison on grassland ecosystems. 

 Along with our poor understanding of the seasonal patterns of bison diet, we do not know 

if bison gut microbial communities shift in response to changes in diet. Like all ruminants, bison 

rely on symbiotic microbes to help them digest vegetation (Varel and Dehority 1989). Digestion 

begins in the reticulorumen, and continues in other parts of the digestive tract, concluding in the 

colon (Van Soest 1994). Domestic cattle (Bos taurus) on pasture or forage retain a diverse, 

benign gut microbiota associated with a healthy digestive tract. The few studies on the seasonal 

patterns of gut microbiota in wild herbivores have found changes in gut community composition 

that are associated with changes in diet (Schwab et al. 2011; Dittmer et al. 2012). If changes in 

gut microbial communities are associated with dietary shifts in bison, this would suggest that 

microbes respond to changes in nutritional quality, antinutritional secondary metabolites, or plant 

species composition of the diet (de Menezes et al. 2011; K. D. Kohl and Dearing 2012; McCann, 

Wickersham, and Loor 2014). 

 Understanding seasonal variation in plant consumption will increase our understanding of 

bison’s dietary needs. Documenting concurrent shifts in gut microbiota will help us establish 

baseline rates of change in gut community composition throughout the year, and assess whether 

microbial shifts are associated with dietary changes. In order to better understand seasonal 

patterns of diet and gut microbial community composition, bison fecal material was collected 

from adult and subadult bison in a Kansas prairie approximately every 14 d during the growing 

season. An herbivore’s diet is affected by both plant availability and forager preference for 

different plant species (White and Trudell 1980; Odo, Omeje, and Okwor 2001; Udeh, Isikwenu, 
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and Obika 2013), so both plant availability and the preferences of bison will affect the amounts 

of different plants ultimately consumed by bison. However, computing preference indices 

requires assessing plant abundance and dispersion in the environment (W. C. Krueger 1972; 

Vreede et al. 1989). Diet and gut microbial community changes over time were reconstructed 

using DNA sequencing-based analyses of both plant chloroplast DNA and the 16S rRNA gene of 

bacteria and archaea. These data were used to address two main questions: to what degree does 

the bison diet change throughout the growing season, and do temporal changes in diet drive 

corresponding shifts in gut microbial community composition? 

 

Materials and Methods 

Study design 

The Konza Prairie Biological Station is a private 3,487-ha native tallgrass prairie 

preserve in the Flint Hills of northeastern Kansas (39.08 N, 96.57 W). American bison (Bison 

bison) were reintroduced to the preserve in 1987, and now about 300 of them live in a fenced 

range of about 970 ha. To study their diet and gut microbiota, fecal samples were collected every 

other week from adult and subadult bison (three male and three female) during the period of 

April 17 – September 30, 2011. Samples were collected from the first individuals observed to 

defecate during each collection trip, which may or may not have been the same individuals from 

one trip to the next. Fecal samples were sampled 48 times and divided into two demographic 

groups: 24 adult or subadult males, and 24 adult or subadult females. Collectors waited at a 

distance for the bison to defecate, and once they moved away, fresh fecal material was sampled 

with an inverted plastic bag, taking care to avoid contamination from soil underneath. Fecal 

samples were transported on ice, and stored at -20°C. Because only bison fecal material and 
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vegetation were collected for the present study, no Institutional Animal Care and Use Committee 

(IACUC) approval was required. John Briggs, Director of Konza Prairie Biological Station, was 

the authority who reviewed our procedures and granted us permission to collect samples. 

 

Diet analyses 

We used analyses of plant chloroplast DNA in feces to infer which plant species the 

bison had consumed, and to track changes in these plants’ relative abundance in the diet over 

time. This method, known as the trnL approach (Valentini et al. 2009), uses the P6 loop of the 

trnL (UAA) intron to assay diet in herbivores (Kowalczyk et al. 2011). We used the trnL g-h 

primer pair, whose targeted gene region is only 10-146 bp long, making it likely that the gene 

region can be amplified and sequenced from feces after passage of the plant material through the 

bison gut. The amplified region is also highly variable, so it can be used to differentiate many 

plant species (Taberlet et al. 2007). An identical approach has been used previously for non-

invasive analysis of herbivore diet (Frey et al. 2010; Romero-Pérez et al. 2011; de Oliveira et al. 

2013). 

 To match the trnL sequences to plant species, we created a trnL reference library for the 

site by acquiring representative samples of 73 plant species to which the bison had access. Single 

specimens of plants were collected in the field and placed in sealable plastic bags. They were 

identified and stored in the freezer at -20°C. To extract DNA from plants, vegetation samples 

were finely chopped with a sterile razor prior to DNA extraction. To extract DNA from bison 

feces, sterile swabs were dipped in thawed fecal samples before also being placed in reaction 

wells. For both sample types, DNA was extracted using the MO BIO PowerSoil®-htp 96 Well 

Soil DNA Isolation Kit (Lauber et al. 2008). 
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To amplify the trnL fragment from the plants and fecal samples for barcoded 

pyrosequencing, we followed (Lauber et al. 2009), except with the primer pair g-forward/h-

reverse, which targets the trnL fragment (Taberlet et al. 2007). The forward primers included the 

Roche 454-B pyrosequencing adapter, while the reverse primers included the Roche 454-A 

sequencing adapter and a 12-bp barcode that was unique to each sample. Amplicons from the 

triplicate reactions were combined, cleaned, quantified, and pooled in equimolar concentrations. 

The pooled sample was sent to the University of South Carolina for sequencing on a Roche 454 

automated sequencer. 

 Sequence data were processed using the QIIME pipeline (Caporaso et al. 2010). 

Sequences were assigned to specific plant samples based on their unique barcodes, and 

sequences were clustered at 100% similarity for each plant species. A reference library of trnL 

sequences was constructed using consensus sequences from identified plant specimens. For 

plants with at least 10 representative sequences, the consensus sequence was the one that made 

up at least 40% of sequences in a given sample, and was at least 30% more abundant than the 

second-most common sequence. As some of the plant species shared identical trnL sequences, 

our collection of 73 plant species was represented by 44 trnL sequences, with 32 species (44%) 

having unique representative sequences. For the remaining 41 plants (56%), two or more species 

shared sequences, meaning they could not be distinguished if detected (Valentini et al. 2009). 

The trnL sequences from fecal samples were matched against this trnL reference database using 

the BLAST algorithm at ≥ 98% similarity over the entire length of the reference sequence 

(Altschul et al. 1990). 

 Because different fecal samples have different trnL sequence counts, we rarefied down to 

50 sequences, to compare all samples at an equivalent sequencing depth. Chloroplast trnL 
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sequences in feces might be affected not only by the abundance of plants from which they came, 

but also by chloroplast and gene copy number in living plants, and by the digestibility of plants 

in the herbivore digestive tract. Thus, the sequence of trnL genes in feces depends not only on 

the plant species consumed, but also on the density of chloroplasts in the plant biomass, and the 

degree to which chloroplasts of different species are digested. One feeding trial demonstrated no 

consistent bias between the percentage intake of biomass and percentage of sequences in fecal 

matter of sheep (Willerslev et al. 2014). Given that trnL is a chloroplast gene with no known 

variation in copy number in the chloroplast genome, we assume for the purposes of the present 

study that the percent of sequences recovered from fecal matter is proportional to the relative 

intake of chloroplasts from the different plant taxa.  Thus, although the proportions of different 

plants in the diet may not correspond perfectly to proportions of different trnL sequences in 

feces, the trnL approach allows us to document relative changes in the composition of specific 

plant taxa over time (Willerslev et al. 2014). 

 

Microbial analyses 

We also used the collected fecal samples to track shifts in gut microbiota across the 

sampling period, and to assess if the changes in gut microbial communities are associated with 

temporal shifts in diet. We sequenced a portion of the 16S rRNA gene from bison fecal DNA to 

study bacterial and archaeal community composition in the colon. Fecal DNA was extracted as 

described above. Amplification and sequencing followed the approach used previously (Lauber 

et al. 2009). Briefly, we used the 515F/806R primer pair containing Illumina adapters, with a 12-

bp error-correcting barcode unique to each sample on the reverse primer. The V4–V5 region of 

the 16S rRNA gene amplified by this primer set is well-suited to accurate phylogenetic 
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placement of bacterial and archaeal sequences (Liu et al. 2007). Together, these primers are 

expected to amplify nearly all bacterial and archaeal taxa with few biases (Bergmann et al. 

2011). 

After quantification and pooling, the amplicons were sequenced on an Illumina MiSeq 

instrument at the University of Colorado Genomics Core Facility with the 2 × 100 bp paired-end 

protocol (Caporaso et al. 2011). We used the QIIME pipeline for data analysis on the forward 

reads only (Werner et al. 2012). Quality filtering and processing of reads was performed 

following (Caporaso et al. 2011). Bacterial 16S rRNA sequences were clustered at 97% 

similarity, and a representative sequence from each OTU was classified against the RDPII 

database (Cole et al. 2007). Due to unequal numbers of 16S rRNA sequences in each fecal 

sample, we rarefied down to a depth of 15,000 sequences to compare all samples at an equivalent 

sequencing depth. 

 

Statistical analysis 

To test the effect of time on diet, plants were grouped into three functional groups, 

corresponding to the following growth habits: graminoids (grasses and sedges), forbs (non-

graminoid herbaceous plants), and woody vegetation (shrubs and trees). A small number of trnL 

sequences (≤ 2%) could not be distinguished between forbs and graminoids, and were not 

included in downstream analysis. OTU tables for both trnL data and the 16S rRNA data were 

square root-transformed, and the Bray-Curtis method was used to generate distance matrices for 

multivariate statistical analysis, namely principal coordinates analysis (PCoA) and 

PERMANOVA in the PRIMER 6.1.12 & PERMANOVA + 1.0.2 software package (Leff and 

Fierer 2013). PERMANOVA indicated that diet and gut community composition were not 
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significantly different between the sexes or between adults and subadults (P = 0.53), so we 

combined all these non-calf bison prior to further analysis. We used  repeated measures ANOVA 

with Bonferroni correction to test for the effect of time on the relative abundance of the three 

plant functional groups, the ten most abundant plant species, and the three most abundant 

microbial phyla using the Tukey’s Honest Significant Difference (HSD) post-hoc test (R. H. 

Green 1993; Zar 2009). We used linear regression to test the relationship between the 

proportions of plant functional groups and microbial phyla. Finally, we fit quadratic curves to the 

mean proportions of each plant growth habit over the growing season in the bison diet. Repeated 

measures ANOVA, Tukey’s HSD, linear regression, and quadratic fitting were all conducted in 

the R statistical package (R Core Team 2014). 

 

Results 

Diet 

 Across 11 sampling dates spanning 166 days, analysis of bison feces revealed 44 unique 

trnL sequences, representing up to 73 different plant species in the bison diet. Dietary 

composition varied seasonally (P < 0.001, Figure 1.1). The four most abundant clusters (groups 

of species with a single trnL sequence) were the Achillea forb cluster (Achillea millefolium, 

Chloris verticillata), the Ageratina forb cluster (Ageratina altissima, Ambrosia artemisiifolia, 

Ambrosia psilostachya, Ambrosia trifida, Antennaria neglecta, Echinacea angustifolia, 

Helianthus maximiliani, Helianthus tuberosus, Ratibida pinnata, Silphium laciniatum, 

Taraxacum officinale, and Euphorbia corollata), the Andropogon graminoid cluster 

(Andropogon gerardii, Bothriochloa bladhii, Bothriochloa laguroides, and Schizachyrium 

scoparium), and the Oligoneuron forb cluster (Oligoneuron rigidum, Solidago canadensis, 
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Solidago missouriensis, Solidago speciosa, Symphyotrichum ericoides, and Symphyotrichum 

laeve). Plotting the relative abundance of plants by growth habit over time (Figure 1.2), bison 

consumption of woody vegetation was greater early and late in the growing season than in mid-

season (P < 0.001, quadratic fit: y = 0.55 - 0.0025*DOY + 7.31*10-5*(DOY-178.2)2; DOY = 

Day of Year). Ceanothus herbaceus, an actinorhizal N2-fixing shrub, was the primary woody 

species consumed. This species exhibited a significant change in proportion over the growing 

season (P < 0.001), contributing on average as many as 56% of the sequences in the spring and 

60% in the fall. 

Consumption of herbaceous species peaked in the middle of the season (Figure 1.2, y = 

0.44 + 0.0024*DOY – 7.3*10-5*(DOY-178.2)2; P < 0.05). At their greatest relative abundance, 

84% of the sequences on average could come from forbs. Lespedeza violacea, a legume, was the 

most abundant forb during the summer. Its proportion in the diet also changed significantly over 

time (P < 0.05), with as many as 77% of the dietary sequences on average coming from this 

species. The Oligoneuron cluster was another predominant group of forbs to exhibit significant 

temporal change (P < 0.05). The percentage of sequences derived from grasses was never higher 

than 12% on average, and grasses were consumed more in summer than in spring or fall (P < 

0.001, Figure 1.3). The Andropogon cluster was the most abundant of the graminoid trnL 

clusters, but individually it did not show significant change over time (P > 0.1). 

 

Gut microbiota 

 Using 16S rRNA gene sequence data, we identified 46,061 bacterial species, 355 

archaeal species, and 7 unclassified microbial species in the sampled bison during the growing 

season. Gut microbial community composition varied over time (P < 0.001, Table 1.1 and Figure 
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1.1). The three most abundant microbial phyla were Firmicutes (53% of sequences on average), 

Bacteroidetes (33%) and Tenericutes (4%). The Firmicutes phylum was dominated by taxa 

within the Clostridiales order, while taxa within the Bacteroidetes order were the dominant 

Bacteroidales. Finally, Tenericutes consisted entirely of taxa within the Mollicutes class, which 

was comprised entirely of the putative order RF39 (Table 1.1). Although there was no significant 

relationship between the proportion of sequences from graminoid, forb, or woody plants and the 

relative abundance of Firmicutes, Bacteroidetes, or Tenericutes (P > 0.05), the phylum 

Tenericutes exhibited significant temporal change in relative abundance over the growing 

season, increasing more than twofold from about 2% of the gut microbial community in April to 

about 5% in May (P < 0.001, Table 1.1 and Figure 1.4). 

 

Discussion 

Diet 

Bison are considered to be primarily grazers (Peden et al. 1974; Reynolds et al. 1978; 

Coppedge et al. 1998), but in this study the proportion of grass chloroplast sequences recovered 

from fecal samples was relatively low during the summer. This could imply that the proportion 

of chloroplasts ingested from grass biomass was relatively low. The present study did not 

quantify forage availability or compute preference indices, but previous research has shown good 

correspondence between the relative amounts of biomass and sequence abundances in feeding 

trials (Willerslev et al. 2014). However, the relatively low percentage of grass trnL sequences 

could be due to preferential degradation of grass DNA during passage through the 

gastrointestinal tract. Alternatively, differences in protein concentration among plants are likely 

to be associated with differences in chloroplast density, so high-protein plants could be over-
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represented in the trnL libraries relative to biomass intake. Further research is needed to 

determine if the proportion of trnL sequences in fecal material accurately reflects the 

consumption of the respective plants. Because some plant species could not be distinguished 

using the current method, future work could improve taxonomic resolution by using a different 

trnL primer pair than g-h, such as c-h or c-d, which produce longer sequences (Taberlet et al. 

2007), or by incorporating additional loci, such as rbcL, into the identification system (Jurado-

Rivera et al. 2009; García-Robledo et al. 2013). Nevertheless, we can use the data presented here 

to assess changes in the relative intake of plant taxa over time. 

Our results from trnL sequencing indicate that plains bison at Konza shift their diet 

among high-protein plant species seasonally. In the spring and fall, intake of Ceanothus 

herbaceus, an N2-fixing shrub, is relatively high. During the summer, bison consumption of N2-

fixing legumes like Lespedeza violacea and Mimosa nuttallii peaks (Figure 1.3). This pattern 

may be driven by plant phenology, as changes in the inferred diet of the bison roughly 

corresponded to plant phenology at this site (Craine et al. 2012). Herbivores generally prefer to 

feed on new growth, because fresh shoots of a given type of plant are higher in moisture and 

nutrient content (including protein), and lower in fiber and secondary metabolites, making them 

both more palatable and more nutritious, even for grazers (Craine 2009). The bison’s diet was 

likely influenced by both the availability of and preference for nutritious vegetation (Fortin, 

Fryxell, and Pilote 2002; Fortin et al. 2003), with the bison appearing to favor high-protein plant 

species and life stages (D. Coppock et al. 1983; Larter and Gates 1991; Willerslev et al. 2014). 

Many ruminants in both the Afrotropic and Holarctic ecozones exhibit seasonal variation 

in plant consumption (Watson and Owen-smith 2002; Tshabalala, Dube, and Lent 2009; Van Der 

Merwe and Marshal 2012; Hjeljord et al. 1990), and ruminant species that do not change diet 
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with the seasons change location instead (Bischof et al. 2012; John F. Wilmshurst et al. 1999; J F 

Wilmshurst, Fryxell, and Bergman 2000; Pettorelli et al. 2005). Domestic cattle (Ganskopp and 

Cruz 1999), European wisent (Bison bonasus) (Mysterud et al. 2007), and North American bison 

(Schuler et al. 2006; Fortin and Fortin 2009) are all among the temperate ruminants that take 

advantage of preferred vegetation during the summer, and tolerate suboptimal vegetation during 

the winter. Our results appear to corroborate this pattern in bison. Fresh shoots of forbs and 

graminoids in summer are likely relatively high in protein and relatively low in secondary 

metabolites (Craine 2009; Glasby 1991; Palo and Robbins 1991). Woody shrubs selected in 

spring and fall, such as Ceanothus, are potentially high in secondary metabolites (Glasby 1991; 

Palo and Robbins 1991; Kie 1986), but also high in protein (Ahmed E Sidahmed, Morris, and 

Radosevich 1981; A E Sidahmed et al. 1983; Beck and Peek 2005). Thus, like other ruminants 

(Christianson and Creel 2013; Gad and Soorambail 2011; Renecker and Hudson 1986), bison 

appear to exploit more nutritious forage during the growing season, but still accept less nutritious 

forage outside the growing season (Fortin et al. 2003; Larter and Gates 1991). 

 The relative abundance of eudicots in the bison diet raises questions about the degree to 

which bison should be considered obligate grazers (Hofmann 1989; Coppedge et al. 1998; 

Coppedge et al. 1998). Their broad mouth, massive shoulders, and low-slung head allow them to 

crop vegetation close to the ground (Shrader, Owen-Smith, and Ogutu 2006; Waldram, Bond, 

and Stock 2007; Steuer et al. 2010), and their large reticulorumen facilitates digesting large 

amounts of low-nutrient graminoids (Hudson and Frank 1987). However, our work shows that 

North American bison, like wisent and cattle, supplement their diet with more nutritious forbs 

and woody species throughout the growing season. Bison and Bos species, like their common 

ancestor Leptobos, have adaptations for grazing (Palmqvist et al. 2003). However, today’s plains 
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bison subspecies (B. bison bison) is thought to have a more grass-dominated diet than fossil 

Bison populations (Feranec 2004; Widga 2006), the contemporary wood bison subspecies (B. 

bison athabascae) (Rivals, Solounias, and Mihlbachler 2007), and European wisent (the closest 

living relative of the American bison species). Yet this does not mean that plains bison do not 

browse or utilize non-graminoids (Kowalczyk et al. 2011). The molecular evidence presented 

here suggests that the dependence of Bison species on grasses might be more labile than 

previously thought. 

 

Microbiota 

 As in other mammals, Firmicutes and Bacteroidetes were the most abundant bacterial 

phyla in the bison digestive tract (De Filippo et al. 2010; Abdallah Ismail et al. 2011; Tilg and 

Kaser 2011). As in other studies showing that gut microbial community composition can be 

structured by diet (Ley, Hamady, et al. 2008; Ley, Lozupone, et al. 2008; Muegge et al. 2011; 

Yatsunenko et al. 2012), we found correspondence between major microbial phyla and dietary 

composition. In the change from spring to summer, Tenericutes became significantly more 

abundant (P < 0.05, Table 1.1 and Figure 1.4). This increase may be driven by members of this 

phylum that preferentially metabolize simple sugars (Manurung 2012), which could have been 

associated with higher caloric and protein yields in the bison diet during summer and fall (Craine 

et al. 2013). Together, these results highlight that there are subtle but significant shifts in gut 

bacterial community composition that correspond to seasonal changes in the bison diet. The 

changes we observed are unlikely to be due to the influx of bacteria adhering to ingested plant 

matter, for although some microbes (and their DNA) can survive passage through the digestive 

tract (David et al. 2014), the vast majority of dominant bacterial taxa in fecal samples are rarely 



15 
 

found in the phyllosphere (see (Ley, Lozupone, et al. 2008) and (Redford et al. 2010)). Factors 

contributing to this difference include the harsh environment of the stomach (von Rosenvinge et 

al. 2013), differences between the enteric and ambient environments (Costello et al. 2012), and 

strong competition from established members of the gut microbial community in mature animals 

(Dethlefsen, McFall-Ngai, and Relman 2007; Stecher and Hardt 2011; Kamada et al. 2013). 

Thus, the shift in microbial communities observed here are most likely to reflect shifts in enteric 

communities more than phyllosphere communities. 

Although we do not know the impact of this microbial community shift on bison health, 

the results of the present study indicate that gut microbial communities are not static, and that 

even presumably healthy animals can experience significant temporal variability in gut microbial 

community composition. 
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CHAPTER II 

Variability in the diet of American bison (Bison bison) and implications for their management 

 

Abstract 

 American bison (Bison bison) were once common throughout the Great Plains, but due to 

overhunting in the 19th Century, today they are near-threatened and conservation-dependent. 

Bison are considered grazers, but we wanted to know to what degree their diet varies 

temporospatially among three sites within their former range: a central tallgrass prairie (Konza 

Biological Station, KZA), a central shortgrass prairie (Rocky Mountain Arsenal National 

Wildlife Refuge, RMA), and a northern shortgrass prairie (American Prairie Reserve, APR). We 

studied RMA for a period of 18 months (May 2012 – October 2013), as well as KZA and APR 

from May-August (2011 and 2013, respectively). To characterize the bison diet, we collected 

bison dung, sequenced the trnL chloroplast intron, and compared these sequences to a database 

constructed from plants collected at these sites, as well as trnL sequences from GenBank. At 

RMA, the bison diet was dominated by graminoids, followed by forbs, and lastly woody 

vegetation, and did not vary significantly over time. Significant differences were observed 

among sites for each plant type in each month. Thus, the bison diet appears to be broader and 

more variable than expected. This may be due to: 1) the bison’s need to supplement its bulk diet 

with young forbs and browse, 2) the bison’s large size and need to maximize energy intake, 3) 

the sedentary existence of modern bison, which contrasts with their historically migratory 

existence, and finally 4) the relatively low diversity of the North America’s herbivore guild, 

which may give bison greater niche breadth than ungulates elsewhere in the world. The ability of 
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bison to exploit a variety of plants may allow managers to make different types of vegetation 

available to these animals, so that they can more easily maintain optimal nutrition and condition. 

 

Introduction 

Like most members of the tribe Bovini, today’s Bison species – American bison (Bison 

bison) and European bison or wisent (B. bonasus) – are considered bulk/roughage feeders that 

forage predominantly on groundcover, or graminoids (grasses and sedges) and forbs, based on 

the findings of microhistological studies (Peden et al. 1974; Reynolds et al. 1978; Coppedge et 

al. 1998; Van Soest, 1994). However, DNA sequencing studies indicate that both of the extant 

Bison species supplement their diet by browsing on woody vegetation, or shrubs and trees 

(Kowalczyk et al., 2011; Kerley et al., 2012; Bergmann et al., 2015; Bocherens et al., 2015). As 

in other ungulates, this behavior likely allows bison to increase consumption of moisture, 

protein, and digestible cellulose from young shoots, and to decrease consumption of toxic 

alkaloids, tannins, and indigestible lignin from mature plant matter (Albon and Langvatn, 1992; 

Villalba et al. 2002; Villalba et al. 2004; Craine, 2009). 

Historically, the range of American bison included all of the Great Plains and beyond 

(Isenberg, 2000; Gates et al. 2010). These animals numbered 20-30 million until the overkill of 

the mid-19th Century, when their population was reduced to fewer than one hundred (Hedrick 

2009). This peak distribution and abundance could have been greater than pre-Columbian levels, 

when human predation may have consistently kept the bison population as low as one million 

(Kay 1998). Restoration efforts helped the bison population reach 20,000, and bison in 

conservation herds still number about that many today. However, since the 1970s, commercial 
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bison ranching has allowed the overall population to grow beyond that former plateau, bringing 

the total to about 500,000 (Freese et al., 2007; Sanderson et al., 2008; Hedrick, 2009). 

Today, although their wanderings are restricted, free-ranging bison once more occupy a 

variety of habitats around the Great Plains, from the southern and central plains to the northern 

plains, and from the eastern tallgrass prairie to the western shortgrass prairie, or steppe, on the 

high plains (where their numbers were once greatest). These represent a range of abiotic 

conditions, with more southerly areas being hotter and having a longer growing season compared 

to more northerly areas, and with the tallgrass prairie being more mesic and supporting a 

different community than the more arid shortgrass prairie (Samson and Knopf, 1996). Today, 

when bison are kept in a variety of environments throughout the Great Plains, it is a partial 

reconstruction of their formerly large range. Because bison are important to both prairie 

restoration (Knapp et al., 1999; Truett et al. 2001; Kohl et al. 2013) and diversified ranching 

(Renecker & Kozak, 1987; Torbit & LaRose, 2001; Butler et al. 2005; Sayer et al. 2012), 

understanding the nutritional needs of these animals is essential to their management and 

husbandry. So, we wanted to take advantage of the widespread distribution of bison to observe 

how their diet varies over space. In addition, we wanted to study a Colorado shortgrass prairie 

bison herd over time to assess any seasonal changes in diet that exist, much as we had done over 

the growing season in a Kansas tallgrass prairie bison herd (Bergmann et al. 2015). 

Past research using microhistological methods has shown that bison are primarily grazers, 

with a diet that consists of about 98% graminoids (Coppedge et al. 1998). However, given our 

work at KZA (see Chapter I), which showed that bison may prefer forbs and browse for at least 

part of the year (Bergmann et al. 2015; Craine et al. 2015), we wanted to assess the diet of bison 

at other locations as well. Thus, we used three study sites with free-ranging bison. These were 
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the Rocky Mountain Arsenal National Wildlife Refuge (RMA), a central shortgrass prairie site in 

Colorado (39.81 N, 104.88 W); the American Prairie Reserve (APR), a northern shortgrass 

prairie site in Montana (47.95 N, 107.78 W); and the Konza Prairie Biological Station (KZA), a 

central tallgrass prairie site in Kansas (39.08 N, 96.57 W). The questions we posed were as 

follows. One, does the diet of free-ranging bison at RMA change significantly over time to 

include appreciable levels (more than 2%) of forbs and browse? And two, does the diet of free-

ranging bison differ significantly among the three sites in a given month, with bison consuming 

appreciably elevated levels (more than 2%) of forbs and browse in at least one site for at least 

part of the growing season? With respect to the temporal component of this study, we 

hypothesized that bison at RMA would exhibit a seasonal shift in diet. Specifically, we expected 

bison to graze more during the growing season, and to browse more during the winter. With 

respect to the spatial component of the study, we expected significant differences in diet over the 

growing season, with the bison diet including appreciable levels (more than 2%) of forbs or 

browse in at least one site for at least part of the growing season. 

 

Materials and Methods 

Sample collection 

We collected bison fecal samples from the three study sites: the Rocky Mountain Arsenal 

National Wildlife Refuge in Colorado (RMA), the American Prairie Reserve in Montana (APR), 

and the Konza Prairie Biological Station in Kansas (KZA). For an earlier study, plant and fecal 

samples from KZA had been initially sequenced using the 454 GS FLX system. The present 

study used the Illumina MiSeq system (see “Sample processing” section below) to sequence 
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plant and fecal samples from RMA and APR, so fecal samples from KZA were likewise re-

sequenced using this same system for the sake of uniformity. 

RMA is located near Denver, Colorado (39.82 N, 104.88 W). It is a Superfund cleanup 

site, having been converted from a chemical weapons manufacturing facility to a 6,470-ha 

federal wildlife refuge during the period of 1992-2010. In 2007, sixteen bison were introduced to 

a 567-ha fenced portion of the refuge. The herd had grown to more 80 animals by February 

2013, at which time their pasture was enlarged to 1,295 ha. This adjustment took place about 

halfway through our study, and gave us the opportunity to look for any changes in the bison’s 

diet as they began to occupy a new area. RMA is a shortgrass prairie undergoing restoration, 

with significant coverage of nonindigenous vegetation like field bindweed (Convolvulus 

arvensis) under grazing pressure from black-tailed prairie dogs (Cynomys ludovicianus), whose 

density at RMA was high during this study. We collected representative vegetation samples, as 

well as feces from free-ranging adult and subadult bison of both sexes. We sampled from May 

10, 2012 to October 25, 2013 – a period of 532 days spanning 18 months – sampling once per 

month outside the growing season (November 2012-March 2013), and every other week in the 

growing season (all other months). This sampling duration is of value, because it spans two 

growing seasons. During each visit, we collected dung from at least four males and four females, 

observing the animals as they defecated, and then waiting until they moved away to sample their 

dung with a clean, inverted plastic bag, taking care to avoid contamination. Samples were 

collected from the first individuals observed to defecate during each collection trip, and it is not 

known whether these were the same or different individuals from one trip to the next. Fecal 

samples were transported on ice, and stored frozen at -20°C. 
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APR is located in northeastern Montana (47.81 N, 107.77 W). As of this writing, APR 

owns or leases over 123,000 ha of deeded and public land, with grazing privileges on over 

25,000 ha in the adjacent Charles M. Russell National Wildlife Refuge – a total of more than 

148,000 ha accessible for prairie restoration. Sixteen American bison (Bison bison) were 

reintroduced to APR in 2005, and the herd has since grown to about 500 individuals. To study 

their diet, fecal samples were collected every few weeks from May 5 – August 13, 2013 (six 

dates spanning 101 days). Fecal samples came from adult and subadult bison (up to eight male 

and eight female per day), and stored frozen. Only those fecal samples for which all metadata 

were complete were analyzed. 

KZA is a private 3,487-ha native tallgrass prairie preserve in the Flint Hills of 

northeastern Kansas (39.08 N, 96.57 W). For KZA, we reanalyzed fecal samples from our 

previous study (Bergmann et al. 2015), in which samples had been collected every other week 

during the period of May – August 2011 from adult and subadult bison (three male and three 

female). 

 

Fecal sample processing 

Thawed fecal samples were swabbed for use in the DNA extraction protocol. We then 

performed DNA extractions on all samples, using the MO BIO PowerSoil®-htp 96 Well Soil 

DNA Isolation Kit, according to the method in (Lauber et al. 2008). Fecal plant chloroplast DNA 

was used to infer which species of vegetation the bison had eaten, and to track changes in their 

dietary relative abundance over the growing season. To amplify the trnL fragment from the 

plants and fecal samples for barcoded sequencing, we followed (Lauber et al. 2009) modified for 

the trnL approach (Valentini et al. 2009), which uses the P6 loop of the trnL (UAA) chloroplast 
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intron to assay the diet of free-ranging bison (Kowalczyk et al. 2011), using the primer pair g-

forward/h-reverse, which targets the trnL fragment (Taberlet et al. 2007). The targeted gene 

region is short (only 10-146 bp long), making it likely that it can be amplified and sequenced 

after passage through the digestive tract. The amplified region is highly variable, so it can be 

used to differentiate many plant species (Taberlet et al. 2007). However, differentiating among 

species is problematic within the grass family (Poaceae), as well as the sunflower family 

(Asteraceae). The forward primers included the Illumina pyrosequencing adapter, while the 

reverse primers included the Illumina sequencing adapter and a 12-bp error-correcting barcode 

unique to each sample on the reverse primer. Amplicons from triplicate reactions were 

combined, cleaned, and pooled in equimolar concentrations using the Invitrogen SequalPrep™ 

Normalization Plate Kit (96-well). The composite sample was taken to the University of 

Colorado Genomics Core Facility for sequencing on an Illumina MiSeq machine with the 2 × 

100 bp paired-end protocol (Caporaso et al. 2011). We used the UPARSE pipeline for data 

analysis (Edgar 2013). Quality filtering and processing of reads were performed following 

(Caporaso et al. 2011). 

 

Plant database 

We used chloroplast trnL DNA sequencing to build a reference library of sequences of 

plants against which to match sequences from fecal samples to characterize the diet of the bison 

over the course of this study. Single specimens of plants were collected in the field and stored 

either frozen or air-dried, then finely chopped to release cell contents prior to use. As with the 

fecal samples, DNA was extracted from plant samples using the MO BIO PowerSoil®-htp 96 
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Well Soil DNA Isolation Kit (Lauber et al. 2008) and pooled using the Invitrogen SequalPrep™ 

Normalization Plate Kit (96-well). 

We created a trnL reference database with 190 sequences representing 275 sampled plant 

species – some of which shared the same sequence with other species in the same genus or 

family – to which the bison had access at any of the three sites (KZA, RMA, and APR), as well 

as 77,254 sequences from GenBank (Altschul et al. 1990). Sequences were assigned to plant 

samples based on their unique barcodes, and sequences were clustered at 100% similarity for 

each plant species. Sequence data were processed using the UPARSE pipeline (Edgar 2013). 

 

Statistical analysis 

The relative read abundance (RRA) table of trnL functional taxa (individual plant 

species, or those that are congeneric or confamilial and share the same sequence) was square 

root-transformed, and the Bray-Curtis method was used to generate a distance matrix for 

multivariate statistical analysis, namely principle coordinates analysis (PCoA) and 

PERMANOVA in the PRIMER 6.1.12 & PERMANOVA + 1.0.2 software package (Leff and 

Fierer 2013). At RMA, PERMANOVA indicated that dietary composition was not significantly 

different between males and females (P = 0.918) nor between adults and subadults (P = 0.544). 

In comparing sites, we likewise found no effect of sex (P = 0.928) or age for a given site (P = 

0.294). Therefore, all samples were combined for analysis. We used PCoA to assess segregation 

of samples by date in the RMA only time series, and to assess segregation among four months 

(May-August) for KZA.2011, RMA.2012, RMA.2013, and APR.2013. Months were chosen as 

independent variables because they are an arbitrary division of time that allowed us to compare 

sites using the same units. 
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We also used PERMANOVA to test for the effect of time on diet composition in our 

RMA time series, for the effect of time on diet in each of our sites, and for the effect of site 

during a given month. With the R statistical language, we used repeated measures (RM) 

ANOVA with the Tukey HSD post-hoc test to compare time points (dates or months) in the 

RMA time series, which spanned 18 months. Finally, we also used RM-ANOVA with Tukey 

HSD to compare months of May-August within each of the sites, and among these sites for each 

of these months. 

 

Results 

Sequencing 

 For our plant reference database we used 190 unique trnL sequences, representing 275 

plant species at KZA, RMA, and APR. Of these, 147 (77.4%) were species-specific, while the 

remaining 43 (22.6%) were clusters of related species in the same genus or family that could not 

be distinguished by the trnL method. Analysis of bison feces revealed 419 functional taxa in the 

bison diet. Overall, most abundant plant family was grasses (Poaceae) making up on average 

52.8% of the sequences, with a range of 0-100%. The second most abundant plant family overall 

in the bison diet was composites (Asteraceae), with an average relative abundance of 11.7% (0-

87.6%). The third most abundant plant family overall was legumes (Fabaceae), whose average 

relative abundance was 6.1% (0-91.1%). Graminoid was the most abundant growth habit, with a 

mean of 53.7% of sequences overall (0-100%). Forb was the second-most abundant growth 

habit, with a mean of 29.25% of sequences overall (0-93.7%). Finally, browse (woody plants) 

was the least-abundant growth habit, with a mean of 15.88% of sequences overall (2-94.3%). 
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Rocky Mountain Arsenal 

 From June 20012 – October 2013, we monitored the relative abundance of plant 

functional taxa, and combined them into three growth habit categories in the diet of bison at 

RMA: forbs, graminoids, and browse (woody plants). We found that bison grazed more than 

they browsed, with graminoids on average making up 60.12% of the diet, forbs 27.88%, and 

woody plants 10.62%. PCoA showed no great segregation of the data, with most points falling 

within a large cluster. However, months common to both growing seasons did exhibit some 

overlap, especially in June. PERMANOVA indicated no significant differences between sexes or 

age classes (adults and subadults). RM-ANOVA testing for diet composition as a function of 

time by date, month, and year were all significant (Figure 2.1). Most nonadjacent dates were 

significantly different from one another, as were most nonadjacent months. Between years, 

similarly timed dates or months were often but not always significantly different. RM-ANOVA 

showed significant differences among times (P < 0.001), but no clear trend was visible from this 

analysis, as linear regressions for all plant types were significant but not highly correlated (P < 

0.05, R2 < 0.05), although a brief increase in forbs and decrease in graminoids was detected at 

the time the bison’s pasture was enlarged in February 2013. As a measure of alpha diversity, we 

used the Shannon index. Again, although RM-ANOVA indicated significant differences among 

dates (P < 0.001), these data exhibited a mean value of 2.09 ± 0.52, with likewise no clear 

change over time (P > 0.05, R2 < 0.05). No significant changes in diet were observed in February 

2013 when the bison’s pasture was enlarged, giving them access to a new area. It seems the 

bison continued to feed in much the way throughout the study, with groundcover making up the 

majority of the diet, and browse making up only the minority. 
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Site comparisons 

 We compared the bison diet during the growing season (May – August) of three years 

(2011, 2012, and 2013) at three sites (KZA, RMA, and APR) (Figure 2.2). PCoA showed rather 

distinct segregation among the three sites, with the two years of RMA clustering together, and 

receiving a small amount of overlap from APR (Figure 2.3). PERMANOVA indicated that there 

were significant differences among all sites in each month (P < 0.001). Repeated measures 

ANOVA showed a number of significant differences among sites each plant type in each month 

(P < 0.001). Forbs were significantly higher at APR in May and August. Graminoids were 

lowest at APR in each month and highest at RMA in May and June. Browse was variable, but 

often lowest at RMA. Shannon diversity was also variable, but often lowest at APR. 

 

Discussion 

Our estimates of diet composition are influenced by a number of factors. One is the 

relative read abundance (RRA) of certain plant taxa, but another is the proportion of chloroplasts 

ingested from certain plant taxa. Measuring forage availability and preference was beyond the 

scope of this study, but earlier studies have shown a strong relationship between biomass and 

sequence abundance for particular types of plants (Willerslev et al. 2014). Nevertheless, it is 

possible that the results of the present study were influenced by differential degradation rates of 

DNA from different plants in the bison digestive tract. Earlier microhistologically based studies 

may have also been biased, with less degraded plants being overrepresented upon microscopic 

viewing compared to more degraded plants. Moreover, protein concentration in plants may be 

related to chloroplast density, so our results could over-estimate the intake of high-protein plants 

like legumes. To improve the accuracy of sequencing-based herbivory studies, more research is 
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needed to assess the relationship between actual plant biomass ingestion and trnL sequence RRA 

in dung. Some plant species could not be distinguished using the trnL method. In the future, 

taxonomic resolution could be improved by using a longer trnL primer pair (Taberlet et al. 

2007), or by including other genes, such as rbcL, into the identification scheme (García-Robledo 

et al. 2013; Jurado-Rivera et al. 2009). 

We were surprised by how relatively consistent diet was over time at RMA, and by how 

divergent diets were among the three sites of RMA, KZA, and APR. Our hypotheses were 

informed by our earlier work with bison at KZA, in which bison varied their diet during the 

growing season by grazing more during summer – consuming not only graminoids but also more 

forbs than expected – and browsing more during spring and autumn (Bergmann et al. 2015). 

Based on this result in Kansas, we expected to find a similar pattern in Colorado, but this was not 

the case. Instead, we found that the diet of bison at RMA changed very little over the course of 

18 months. Diet diversity, as measured by the Shannon index, may have been somewhat lower 

during the winter, but there was no significant trend in graminoid, forb, or woody plant 

consumption. Bison at RMA grazed more than they browsed, with the diet dominated on average 

by graminoids (53.72%), followed by forbs (29.25%), and finally woody plants (15.88%). In this 

way, RMA bison conform to our historical understanding of this species as a year-round grazer 

(Peden et al., 1974; Reynolds et al., 1978; Van Soest, 1994; Coppedge et al., 1998). However, 

the percentage of graminoid in this study (about 54%) is much lower than that detected in earlier, 

microhistologically based studies (about 98%). For this reason, it may be reasonable to think of 

bison not so much as grazers, but rather as “adaptive specialist” grazers (Cannon 2001), or 

perhaps even mixed feeders for at least part of the year. 
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 We also compared bison diet among sites during the months of May-August. Although 

some differences existed, diet was similar between years at RMA, again with bison primarily 

grazing. As in our earlier study (Bergmann et al. 2015), bison at KZA browsed more earlier in 

the season, then increased their grazing in the following months. The greater consumption of 

forbs at APR in May and August was unexpected, as bison are thought to select more forbs in 

warmer, southern locations like KZA (Craine et al. 2015). Bison at RMA often consumed more 

graminoids and less browse than those at the other two sites, and diet diversity was often lowest 

at APR. Like bison at KZA, the bison at APR showed changes in grazing and browsing over the 

growing season in 2011 and 2013, respectively, while those at RMA in both 2012 and 2013 did 

not. 

 Whereas the bison at KZA and APR went through periods in which consumption of forbs 

and browse increased, the bison at RMA maintained a graminoid-dominated diet for most of the 

18 months they were studied. Forage availability may have contributed to this pattern, as bison at 

RMA had access to few woody plants (Yucca, Populus, Salix, Celtis, Rhus, and Elaeagnus). 

Black-tailed prairie dogs (Cynomys ludovicianus) were of high population density at RMA 

during this study, and in many areas converted ground cover from grasses to forbs – a common 

outcome of their foraging and habit modification (Archer, Garrett, and Detling 1987). However, 

many of these forbs may have been unpalatable to prairie dogs and bison alike. We occasionally 

observed the bison feeding on exotic field bindweed (Convolvulus arvensis), although this plant 

contains tropane alkaloids and is mildly toxic (Todd et al. 1995). Bison have been shown to 

prefer feeding near prairie dog towns, but on grasses and not necessarily forbs (Coppock et al. 

1983; Krueger 1986; Chipault & Detling 2013). When the bison’s pasture was enlarged in 

February 2013, the bison’s consumption of graminoids decreased and their consumption of forbs 
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increased, but this effect was temporary. Thus, forbs and browse may not have been as readily 

available to bison at RMA as at KZA and APR. 

 Climatic differences may have contributed to the differences we observed in foraging 

patterns among the three sites (Samson et al. 2004). The bison may have preferentially selected 

forbs, much as their relatives, cattle (Bos taurus) do (Plumb and Dodd, 1994; Steuter and 

Hidinger, 1999), because of the relatively high protein and low toxin levels of this herbaceous 

ground cover. They may have also accepted browse outside the growing season when it was still 

palatable ( Larter and Gates, 1991; Fortin et al. 2003; Christianson and Creel, 2013). The bison 

may be selecting graminoids – a much more common form of ground cover – as an abundant and 

palatable, but less nutritious form of forage, to which bison are adapted to digest (Van Soest 

1994). 

Early in the season, bison appear to consume more forbs in the north than they do in the 

south. Young forbs tend to contain more protein than graminoids (Albon and Langvatn, 1992; 

Villalba et al. 2002; Villalba et al. 2004), as well as lower levels of secondary metabolites than 

their later maturational stages do (Glasby, 1991; Palo and Robbins, 1991; Craine, 2009), so bison 

and other grazers seem to prefer them (Coppock and Detling, 1986; Coppedge and Shaw, 1998; 

Schuler et al. 2006; Biondini et al. 2013). Bison in the south may be more nutritionally stressed 

during hot summers, while those in the north may be more metabolically stressed during cold 

winters, despite undergoing a 25% reduction in basal metabolic rate, or BMR (Craine et al. 2009; 

Craine et al. 2013; Craine et al. 2015; Craine 2013). In the present study, higher forb and browse 

intake by the herd at APR may be attributable to a greater need for high quality forage after a 

harsher winter than that experienced by those of more southerly herds at RMA and KZA, 

although they may be more susceptible to heat stress (Craine et al. 2015). Northern bison also 
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appear to encounter a reduced diet diversity compared to their more southerly counterparts. This 

could be due to a generally less diverse flora from which to feed, or reliance on a smaller 

selection of preferred forage plants. The bison may then have selected browse during certain 

times of the year, or in certain environments, when ground cover was not readily available, or 

when the woody plants’ leaves were new and contained less lignin or toxins (Searle and Shipley, 

2008). 

 All of these findings indicate that the American bison has a more variable diet than 

previously thought. Earlier work has shown that, although primarily a grazer like other bovines, 

American bison (Bison bison) can also browse (Waggoner and Hinkes, 1986; Painter and Ripple, 

2012), as can their European congener, the wisent (B. bonasus) (Gębczyńska et al. 1991; 

Kowalczyk et al., 2011), and their common ancestor the steppe bison (B. priscus) (Rivals et al. 

2007). However, whereas assessments of temporal and spatial variability in the diets of all three 

species have yet to be performed, we here present the results of research on at least the American 

representative of this Holarctic genus. 

Looking at the temporal component of diet variability, we see that at RMA, diet changes 

little over the course of two growing seasons and the winter in between, with the diet being 

dominated by graminoids and to a lesser extent forbs, as well as supplemented with browse. 

However, this does not appear to be the case at other sites (KZA and APR) where diet was 

observed during a single growing season. At KZA, the bison browsed heavily in the spring, 

transitioning to grazing later on in the summer. At APR, the bison consumed grass at a 

consistently low level, consuming forbs both early and late in the growing season, and browsing 

more heavily in June. Thus, depending on their location and the time of year, bison appear to be 

able to expand their diet beyond mere grazing to browse as well, sometimes to a large degree. 



31 
 

As large herbivores, optimal foraging theory predicts that bison may need to be relatively 

unselective to obtain enough energy, especially during certain times of the year when forage 

quality may be compromised, or if predation pressure constrains their foraging time (Senft et al., 

1987; Vivas and Saether, 1987; Du Toit and Cumming, 1999; Kie, 1999). However, such a 

comparatively generalized diet may seem surprising when one considers that most ungulates are 

relatively specialized for the browsing, grazing, or mixed feeding niche (Van Soest 1994). 

African bovids are adapted to exploit certain types of vegetation more than others. Such 

specialization is a form of species packing, in which a relatively large number of species avoid 

competition by narrowing their resource use (Prins and Olff, 1998). The tribe Bovini arose in the 

woodlands of Asia some 8 million years ago during the late Miocene, where it diverged from a 

browsing, frugivorous, or generalized ancestor similar to today’s tribe Boselaphini into grazers 

that can take advantage of ground cover in more open country (Pitra et al. 1997; Bibi, 2007; 

MacEachern et al. 2009; Bibi & Vrba, 2010). Why, then, would American bison not be similarly 

specialized? 

The answer may be related to the diversity of the assemblage in which North American 

bison have found themselves since the Pleistocene extinction event (Martin 2005). For most of 

its half-million years in North America, the genus Bison belonged to a diverse guild of 

herbivores, comparable to those found elsewhere on Earth (Macfadden, 1997; Peek et al. 1987). 

Only for the past 10,000 have bison been part of a small community of ungulates. Although 

some resource partitioning exists, these relatively few species comprise a much less diverse 

assemblage than that of African ungulates, which likely exhibit less niche overlap than their 

North American counterparts (Owen-Smith 1982). Thus, unlike African bovids, American bison, 

despite being characterized as grazers, may be more adaptive specialists than has previously been 
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recognized (Cannon 2001). This degree of generalized feeding may allow them to take advantage 

of the abundant resources in the North American landscape – ground cover as well as browse – 

that is not being fully exploited by other herbivores in their guild. This finding has implications 

for the management of American bison conservation and commercial herds, which if given the 

opportunity, might supplement their diet with shrubs and trees in addition to grazing. 

Until the late 19th Century, bison were a migratory temperate ungulate, whose mass 

movements may have once been akin to those of saiga antelope (Saiga tatarica) and Mongolian 

gazelle (Procapra gutturosa) in temperate Eurasia (Bekenov et al. 1998; Olson et al., 2011); the 

guanaco (Lama guanicoe) in Andean South America (Raedeke 1979); blue wildebeest 

(Connochaetes taurinus) in tropical East Africa (Holdo et al. 2011); or reindeer (Rangifer 

tarandus) in the circumpolar Arctic (Forbes and Kumpula 2009). Little information is available 

from this earlier period, but migratory bison may have been able to specialize as grazers, 

following a “green wave” of fresh ground cover, much as other migratory ungulates still do 

today (Bischof et al. 2012). However, given the dietary plasticity of the ancestor of modern 

bison, B. (bison) antiquus (Rivals and Semprebon 2011), bison may have had a relatively broad 

diet for much of their evolution and into historically recent times. Even since their recovery from 

near-extinction in the 1880s, the American bison has been a largely sedentary species, so 

allowing them to browse and forage beyond their typical grazing niche could be an important 

part of their management. This practice has the potential to improve the overall condition of 

bison with minimal intervention or cost, possibly obviating the provisioning of these animals, 

and indeed may even help restore their landscape to a sustainable form consistent with historical 

baselines. Further research into the feasibility and effectiveness of such a management strategy is 

warranted. 
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CHAPTER III 

Microbial community composition along the digestive tract in forage- and grain-fed bison 

 

Abstract 

We compared the diversity and composition of microbial communities across the 13 

major sections of the digestive tract in two captive populations of American bison (Bison bison), 

one of which was finished on forage, the other on grain. We found that microbial diversity fell to 

its lowest levels in the small intestine, with Bacteroidetes reaching their lowest relative 

abundance in that region, while Firmicutes and Euryarchaeota attained their highest relative 

abundances there; Gammaproteobacteria were most abundant in the esophagus, small intestine, 

and colon. Microbial community composition shifted with diet in the rectum as it did elsewhere 

in the digestive tract. Fecal sampling is a convenient, noninvasive, and informative method for 

studying gut microbial communities. However, because rectal (fecal) community composition 

was not directly indicative of those in other sections, fecal sampling did not replace sampling 

other parts of the digestive tract. The forage-finished bison population exhibited higher overall 

levels of diversity, as well as a higher relative abundance of Bacteroidetes in most gut sections. 

The grain-finished bison population exhibited elevated levels of Firmicutes and 

Gammaproteobacteria, both of which have been linked to host obesity and pathogen-shedding in 

other studies. The clinical condition of the animals used in the present study was not evaluated, 

so further research is needed to establish whether the microbial profiles of some bison in this 

study are indeed indicative of dysbiosis, a predisposing factor to ruminal acidosis and its 

sequelae. 
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Introduction 

Ruminants, like all vertebrate herbivores, rely on vegetation for nourishment, but are 

unable to digest plant fibers without the aid of symbiotic microbes in their digestive tract (Van 

Soest 1994). Bacteria and protozoa are predominant, accounting for 40-60% of microbial 

biomass (Hobson and Stewart 1997). As in other mammals, the ruminant gut microbiota is 

dominated by the bacterial phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria 

(especially in the class Gammaproteobacteria) and Verrucomicrobia (Ley et al. 2008a; Ley et al. 

2008b; De Filippo et al. 2010; Muegge et al. 2011). Protists, found mostly in the foregut, are 

dominated by the phylum Ciliophora, which may specialize in digesting storage carbohydrates 

or proteins, preying on other microbes, or harboring other microbes as symbionts within 

symbionts (Belzecki et al. 2013; Gürelli 2014). Fungi, dominated by the phylum 

Neocallimastigomycota, constitute a much smaller fraction of the microbial biomass (only 5-

10%), and like fungi in the ambient environment, specialize in degrading recalcitrant 

lignocellulosic fibers (Teunissen et al. 1991; Gordon and Phillips 1998; Liggenstoffer et al. 

2010). Finally, most archaea are methanogens in the phylum Euryarchaeota (Hobson and 

Stewart 1997; Janssen and Kirs 2008; Hook et al. 2010; Singh et al. 2011).  

Most of the ruminant digestive system is a favorable environment for microbes, as body 

temperature is warm and stable at around 39°C (Lenz et al. 1983). However, the digestive tract is 

also a challenging environment for microbes given that they must compete for space and 

nutrients (Flint et al. 2007). Moreover, although ruminants provide their symbionts with 

abundant resources, most are in the form of cellulose, which is difficult to break down (Morrison 

et al. 2009). The reticulorumen and omasum are weakly acidic with a pH of 5.5-6.5, which is 

favorable for many microbes (Frey et al. 2010). These sections house most of the ruminant’s 
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symbiotic microbiota. Bacteria and protozoa are predominant, accounting for 40-60% of 

microbial biomass (Hobson and Stewart 1997). Bacteria fermenting this material release the 

volatile fatty acids (VFAs) acetic, propionic, and butyric acid, which the host absorbs and 

metabolizes (Van Soest 1994). 

Because the different sections of the ruminant gut present different environmental 

conditions, the composition of the gut microbiota changes from one section to another. The first 

region (a functional grouping of sections) is the foregut, which houses several common fibrolytic 

species (Morrison and Miron 2000; Devillard et al. 2004; Suen et al. 2011), as well as amolytic, 

saccharolytic, lactolytic, and proteolytic species (Chistoserdova et al. 2004; Forano et al. 2008; 

Marx et al. 2011; Jiao et al. 2014). Second, the abomasum has a pH of 2-4, which kills and 

digests many of the microbes entering from the omasum, supplying the host with 60-90% of its 

amino acids, which are in turn absorbed in the small intestine (Asplund 1994; Stevens and Hume 

1995; Stevens and Hume 1998; von Rosenvinge et al. 2013). Third, the small intestine is 

responsible for neutralizing acid from the stomach, breaking down macromolecules with 

enzymes, and absorbing nutrients. Microbial biomass drops sharply between the foregut and 

small intestine because of the acidity of the abomasum, but then increases caudally as pH rises 

again from 2-4 in the duodenum, to 4-7 in the jejunum, and finally to 7-8 in the ileum (Frey et al. 

2010). Finally, the hindgut is the last site for salt and water balance. In ruminants, this region is 

second to the foregut in microbial biomass. Microbiota in the cecum, colon, and rectum ferment 

remaining fiber and produce a variety of vitamins for their host (Van Soest 1994; Hobson and 

Stewart 1997). 

We compared community composition along the entire digestive tract from two 

populations of captive plains bison (Bison bison bison). In domestic cattle (Bos taurus), gut 
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microbiota have been explored in the reticulorumen and feces (Ozutsumi, Hayashi, et al. 2005; 

Patton et al. 2009; Shanks et al. 2011; Thoetkiattikul et al. 2013), as well as across the entire 

digestive tract (Frey et al. 2010; de Oliveira et al. 2013). Microbial diversity along the digestive 

tract has been researched in humans, rodents, and horses as well (Wang et al. 2005; Dougal et al. 

2013; K. D. Kohl et al. 2014). However, studies of the gut microbiota of bison have been limited 

to the reticulorumen (Towne et al. 1988; Towne et al. 1989; Varel and Dehority 1989) and feces 

(Weese et al. 2014). The earlier research on ruminal microbiota predates high-throughput 

sequencing, so it relied on culture-dependent methods that could not detect much of the 

microbial diversity found in the gut. The study by (Weese et al. 2014) used culture-independent 

methods to characterize fecal microbiota among semi-free-ranging wood bison (B. bison 

athabascae) in Elk Island National Park near Edmonton, Alberta, Canada. 

We wanted to know to what degree microbial community composition varies along the 

length of the digestive tract in plains bison, and to what degree fecal samples could be reflective 

of microbial community composition elsewhere in the digestive tract. In addition, we wanted to 

know whether or not the relative abundance of a given microbial taxon in a given gut section 

differs between two populations of bison. Finally, we wanted to compare the composition of 

microbial communities observed presently in plains bison to those observed previously in wood 

bison and domestic cattle. We hypothesized that different sections of the digestive tract would 

exhibit significant differences in microbial diversity and community composition, thereby 

making fecal samples not directly indicative of community composition higher in the digestive 

tract. Likewise, for a given digestive tract section, we hypothesized that microbial diversity and 

community composition would differ significantly between the two bison populations. Finally, 

we hypothesized that when compared to the present observations on microbial community 
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composition in plains bison, earlier research in wood bison and domestic cattle would show 

similar community composition for a similar diet (forage vs. grain), or for a similar section of the 

digestive tract. 

 

Materials and Methods 

We identified 13 major sections of the alimentary canal for sampling. In anterocaudal 

order, they were the esophagus, reticulum, rumen, omasum, abomasum, duodenum, jejunum, 

ileum, cecum, ascending colon, transverse colon, descending colon, and rectum. We went to an 

abattoir to dissect four bison from one population on one day, and three from another population 

a week later, for a total of seven bison. On October 10, 2012, all four bison were grain-finished 

bulls, aged two-three years, from Colorado (Population B). On October 16, 2012, all three bison 

were forage-finished cows, aged four-fourteen years, from Nebraska (Population A). The forage-

finished diet consisted of 100% roughage for the lifetime of the animals. In contrast, the grain-

finished diet was 60% corn and 40% roughage from age six months, with the bison not being 

returned to forage prior to slaughter. For all seven individuals, we used double sterile cotton 

swabs to simultaneously sample the lumen and mucosa of each section in triplicate, yielding a 

total of 273 samples. These were transported on ice in a cooler, and stored frozen at -20°C until 

processing. We then performed DNA extractions on all four of the grain-fed bison, and on three 

of the forage-fed bison, using the MO BIO PowerSoil®-htp 96 Well Soil DNA Isolation Kit, 

according to the method in (Lauber et al. 2008). 

We PCR-amplified and sequenced a portion of the 16S rRNA gene to characterize 

bacterial and archaeal community composition in the bison digestive tract. To amplify these 16S 

rRNA genes for barcoded high throughput sequencing, we followed (Lauber et al. 2009). We 
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used the primer pair 515F / 806R with Illumina adapters, and with a 12-bp error-correcting 

barcode unique to each sample on the reverse primer. The V4–V5 variable region amplified by 

this primer set is well-suited to accurate phylogenetic placement of bacterial sequences (Liu et al. 

2007). Together, these primers form a good “universal” primer set that amplifies nearly all 

bacterial and archaeal taxa with few biases (Bergmann et al. 2011). Amplicons were cleaned 

using the MO BIO PowerClean® DNA Clean-Up Kit, and quantified using first the Quant-iT™ 

PicoGreen® dsDNA Assay Kit, and then the Thermo Scientific NanoDrop 1000, to determine 

the volume needed to produce a single composite sample with equal representation of each 

individual sample. The composite sample was taken to the University of Colorado Genomics 

Core Facility for sequencing on an Illumina MiSeq machine with the 2 × 150 bp paired-end 

protocol. 

We used the QIIME pipeline for data analysis. Quality filtering and processing of reads 

was performed following (Caporaso et al. 2011). Only forward reads were used for downstream 

analyses (Werner et al. 2012). Bacterial 16S rRNA sequences were clustered into operational 

taxonomic units (OTUs) at the 97% similarity level using the RDPII taxonomy (Cole et al. 

2007). We used parametric and nonparametric statistical approaches to determine if communities 

varied across gut sections within each population of bison, as well as for a given gut section 

between the two bison populations. The Shannon index was used to compare diversity levels 

among sections and between populations. Single-factor ANOVA with the Tukey HSD post-hoc 

test was used for comparisons among sections, while t-tests with Bonferroni corrections were 

used for comparisons between populations. Exploratory and multivariate statistics consisted of 

hierarchical cluster analysis, principal coordinates analysis (PCoA), and PERMANOVA. 

Relative abundance data were square root transformed, and then used to generate a Bray-Curtis 
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similarity matrix, from which the PCoA ordination plot was produced. Using the Bray-Curtis 

distance matrices for microbiome and metagenome, we applied the Mantel test with Pearson 

product-moment correlation. These analyses were performed in the R programming language 

and in the PRIMER + PERMANOVA 6 software package. 

 

Results 

In the forage-finished population (Population A), diversity differed significantly among 

sections, and was lowest in the ileum (P < 0.05). Bison from the grain-finished population 

(Population B) also exhibited significant differences in diversity among sections (P < 0.05), but 

there was no clear trend (Figure 3.1). Population A tended to exhibit significantly higher levels 

of diversity for a given gut section. Shannon index values were higher for bison from Population 

A in the esophagus, rumen, and jejunum (P < 0.004 in all cases). The three most common OTUs 

detected were in the phyla Bacteroidetes and Firmicutes.  Paraprevotellaceae (Phylum 

Bacteroidetes) was more abundant in the colon among bison from the forage-finished 

population, and was more abundant in the hindgut generally among bison from the grain-finished 

population. Bacteroidales (Phylum Bacteroidetes) was more abundant in the foregut among 

bison from both populations. Finally, Peptostreptococcaceae (Phylum Firmicutes) was more 

abundant in the ileum and cecum among bison from the forage-finished population, but more 

abundant in the jejunum and ileum among bison from the grain-finished population. 

In each population, microbial community composition varied significantly by gut section, 

as indicated by PERMANOVA (P < 0.05), although not typically within the same gut region 

(Figure 3.2). Thus, for a given diet, the three main fermentation chambers of the foregut 

(reticulum, rumen, and omasum) had similar microbial communities, as did the five main 
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sections of the hindgut (cecum, ascending colon, transverse colon, descending colon, and 

rectum). The forage-finished population also exhibited similarity in community composition 

between sections from two different regions of the digestive tract, namely the abomasum and 

duodenum (P = 0.073), and the jejunum and rectum (P = 0.161). No such extra-regional 

similarities were detected in the grain-finished population. Bacteroidetes were at their lowest 

relative abundance in the small intestine, specifically the ileum of bison from the forage-finished 

population (P < 0.001), and in the duodenum, jejunum, and ileum of bison from the grain-

finished population (P < 0.001). In contrast, Firmicutes had their highest relative abundance in 

the small intestine, namely the ileum of bison from the forage-finished population (P < 0.0001), 

and the jejunum and ileum of bison from the grain-finished population (P < 0.001). 

Proteobacteria and Tenericutes, although the third and fourth most abundant phyla, respectively, 

exhibited no clear trend across the digestive tract in either population (P > 0.05). 

Gut section had a greater effect on microbial community composition than population. 

Thus, foregut communities between the two populations were more similar to each other than 

they were to hindgut communities from the same population. Likewise, hindgut communities 

resembled each other more than either resembled corresponding foregut communities (Figure 

3.3). However, for a given section, there was a significant effect of population as well, as 

indicated by PERMANOVA (P < 0.05). We used t-tests to compare bacterial relative abundance 

at a given taxonomic level between populations for each digestive tract section. Here we report 

sections with significantly different relative abundances of bacteria. Bacteria in the phylum 

Bacteroidetes were more abundant for the forage-finished population in the jejunum (P < 0.001) 

and ascending colon (P < 0.001). Bacteria in the phylum Firmicutes were more abundant for the 

grain-finished population in the jejunum (P < 0.001) and rectum (P = 0.002). Bacteria in the 
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phylum Proteobacteria were more abundant for the grain-finished population in the omasum (P 

= 0.003), and those in Class Gammaproteobacteria were more abundant for the grain-finished 

population in the reticulum (P = 0.001), abomasum (P < 0.001), duodenum (P = 0.007), and 

descending colon (P = 0.003). 

 

Discussion 

In each population, microbial community composition was significantly different among 

gut sections from different regions, but similar among those within the same region, namely the 

multi-chambered stomach and large intestine. This is probably because, although anatomically 

partitioned, each of these two regions probably functions as a unit (de Oliveira et al. 2013). For 

both bison populations studied, diversity as indicated by the Shannon index appears to be lowest 

in the small intestine, and for bison from Population A (forage-finished), diversity was lowest in 

the ileum specifically, although the other sections showed no clear trend. We found that the two 

dominant bacterial phyla in the digestive tract were the Bacteroidetes and Firmicutes, as is the 

case in all known mammals (Ley et al. 2008; Muegge et al. 2011). Bacteroidetes exhibited their 

lowest relative abundance in the small intestine, while Firmicutes reached their highest relative 

abundance there. 

Earlier research has shown that, despite high resource availability, the small intestine 

tends to harbor the lowest levels of microbial biomass and diversity of any gastrointestinal 

section, for two main reasons (Gerritsen et al. 2011). The first is that digesta have a relatively 

short retention time in the small intestine (3–5 hours) due to peristaltic movement, which gives 

microbes less time to proliferate there (Booijink et al. 2007). The second is the influence of the 

section just anterior to the small intestine, the abomasum (true stomach). While the pH of most 
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gut sections ranges from 5-7, the abomasum has pH levels of 2-4, the lowest of the ruminant 

digestive tract (W. E. Wheeler and Noller 1977; Hobson and Stewart 1997; Booyse and Dehority 

2012). Although the small intestine receives this gastric acid and begins buffering it, that takes 

time. Digesta pass through the long ruminant small intestine, which is about 20 times the length 

of the animal, or some 40 meters long in bison and cattle. During this time, pH remains relatively 

low in the duodenum and jejunum, and does not return to near neutral levels until the ileum. In 

addition to acid, the small intestine also receives bile from the gall bladder and enzymatic 

secretions from the pancreas. Together, these three inputs create a relatively harsh environment 

for most microbes (Booijink et al. 2007). In this environment, the Gram- Bacteroidetes could be 

at a disadvantage compared to the Firmicutes, which have a thick peptidoglycan Gram+ cell wall 

(Vos et al. 2009). 

The effect of gut region on community composition was stronger than that of population, 

as microbial communities were more similar in the same region between populations, than to 

another region within the same population (Figure 3.3). Nevertheless, the bison from Population 

A (forage-finished) appeared to support greater microbial diversity in most sections of the 

digestive tract, except the ileum. In the present study, we compare two bison populations that 

differed in four ways: sex, age, location, and diet. Population A consisted of female bison aged 

four-fourteen years from Nebraska that were forage-finished, while Population B consisted of 

male bison aged two-three  years from Colorado that were grain-finished. Thus, diet was not the 

only factor to differ between these populations. Nevertheless, it is reasonable to infer that diet 

was the most important factor, because diet has many times been shown to be the most important 

factor affecting microbial community composition, because it most strongly affects resource 

throughput in the digestive tract. Previous work with captive domestic cattle has shown that age, 
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sex, and location have less of an effect on microbial community composition than diet (Shanks et 

al. 2011; Kim et al. 2014). The same likely applies to captive bison. Thus, differences in 

community composition between the two populations for a given gut section may be due to 

forage-finishing in Population A and grain-finishing in Population B. Specifically, the present 

study suggests that a forage-based diet may be associated with overall greater gut microbial 

diversity in bison (Figure 3.1).  

In many gut sections, Bacteroidetes were more abundant with a forage diet, while 

Firmicutes were more abundant with a grain diet. This mirrors what has been found in studies on 

obesity in humans and mice, where a more natural, less calorific diet that is rich in protein and 

fiber seems to favor Bacteroidetes, while an artificial, energy-rich diet of starch and fats seems to 

favor Firmicutes (Turnbaugh et al. 2006; Guo et al. 2008a; Guo et al. 2008b; Costello et al. 

2010; Thomas et al. 2011). Thus, the gut microbiota of grain-fed bison appears to resemble those 

of other animals fed a diet high in starchy, processed foods. At the phylum level, Proteobacteria 

were more abundant with a grain diet only in the omasum. Moreover, at the class level, a higher 

relative abundance of Gammaproteobacteria was associated with the grain diet throughout much 

of the digestive tract. It is noteworthy that certain bacterial groups exhibit differences in relative 

abundance between the rectum and elsewhere in the GI tract. Thus, one must be cautious when 

inferring abundances of bacteria elsewhere in the alimentary canal (de Oliveira et al. 2013). 

Fecal sampling is convenient, noninvasive, and informative, but it does not replace sampling of 

other sections of the digestive tract when direct knowledge of them is needed. 

Finally, we compared the present study’s findings on the gut microbiota of commercial 

plains bison (Bison bison bison) to those of our study on free-ranging bison at the Konza Prairie 

Biological Station in Chapter I (Bergmann et al. 2015), as well as earlier studies on semi-free-
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ranging wood bison (B. bison athabascae) (Weese et al. 2014) and commercial domestic cattle 

(Bos taurus) (Ozutsumi et al. 2005a; Ozutsumi et al. 2005b; Patton et al. 2009; Shanks et al. 

2011; de Oliveira et al. 2013; Thoetkiattikul et al. 2013). All of these studies and the present 

study showed that Firmicutes and Bacteroidetes were the two dominant bacterial phyla, as in 

most mammals (Ley et al. 2008; Muegge et al. 2011). Although relative abundances varied 

considerably, among cattle Bacteroidetes generally dominated the foregut (33-72%), while 

Firmicutes generally dominated the midgut and hindgut (42-81%). 

Proteobacteria were on average the third-most abundant phylum, especially in (Patton et 

al. 2009) and (Weese, Shury, and Jelinski 2014). Tenericutes were the fourth-most abundant 

phylum on average. In cattle but not bison, Spirochaetes were the fifth-most abundant phylum, 

generally in the foregut, although (Ozutsumi et al. 2005b) and (Shanks et al. 2011) reported them 

as abundant in fecal matter. Fibrobacteres were the sixth-most abundant phylum on average in 

(de Oliveira et al. 2013) and (Thoetkiattikul et al. 2013), again in the foregut of cattle but not 

bison. Finally, Actinobacteria and Verrucomicrobia were the next most abundant phylum on 

average, found variously in the foregut, midgut, and hindgut of both species. 

Some differences were also apparent between the fecal microbial communities from 

conservation wood bison in (Weese et al. 2014) and the hindgut microbial communities from 

commercial plains bison in the present study, as well as fecal microbial communities from Konza 

Biological Station described in Chapter I (Bergmann et al. 2015). The wood bison fecal samples 

were strongly dominated by Firmicutes (39% in one enterotype and 71% in the other), but had a 

lower relative abundance of Bacteroidetes (0% and 1%, respectively). The fecal microbial 

community from bison at Konza Biological Station also exhibited dominance of Firmicutes over 

Bacteroidetes, but to a lesser degree (53% and 33%, respectively). However, the plains bison 
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hindgut in the present study overall showed a more even relative abundance of Firmicutes (29-

51%) and Bacteroidetes (37-50%). The wood bison also exhibited a high relative abundance of 

Proteobacteria (19% and 43%, respectively), similar to that of the two groups of cattle in (Patton 

et al. 2009), whose relative abundances were 13% and 17%. In contrast, the relative abundance 

of Proteobacteria at Konza Prairie Biological Station (1%) and that observed in the present study 

(1-11%) were similar to levels observed in most of the cattle studies (1-7%). 

The comparison of the gut microbiota in plains bison, wood bison, and domestic cattle 

presented here is preliminary, and many factors – such as animal age, condition, location, and 

diet – remain uncontrolled. Nevertheless, the gut microbiota of cattle appears to support more 

dominant phyla, including Spirochaetes and Fibrobacteres, when compared to that of bison. In 

addition, the gut microbiota of semi-free-ranging wood bison in (Weese et al. 2014) stands out 

for having a lower relative abundance of Bacteroidetes than that of the free-ranging bison at 

Konza Biological Station, the commercial plains bison in the present study, or the commercial 

cattle in the other studies. The reason for this difference is not known, but it is possible that these 

wood bison, which live in Elk Island National Park, may have a diet or be in a condition that is 

sufficiently different to foster a divergent gut microbial community from the other bison and 

cattle populations. 

In summary, the present study found microbial community compositional differences in 

the digestive tracts of two bison populations, possibly due to differences in diet (forage- vs. 

grain-finished). Given previous research on grain-fed cattle and bison, as well as on obese mice 

and humans, it is possible that the higher levels of Firmicutes and Gammaproteobacteria found 

in the grain-finished bison represented dysbiosis (Krause and Oetzel 2006; Nagaraja and 

Titgemeyer 2007; Plaizier et al. 2008). However, the bison in this study were not assessed for 
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ruminal acidosis, anorexia, or the shedding of enterohemorrhagic bacteria to their environment. 

Additional research is needed to evaluate the clinical relevance of symbiotic communities 

brought about by artificial feeding methods in bison. 
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CHAPTER IV 

Wildlife livestock: conservation as a consequence of better agriculture 

 

Abstract 

 The Great Plains supported tremendous biodiversity during the Pleistocene Epoch, 

comparable to the ecological communities of Africa and Asia today. Megafaunal extinctions 

about 10,000 years ago, likely due at least in part to human activity, left the Great Plains 

depauperate, although some species remained to repopulate the region. These included 

herbivores like bison, elk, pronghorn, deer, and prairie dogs, as well as carnivores like wolves, 

bears, cougars, and jaguars, constituting an ecosystem that has been dubbed the “American 

Serengeti.” However, during the 19th Century, Westward Expansion of the United States 

resulted in the displacement of indigenous people and the extirpation of many animals. Today, 

the Great Plains provide the critical function of providing food, but via intensive methods such as 

monocultures for crops and feedlots for livestock, which may not be sustainable in semi-arid 

grasslands, and which introduce other problems, such as reduced food quality, preventable 

disease, and inadequate animal welfare. The Great Plains have been largely overlooked for 

conservation, despite having been repeatedly recommended for such treatment since 1841. 

However, there has been increased interest in prairie conservation since the 1980s from various 

fields. Moreover, five additional, complementary developments have emerged that together 

could sway policy and management in the Great Plains. One is the practice of wild game 

ranching, which began some 2,000 years ago in Eurasia, but has seen a worldwide resurgence 

since the 1970s. Another is a growing interest in sustainable, low-impact agriculture with both 

plants and animals, focusing on free-ranging elk or wapiti (Cervus canadensis) and especially 
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bison (Bison bison) as hardy, low-input alternatives to domestic cattle in feedlots. The third is 

large-scale conservation, known as rewilding, which involves preserves with core and buffer 

zones, as well as corridors to connect preserves, and carnivores for top-down ecosystem 

regulation. A variant of this approach is Pleistocene rewilding, which acknowledges the 

cascading effects of megafaunal absences, and that humans have been affecting ecosystems for 

millennia. For this reason, Pleistocene rewilding sets baselines for restoration or intervention 

(Hobbs et al. 2011) to not just pre-colonial, but pre-human conditions altogether, and allows for 

the reintroduction of extirpated animals, or the substitution of related and similar proxies for 

extinct animals, to achieve restoration or intervention goals. A fourth development is the advent 

of energy sources on the Great Plains, such as wind and solar power, to which rural and 

indigenous communities can add sustainable, diversified ranching and ecotourism as part of a 

profitable milieu of renewable industries. The fifth and final development is a shift in how nature 

is regarded, as not only a treasure to be protected from people, but also as a system to which 

people belong, and in which they can participate if they are responsible. Each of these 

perspectives is ethically justified as benefiting people, animals, and environments. The 

confluence of these six streams may now justify and bring about comprehensive prairie 

conservation. A network of preserves and ranches could be put into place that would not only 

restore the vibrant landscapes and megafaunal assemblages of the Great Plains, but would also 

make commercial interests in the region sustainable and economically viable. 

 

A brief history of the Great Plains 

 The Great Plains of North America is a vast region of semi-arid grassland known as 

prairie, similar in some respects to the temperate steppes of Eurasia (Bredenkamp et al. 2002; 
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Bai et al. 2007). Once occupying 1.3 million km2, the prairie is now the most fragmented and 

endangered habitat in the United States (Samson and Knopf 1996). At the end of the Pleistocene 

Epoch about 10,000 years ago, the prairie underwent a massive extinction, in which 33 genera of 

megafauna (animals 45 kg or larger) disappeared, including herbivores such as horses, camels, 

and elephants (mammoths and mastodons), as well as carnivores like lions and cheetahs, at least 

partly due to human hunting and burning activities (Barnosky et al. 2004; Koch and Barnosky 

2006). In the 19th Century, continued over-hunting and habitat loss led to the further extirpation 

of native prairie plants and animals, namely herbivores like bison (Bison bison), elk or wapiti 

(Cervus canadensis), pronghorn (Antilocapra americana), deer (Odocoileus spp.), and black-

tailed prairie dogs (Cynomys ludovicianus), as well as carnivores like wolves (Canis lupus), 

cougars (Puma concolor), jaguars (Panthera onca), black bears (Ursus americanus), and grizzly 

brown bears (Ursus arctos) (Isenberg 2000; Laliberte and Ripple 2003). Today, the prairie 

(sometimes known disparagingly as “flyover country”) is used primarily for the valuable 

function of food production. However, this sector is dominated by subsidized, industrial 

monoculture crops and feedlots for livestock, also known as factory farms or concentrated 

animal feeding operations (CAFOs), as more natural agricultural operations have been bought up 

by agribusinesses (Popper and Popper 2006). 

Since the Great Depression, the Great Plains has seen the establishment of a few National 

Grasslands and other non-governmental preserves, but these are not interconnected to allow 

migration. Unlike comparable ecosystems with megafaunal umbrella species in Africa and 

Eurasia, these existing areas are relatively small and do not support high levels of prairie 

biodiversity. Thus, in a phenomenon known as the “Rocks and Ice Syndrome,” or 

monumentalism (Terborgh and van Schaik 2002), and despite the National Park Service’s 
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success elsewhere, there is no national park or conservation network dedicated to protecting and 

showcasing the diverse wildlife of America’s Great Plains. Yet, the first proposal for a national 

park of any kind was put forth in 1841 by painter George Catlin, whose experiences among the 

bison-hunting Plains Indians inspired him to conceive of a place that would protect the Great 

Plains, its wildlife, and the people who relied on it (Flores 1996; Isenberg 2000; Lott 2002). 

Since Catlin’s time, calls for prairie conservation have surfaced time and again. In his 

classic book, The Extermination of the American Bison (1889), William Temple Hornaday 

presciently appealed to Americans’ sense of both nature preservation and economic utility, 

arguing that the great herds of bison need not be eradicated, for in addition to being appreciated 

as native wildlife, they could also be used as livestock (Hornaday 1889). By 1902, the Boone and 

Crockett Club was working to establish big game preserves in the Great Plains (Brinkley 2009). 

In the 1920s, ecologist Victor Shelford worked toward federal protection for Great Plains 

ecosystems, but was turned down. The 1930s saw some increased protection for grasslands, as 

the Great Depression and its Dust Bowl led to the Bankhead-Jones Farm Tenant Act of 1937, 

creating the National Grasslands system. The National Park Service acquired South Dakota’s 

Badlands in 1939, and North Dakota’s Little Missouri Badlands in 1947; both became national 

parks in 1978 as Badlands National Park and Theodore Roosevelt National Park, respectively 

(Flores 1996). In the 1960s, zoologist Eugene Raymond Hall proposed a Prairie National Park in 

the tallgrass prairie region of northeastern Kansas, but the federal government took no action (E. 

R. Hall 1962). 

Since the 1980s, however, there has been some increased interest in restoring Great 

Plains ecosystems for both sustainable use and conservation. Daniel Licht’s prescriptions for 

reforming the way prairie is managed have yet to be followed (Licht 1994a; Licht 1994b; 
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Armstrong 1997; Licht 1997). However, The Land Institute, founded by Wes Jackson, has 

identified soil erosion from annual crops as a major obstacle to sustainability in agriculture, and 

has been developing perennial grains like Kernza™ (Thinopyrum intermedium) to address this 

problem (Jackson 1980; Crews et al. 2014). Geographer Bret Wallach has argued for a system 

that would convert defunct farms into restored prairies, rather than allowing them to become 

abandoned and neglected (Wallach 1985). And geographers Frank and Deborah Popper proposed 

an idea that came to be known as the Buffalo Commons, which would be debated vociferously 

over the coming decades (Matthews 1992). 

The Poppers recalled historian Frederick Jackson Turner’s taxonomy, which divided the 

United States into wilderness, frontier, and settled areas, defined as 0-2, 2-6, and ≥ 6 people/mi2, 

respectively. They pointed out that, although it is said the West was won by the early 20th 

Century (Turner 1920), most of the Great Plains is far from settled, and has remained or reverted 

to frontier or wilderness, based on the above thresholds. Thus, the region has been in 

environmental, economic, and population decline since the early 1900s (Popper and Popper 

1987; Lang 1997). This phenomenon may be attributable to the Great Plain’s semi-arid climate, 

which receives ≤ 20 inches of rain/year, and necessitates the depletion of large but finite stores of 

well water, such as the Ogallala Aquifer (Sophocleous 2000; Allen et al. 2008). A solution to this 

problem is to let bison and other wildlife return. Rather than using intensive, industrial forms of 

farming and ranching, the land can be restored to a sustainable system of ranches, commons, and 

refuges with native prairie vegetation and native herbivores, such as bison, elk, pronghorn, and 

more. This comprehensive network of preserves and pastures would be implemented in areas 

where people are currently sparse or absent, restoring the native ecosystems of Middle America 

and bringing new opportunities to the rural and native people of the Great Plains. 
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The Great Plains now supports some conservation areas for native prairie vegetation and 

wildlife. Several of these belong at least in part to The Nature Conservancy, such as the Tallgrass 

Prairie Reserve in Oklahoma, and the Konza Prairie in the Flint Hills of Kansas. Other Kansas 

parks dedicated to grassland communities include the Tallgrass Prairie National Preserve (also in 

the Flint Hills), and the Big Basin Prairie Preserve in the Red Hills. In Colorado, The Nature 

Conservancy holds the Zapata Ranch, a preserve with 2,000 bison. There are also several state 

and federal lands that protect prairie ecosystems and megafauna, including the Rocky Mountain 

Arsenal National Wildlife Refuge, a Superfund cleanup site in Colorado that is now managed as 

a native shortgrass steppe with bison and other prairie wildlife (Jones and Cushman 2004). In 

addition, organizations have arisen to facilitate education and involvement with prairie 

conservation. The Texas-based Great Plains Restoration Council works with local people to 

restore prairies and build community. There are several other such groups in the region as well. 

With fewer human inhabitants, the Northern Great Plains has received the most attention 

for prairie restoration. Beginning with the Big Open Project in 1986 (Coffman, Jonkel, and Scott 

1990; B. Scott 1992), Montana is now home to the American Prairie Reserve (APR), a joint 

effort by The Nature Conservancy, World Wildlife Fund, and other nongovernmental 

organizations. The APR was featured in a National Geographic documentary entitled American 

Serengeti, which showcased the preserve’s steppe landscape and native wildlife (Mitchell 2010). 

The APR currently consists of over 100,000 ha, and is working to connect a total of 1.2 million 

ha, encompassing both private and existing public lands, including the more than 445,000 ha of 

the Charles M. Russell (CMR) National Wildlife Refuge (Manning 2009; Henwood 2010). The 

National Wildlife Federation also works in this area, seeking to restore bison to CMR and the 

Fort Belknap and Fort Peck Indian Reservations. Thus, there has been progress since the early 
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20th Century in the realm of prairie conservation. However, there is still no park with a full 

complement of North American grassland flora and fauna, and resource use in the Great Plains 

remains unsustainable. 

Woodlands have higher overall plant biomass than grasslands, and support browsing 

herbivores, which feed on the leaves of woody vegetation. With food being spread out and 

shelter abundant, woodland herbivores and carnivores often live alone or in small groups. In 

contrast, grasslands have a higher percent edible plant biomass than woodlands, and support 

grazers that feed on graminoids and forbs (Bodmer 1990; Van Soest 1994). With more food but a 

dearth of shelter, grassland herbivores and carnivores are often highly gregarious (McNaughton 

1984). For this reason, grasslands are renowned for some of the greatest spectacles in the natural 

world. 

Much of the public seems to have forgotten just how plentiful megafauna and other 

wildlife once were, a phenomenon first identified in fisheries as the shifting baseline syndrome 

(Pauly 1995; Papworth and Rist 2009). Reindeer or caribou (Rangifer tarandus) remain 

abundant, with a world population of some 5 million (Forbes and Kumpula 2009). Over a million 

blue wildebeest (Connochaetes taurinus) still migrate in East Africa (Holdo et al. 2011), and the 

Mongolian gazelle (Procapra gutturosa) population of the Eurasian steppe has rebounded to 

over a million as well (Olson et al. 2011). However, other temperate ruminants, such as the saiga 

antelope (Saiga tatarica) and goitered gazelle (Gazella subgutturosa) have fallen precipitously 

from such numbers (Kingswood and Blank 1996; Bekenov et al. 1998). In South Africa, 

springbok (Antidorcas marsupialis) remain safe at about 2 million, but until the end of the 19th 

Century, they numbered some 8 million, occasionally forming huge migratory herds known as 

“treks” in response to drought (Bigalke et al. 1993; J.D. Skinner 1993; Spinage 2012). South 
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America is home of the greater rhea (Rhea americana) and Darwin’s rhea (Pterocnemia 

pennata), two large ratite birds related to the ostrich and emu. They once numbered in the 

millions, forming huge flocks on the Pampas grasslands of South America, but today they are 

near-threatened due to overhunting and habitat loss (Conway 2005). The Pampas deer 

(Ozotoceros bezoarticus) of South America’s plains once numbered over a million, but hunting 

and habitat loss have reduced them to mere tens of thousands (González et al. 1998). South 

America also once supported an estimated 30-50 million guanacos (Lama guanicoe) (Raedeke 

1979), as well as millions of vicuñas (Vicugna vicugna), domestic llamas (L. guanicoe glama), 

and alpacas (V. pacos). Today, there are still millions of llamas and alpacas, but wild guanacos 

and vicuñas number only in the hundreds of thousands (Coates and Ayerza 2004). 

During pre-Columbian times, the American bison population may have been around one 

million due to human predation (Kay 1998), rising to 20-30 million during post-Columbian 

times. Overhunting during the 19th Century nearly caused the extinction of the American bison, 

reducing them to fewer than 100, although their ongoing recovery since then has become 

legendary (Freese et al. 2007; Sanderson et al. 2008; Hedrick 2009). The bison’s rapid decline 

was due to unregulated market hunting during drought years. Mounted Plains Indian hunters took 

their toll, but traders from the East Coast were more destructive. Their unfettered killing was 

openly encouraged by Generals William T. Sherman and Philip Sheridan, who saw it as a tool to 

deplete the resource base of American Indians and facilitate their conquest, a strategy that 

ultimately resulted in the genocide and dispossession of the Great Plains’ indigenous population 

(Payne 1989; Smits 1994; Isenberg 2000). Prior to these changes, the prairie’s abundant 

herbivores supported some 1.5 million plains wolves (Canis lupus nubilus) (Isenberg 2000), 

while today there are only about 9,000 gray wolves of any subspecies in the whole United States 
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(Mech and Boitani 2003). Furthermore, other North American ungulates, despite their currently 

secure conservation status, have decreased in abundance as well. Today there are about a million 

elk and pronghorn each, but elk once numbered 10 million (Payne 1989; Polziehn et al. 2000), 

and pronghorn some 35 million (Cohn 2010). These declines in wildlife populations and their 

associated losses in ecosystem functioning could be reversed if species were reintroduced and 

utilized sustainably (Luxmoore 1989). This does not mean we should be careless about 

intervention, but neither should we be puristic, either (Marris 2011). The thoughts and behaviors 

found in the human species are remarkably plastic and diverse – much more so than in other 

animals. We are capable of reflection and self-control to a degree far greater than that of other 

species, which is why discussion on environmental policy is possible. However, this does not 

mean that we are not part of nature. It only means that we can evaluate which of our thoughts 

and behaviors allow us to live in a thriving ecosystem, and which of them allow us to live by 

quelling other species and landscapes around us (Callicott 2003). Being pragmatic and including 

responsible human activity as part of ecosystems creates economically viable opportunities for 

intervention. 

Another development since the 1980s is the concept of rewilding, including Pleistocene 

rewilding. Simply put, rewilding refers to the restoration of wilderness areas, their flora and 

fauna, and their natural processes using core and buffer zones, corridors, and carnivores 

(Quammen 1996; Soulé and Noss 1998; Soulé and Terborgh 1999; Foreman 2004). A new 

version of this large-scale approach to conservation is Pleistocene rewilding, which uses pre-

human levels of biodiversity as a reference for intervention (Galetti 2004). This proposal rests on 

the hypotheses that human overhunting and habitat alteration have been factors in animal 

extinctions, not only during historical times, but during prehistoric times as well (Martin 1966; 
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Martin 1984; P. D. Ward 1997; Levy 2011), and that in the absence of megafaunal species, many 

important ecological processes, such as predation, herbivory, frugivory, and soil fertilization go 

unperformed (Janzen and Martin 1982; Catling 2001; Johnson 2009). Proponents of Pleistocene 

rewilding propose that wherever possible, animals should be reintroduced into areas where they 

have been extirpated, even if a relatively long time has passed. If extinct altogether, ecologically 

similar and closely related proxy species should be introduced instead. 

Reintroduction of megafauna like bison, elk, and grizzly brown bear, as well as smaller 

animals like black-tailed prairie dog, black-footed ferret (Mustela nigripes), greater prairie 

chicken (Tympanuchus cupido), and peregrine falcon (Falco peregrinus) constitutes Pleistocene 

rewilding. Moreover, the Spanish release of horses (Equus ferus) in North America more than 

400 years ago is also Pleistocene rewilding, because today’s feral mustangs are of the same 

species as the wild horse that went extinct in North America as recently as 7,600 years ago (Vilà 

et al. 2001; Weinstock et al. 2005; Haile et al. 2009). As reintroduced megafauna, horses should 

therefore be included in Great Plains conservation efforts. The Wild and Free-Roaming Horses 

and Burros Act of 1971 was a valuable step in protecting North America’s reintroduced horses, 

but it was not enough. Today the Bureau of Land Management (BLM) oversees 33,000 mustangs 

on public lands (about 10,000 over the 23,622 considered sustainable), and in feedlots an 

additional 45,000, whose fate is uncertain. Without a change in policy, many of America’s wild 

mustangs could overrun their habitat’s carrying capacity and face dehydration or starvation. By 

the year 2030, the United States’ cumulative feral horse management costs are projected to 

surpass $1 billion, 60% of which would go toward maintaining captive horses, whose numbers 

by then will exceed 60,000 (Garrott et al. 1992; Garrott and Oli 2013). This situation is 

reminiscent of surpluses in large herbivore populations, which are often culled, such as bison in 
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Yellowstone National Park (Plumb et al. 2009), elk in Yellowstone and Rocky Mountain 

National Parks (Ripple et al. 2010), and African bush elephants (Loxodonta africana) in Kruger 

National Park (Shannon et al. 2013). As more land has become available for conservation in the 

Great Plains, the culling of elk, bison, and horses can be replaced with reintroducing them to 

their native prairie landscape. 

Pleistocene rewilding of carnivores is also possible (J. Donlan et al. 2005; C. J. Donlan et 

al. 2006). Today’s Old World lions (Panthera leo) are of the same species as the extinct 

American lion (P. leo atrox), although as with most widely distributed mammals, temperate lion 

subspecies like this one were likely more cold-tolerant than their tropical conspecifics (Burger et 

al. 2004; Barnett et al. 2009). Such disparity in habitat preference can make transplantation 

challenging (Whiting et al. 2011), although the climate of the Southern Great Plains may be 

suitable for modern lions (Richmond et al. 2010). However, given the conflict over reintroducing 

recently extirpated large carnivores, or indeed protecting modern carnivores in their present 

range, reintroducing pantherine lions to North America may be difficult. 

A grand-scale system is needed to help the region as a whole thrive. A rewilding system 

could be set up that facilitates just such a practice. It would consist of cores, buffers, corridors, 

and land use reform (Soulé and Noss 1998; Soulé and Terborgh 1999; Foreman 2004). The core 

areas would consist of national parks, grasslands, and wildlife refuges, as well as privately or 

tribally owned preserves where hunting would be prohibited. Surrounding these cores would be 

buffer zones: areas of less control where wildlife would still be allowed to wander, but where 

recreational activities such as camping and hunting, as well as remote or tribal residence would 

be permitted. Because these core-buffer areas could be widely spaced, there would be corridors 

of natural habitat connecting them, so that wildlife would be able to migrate between them. 



59 
 

Outside of these core-buffer-corridor zones, other activities would be permitted, 

including regular traffic, residence, and industry. However, legislation would offer new and 

different economic incentives for more sustainable industries. Operations, such as windmill 

farms and solar panels would not be required, but would be encouraged. Wind and solar energy 

have yet to become widespread, and are not incompatible with bison ranching, as bison and other 

animals do not disturb and are not disturbed by windmill towers or enclosed solar panel arrays 

(Callenbach 1996). 

 

The Great Plains today 

For over a half a century, the American Midwest has been growing grains, legumes, and 

livestock on an industrial scale. Many methods of mass food production, including monoculture 

and feedlots, are praised as a boon to humanity for helping relieve hunger and labor, but they are 

also criticized for contributing to environmental nutrient pollution (Howarth, Sharpley, and 

Walker 2002), and for a lack of concern for the welfare of wild and domestic animals (Licht 

1994a; Licht 1994b; Rollin 1995; Licht 1997). The widespread use of pesticides on plants has 

caused cascading ecological effects (Pimentel 2005), and antibiotics and hormones used on 

animals can lead to antibiotic resistant bacteria and a reduction in meat quality (Pruden et al. 

2006; Landers et al. 2012; Duckenfield 2013). In addition, although food production is 

important, exhausting the environment’s capacity for food production could lead to food 

shortages in the future. Furthermore, a landscape harnessed purely for commercial gain often 

loses its aesthetic and spiritual appeal. For all these reasons, the current means of harvesting 

resources from the Great Plains are untenable in the long run. 
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It is not feasible to simply quit farming and ranching, for such a move could result in 

unemployment, food shortage, and conflict. However, instead of staying the present intensive 

course, the United States could allow the Great Plains to return to a more natural state: a network 

of native prairie preserves, commons, and ranches supporting bison, elk, pronghorn, and other 

wildlife, to be visited and sustainably used by people in the region (Popper et al. 1987; Popper 

and Popper 2006; Popper and Popper 2006). This proposal, known as the Buffalo Commons, was 

praised by some as farsighted, but local farming and ranching communities, who valued 

independence and private property, were concerned that it jeopardized their way of life. In 

contrast, conservation biologists view this proposal as a means for restoring ecosystem processes 

that have been absent for over a century, and as an opportunity for restoring bison and other 

grassland animals (Freese et al. 2007; Sanderson et al. 2008). This conflict need not exist. Bison 

can be understood not just as a conservation imposition, but as an agricultural option, offering a 

more sustainable way to live with the land. Conservation would follow as a byproduct of such a 

practice, rather than as an exclusionary goal. 

Agriculture is often viewed as a great threat to ecosystems because it requires large 

amounts of land that replace natural habitat, and because strict control of cultivated property 

interferes with the functioning of many wild species (Lemly, Kingsford, and Thompson 2000). 

Agriculture also utilizes a select suite of domesticated plants and animals, most of which are 

exotic. Nonnative species on wild lands are often considered invasive weeds or pests, but on 

cultivated lands they are desirable while native wildlife are not. These native weeds and pests 

can be anything from locusts and nematodes to magpies and prairie dogs, whether they are truly 

vermin or not (Miller et al. 2007). 
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In many parts of the world, wildlife is not only threatened by agriculture and 

development, it is also a limited source of food for growing populations. Empty forests resulting 

from the bushmeat crisis, most notorious in West and Central Africa, highlight this concern 

(Davies 2002). A grander, but similar, situation is occurring in the ocean. Fisheries, the world’s 

last great wild food source, are being harvested beyond sustainable rates. Some predict their 

global collapse by as soon as 2050 (Worm et al. 2006). A seemingly obvious solution has arisen 

in response to all these concerns, namely wildlife farming, of which the Buffalo Commons is a 

prime example. 

 

A brief natural history of bovines 

            Bovines are ruminants both adapted and bred for a variety of environments across the 

world. Southern Asia’s water buffalo (Bubalus bubalis) are one of the world’s few amphibious 

ruminants (FAO 1977). Their cousins, Sub-Saharan Africa’s Cape buffalo (Syncerus caffer) are 

adapted to the drier conditions of open woodlands (Estes 1991; Ryan, Knechtel, and Getz 2006). 

The aurochs (Bos taurus primigenius) once lived in Eurasia’s woodlands and lowlands, Asia’s 

savannas and shrublands, and North Africa’s deserts (S. J. G. Hall 2008; Lynch, Hamilton, and 

Hedges 2008). This species went extinct in the wild in 1627 (Mona et al. 2010), but was 

domesticated about 10,000 years ago, and became the Western, Indian, and African cattle of 

today (Beja-Pereira et al. 2006; Ajmone-marsan, Garcia, and Lenstra 2010; S. Chen et al. 2010). 

Western breeds, such as Angus and Highland cattle, inherited their western ancestors’ fitness for 

cold, moist woodland (van Vuure 2002; van Vuure 2005; Gander 2003; Kaufmann et al. 2013). 

Indian and African breeds, such as Brahman and Ankole cattle, inherited their ancestors’ greater 

disease resistance and adaptation to hot, open habitats that are either dry or humid (Hanotte et al. 
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2000; Huber et al. 2008; Desta, Ayalew, and Hegde 2011). Breeds of mixed ancestry, such as 

Iberian and Texas Longhorn cattle, are also suited to warm climates (McTavish et al. 2013). 

However, outside of these environments for which they are adapted, cattle struggle.  

The American bison (Bison bison) evolved in North America’s Great Plains, and thrives 

in its semi-arid grasslands (Lewis et al. 2007; Rivals, Solounias, and Mihlbachler 2007; Hill, 

Hill, and Widga 2008; Widga, Walker, and Stockli 2010). The Great Plains supported a 

population of 20-30 million bovines until 1885, when that number fell sharply to fewer than 100 

(Isenberg 2000; Freese et al. 2007; Sanderson et al. 2008; Hedrick 2009). Since 1950, the 

number of bovines in North America has risen to 100 million, about 30 million of which live in 

the bison’s historic range … only now it is domestic cattle (Bos taurus taurus) that graze on 

rangeland once occupied by plains bison (Bison bison bison) (Kelliher and Clark 2010; Kohl et 

al. 2013). Swapping the native wild bovine for an exotic domestic led to many problems. Unlike 

their native cousin, these exotic cattle have relied on human provisioning to survive the sporadic 

droughts and snowy winters that the Great Plains can bring. From the 1880s until today, 

countless cattle have died of thirst or hunger when conditions became too much to bear and 

people were unable to provide for them. 

After near extinction in the 1880s, the bison population gradually grew to 20,000 by the 

1930s. The population remained static until the 1970s, when it began to grow again (Freese et al. 

2007). As of 2010, it stands at 500,000 (Gates et al. 2010). About 20,000 of these bison, or 4%, 

remain in conservation herds, but most of the growth has been in commercial herds, making up 

the other 480,000, or 96% of the world’s North American bison. Such numbers are much 

improved from the mere one hundred bison left at the turn of the 20th Century, but still a far cry 

from what the plains ecosystem once supported. While the American West supported millions of 
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bison for many thousands of years, it is not clear that it can support more cattle for just a few 

hundred. 

 

Argument from sustainability 

 The Eastern United States is moderately to strongly mesic, supporting tallgrass prairie 

and woodlands (Ricklefs 1993). This part of the country is conducive to agriculture, because 

with all the moisture, crops grow more readily and animals can be fed and watered relatively 

easily. This environment also more closely mimics the European environment conducive to 

western cattle (Roever et al. 2015; Shabtay 2015). The shortgrass prairie to the west, however, 

receives significantly less precipitation, and this presents a challenge for applying traditional 

Western agriculture, including the use of most breeds of cattle. However, rather than adapting 

ranching practices to suit this environment, modern pastoralists have bent the environment to 

their will instead. 

The Great Plains now is not economically self-sufficient, and agribusiness as usual 

cannot go on like this indefinitely. Once the water in the Ogallala Aquifer has been depleted 

below usable levels, perhaps some 40 years from now, then it will be gone, and no amount of 

subsidy will overcome the physical limitations imposed on us by the environment (Sophocleous 

2000; Allen et al. 2008). Then there would no longer be enough water to irrigate plant 

monocultures for industrial farming, or to sustain the region’s 30 million cattle in feedlots. Thus, 

not only is the current agricultural system on the Great Plains economically unviable and 

inefficient, but it is not even ecologically sustainable. What is to be done? 

 One solution is to phase out entitlement subsides, and to restore the Great Plains to its 

native plant communities, followed by bison and other native wildlife. Tussock grasses stabilize 
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the soil with their strong, deep roots, and require less water than annual grasses (Samson and 

Knopf 1996; Samson et al. 2004). With forbs dispersed among them, they can support bison and 

other native game, such as elk and pronghorn. These animals are easy keepers, and can fend for 

themselves, obtaining food and water from their natural habitat. The females of these wild 

animals can give birth on their own, unlike highly derived domestic livestock breeds that require 

human aid during labor. In addition, all but the young, old, or sick of these species can defend 

themselves against predators by either fighting back or fleeing. Thus, they require little or no 

assistance from people (Yorks 1989). 

A number of related industries can be modified or erected to gain financially from these 

animals. One is to transition from cattle ranching to bison ranching, a process that is already 

somewhat underway. The 500,000 bison on the plains today number less than 2% of the 30 

million cattle that have taken their place, but they are poised to reclaim their former domain. 

Ranchers may be reluctant to switch to bison because cattle have more meat on their 

hindquarters than bison. However, the dressing percentage of bison is higher (Koch et al. 1995). 

Moreover, the meat of bison and other wild ruminants is leaner and healthier than that of highly 

derived cattle breeds, which is one reason there is demand for it (Driskell et al. 1997; Rule et al. 

2002; McDaniel et al. 2013). 

Cattle grow faster than bison, partly because the metabolic rate of bison decreases by 

about 25% during the winter months (Christopherson et al. 1978; Christopherson et al. 1979). In 

addition, like horses, wild Bactrian camels (Camelus ferus), and domestic Bactrian camels (C. 

bactrianus), bison are among the few mammals that can supplement their moisture intake by 

eating snow, and that have some ability to sweep away snow to feed on vegetation underneath 

(Daubenmire 1985; Van Vuren 1987; Walzer and Kaczensky 2005). In the wintertime, cattle 



65 
 

stand facing away from storms, but bison face into them instead, presenting their thickest 

insulation to the wind and snow. They may also walk directly into snowstorms, perhaps to 

shorten the length of time they must tolerate such conditions. These adaptations in bison are 

advantageous to people, because they mean that bison require less fodder in the winter, and 

fewer provisions from people (Reynolds and Hawley 1987; Hawley 1989).  Thus, bison stand to 

be profitable because they require fewer inputs (Hudson and Dezhkin 1989; Luxmoore 1989). 

Domestic animals are those that have been artificially selected for certain traits, 

especially docility. Cattle are domestic animals, and bison are not (Hawley 1989). Cattle can be 

confined with simple barbed-wire fences, while bison ranching requires more robust fencing 

(Lueck 2002). In both cases, fences can easily be modified without losing function to allow 

wildlife, such as pronghorn, to cross them (Scott 1992; Harrington and Conover 2006; Poor et al. 

2014). However, fencing in bison is the only aspect of bison ranching that is more expensive. 

Every other aspect calls for less input of capital. Abattoirs are the same for both species (Hawley 

1989), but cattle need more water and shelter, and polled cattle breeds also require protection 

against predators. Meanwhile, bison can take care of themselves. Because bison are so self-

sufficient, ranchers need not invest as much time or money into sustaining their herds. All they 

need do is leave their bison to pasture, and calmly round them up at harvest time (Hawley 1989; 

Grandin 2008). 

Both cattle and bison can be finished with grain in a feedlot, but this practice poses 

multiple problems for both species. This discussion deals with substituting bison for beef, so we 

will focus on feedlots that contain cattle, although there are others for sheep, pigs, horses, 

turkeys, chickens, and ducks. In fact, there are now even feedlots for bison, but as we will show, 

they are not suitable for them, either. The undesirable consequences of intensive, industrial-scale 
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animal husbandry in feedlots have been largely documented, but have yet to be alleviated (Lund 

2006; Balcombe 2009). In the current system, feedlots seem somehow necessary, because cattle 

are so ill-equipped to survive the natural conditions of the Great Plains without human 

intervention. Not so, however, with their native cousins, the bison. 

Modern feedlots rely on grain backgrounding and finishing to feed cattle. In the feedlot 

system, beef cattle are allowed to graze normally for their first year to year and a half of life, at 

which point the males are castrated. Now known as steers, they are transported to a CAFO, 

where they are kept at a much higher density than on pasture. Here, they are given a diet of 70-

90% grain for the last three to six months of life to accelerate their growth and maximize meat 

production. However, ruminants like cattle and bison are adapted to a diet of grasses, forbs, and 

browse, not grain, the starches of which can abnormally alter these animals’ gut microbiota and 

tissues (Waggoner and Hinkes 1986; Redburn et al. 2008; Painter and Ripple 2012). 

The feedlot system arose in the 1950s to increase convenience, reduce costs, and make 

meat more readily available (Wagner, Archibeque, and Feuz 2014). The advantages of this 

intensive practice are an increase in the growth of the livestock, and a decrease in space needed 

to support them. However, the feedlot system entails the added expense of the grain. As long as 

grain costs are low, grain-feeding also saves on transportation costs (Russell and Rychlik 2001; 

Fernando et al. 2010; Chen et al. 2011). The feedlot system also calls for more fuel consumption 

and oversight, and creates unsafe, inhumane conditions for animals, as well as lower quality food 

for people. Although its products appear to be cheaper for the consumer than those from pastured 

animals, this perception is an illusion. Government subsidies are what keep CAFOs afloat, and 

without them, they would be unable to compete with free-range cattle and other livestock 

(Alston, Sumner, and Vosti 2008). These subsidies also do not account for externalities like 
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animal waste, which on normal grazing pastures remains diffuse and serves as fertilizer. On 

feedlots, however, waste accumulates and becomes concentrated, turning into chemical and 

biological pollution that must be stored and transported away to avoid insect infestation and 

groundwater contamination. When it is not properly contained, waste from industrial farms and 

feedlots dumps some 4.6 million tons of pesticides and 38 billion tons of fertilizer worldwide 

each year (Pimentel et al. 1997; Pimentel 2005; Zhang, Jiang, and Ou 2011). However, instead of 

fertilizing the soil, this waste becomes runoff that pollutes the water table and rivers, traveling 

downstream to pollute far away areas as well. The Gulf of Mexico’s infamous “Dead Zone” is 

caused by an excess of nitrogen and phosphorus released from the Mississippi River, leading to 

algal blooms and hypoxic waters where zooplankton, fish, and marine birds and mammals 

cannot survive (Hanley 1990; Novotny 1999; Sneeringer 2009). 

Another problem is that feeding grain to herbivores can reduce the nutritional quality of 

their meat (Cordain et al. 2002). Grain-finished cattle have a less nutritious meat profile, with 

higher levels of fat and cholesterol, and lower levels of vitamins, antioxidants, omega-3 fatty 

acids, and conjugated linoleic acid than their grass-finished counterparts (Wood et al. 2004). This 

is to be expected, because not only does the ruminant digestive tract function better with 

herbivory than granivory, but ruminants (like most animals) also sequester nutrients from the 

organisms they eat in their tissues; the more nutritious their food, the more nutritious their flesh. 

The problem of lipid accumulation is exacerbated in derived breeds of cattle, which have been 

artificially selected for “marbling.” This condition was developed to improve taste, but really 

results from abnormally high levels of intramuscular fat (Harper and Pethick 2004). 

Finally, the risk of disease increases when cattle are not allowed to graze as they are 

adapted to do. Under artificial conditions, cattle are sometimes given high-protein feed that 
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includes brain and spinal cord from other cattle. This practice has led to the prion-caused disease 

known as bovine spongiform encephalopathy (BSE, or mad cow disease) in cattle, and 

subsequently variant Creutzfeldt-Jakob disease in humans who have eaten contaminated beef 

(Kimberlin and Wilesmith 1994; Brown et al. 2001). Herbivores may occasionally eat some 

animal matter to supplement their protein intake, but they are not cannibals, and eating large 

amounts of muscle and nervous tissue from their own or related species is completely alien to 

them. Understanding and appreciating the niche of cattle as ruminant herbivores – not 

cannibalistic omnivores – could have prevented the rise of BSE, and will likely be the greatest 

factor in the eradication of this infectious disease, as well as the prevention of others. 

Being ruminants, bovids like cattle and bison (as well as cervids like elk) have a four-

chambered stomach that houses symbiotic bacteria to help them digest the tough, cellulosic 

fibers of plants (Van Soest 1994). Their diet naturally consists of a great deal of roughage, which 

the bacteria break down to simpler compounds that their host can use for nutrition (Waggoner 

and Hinkes 1986; Redburn et al. 2008; Painter and Ripple 2012). Giving these animals a diet of 

grain is known to wreak havoc on this delicate micro-ecosystem. The high starch content of grain 

promotes the growth of certain bacteria that are normally not especially abundant, creating an 

imbalance of the microbial community known as dysbiosis. In response to this new resource, 

Gammaproteobacteria in the reticulorumen become more abundant, causing the host to shed 

enterohemorrhagic bacteria like Escherichia coli O157:H7, which can cause disease in humans 

when they contaminate meat (Krause and Oetzel 2006; Nagaraja and Titgemeyer 2007; Plaizier 

et al. 2008). These Gammaproteobacteria ferment starch and cause the pH of the reticulorumen 

(normally neutral) to drop to 5.0 or lower. This condition, known as ruminal acidosis, can cause 

anorexia, and if left untreated, can erode the walls of the reticulorumen, leading to infection and 
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even death of the ruminant host (Dyer and Newell 2002), (Greg Penner, personal 

communication). 

Such infections may be avoided by putting cattle back on forage a few days prior to 

slaughter, a practice that allows ruminal pH to rise back to neutral levels, and bacterial 

community composition to return to normal. However, animals are often given antibiotics 

instead or in addition to a more natural diet. Antibiotics are given to feedlot animals because they 

live at abnormally high densities, in unsanitary and stressful conditions that promote the spread 

of disease from one individual to another. Feedlots also administer prophylactic antibiotics to 

apparently healthy animals, to prevent them from developing infections in the first place. This is 

the reason feedlots use 80% of the antibiotics in the United States, much more than any other 

sector, as they are where most of the sickness resides. The problem is that such frequent, 

indiscriminate use of antibiotics tends to lead to the development of antibiotic-resistant bacteria, 

which can and have created untreatable infections not only in animals, but in people as well 

(Heuer, Schmitt, and Smalla 2011; Jechalke et al. 2014; Woolhouse and Farrar 2014). 

Being descended from the Eurasian aurochs, indicine and African cattle, such as Watusi, 

Brahman, and Iberian breeds do well in the deserts of the Southwest, while taurine cattle, like 

Angus, Hereford, and Holstein do well in the moist forests of the eastern United States. 

However, in the cold, semi-arid Great Plains, both lineages require assistance to survive and be 

of economic value. This is why taurine cattle prefer the cover of vegetation over open habitat, 

and loiter about streams, eroding the banks and clouding the water (Kohl et al. 2013). They must 

feed on forbs and drink frequently, for without this moisture, their health will decline (Fynn and 

O’Connor 2000). Cattle also eat nearly the same amount of food year round, and are unable to 

forage when the ground is covered in snow. In addition, the cows of highly derived breeds 
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require human assistance during labor. Furthermore, polled (hornless) cattle cannot defend 

themselves against carnivores like wolves. For these reasons, it takes more time, money, and 

effort to ranch cattle in the semi-arid Midwest. 

However, bison are superbly adapted to the grasslands of North America (Estes 1991). 

With their core range in the prairies, these animals can feed on perennial grasses, especially C4 

species (Vuren & Bray 1983; Damhoureyeh and Hartnett 1997; Towne et al. 2005), as well as 

forbs and browse (Waggoner and Hinkes 1986; Larter and Gates 1991; Painter and Ripple 2012; 

Bergmann et al. 2015), leading (Cannon 2001) to dub them “adaptive specialists.” In addition, 

bison do not spend much time near water. Although they usually need to drink daily, once they 

have had their fill, they leave the water behind (Allred et al. 2011; Kohl et al. 2013; Ranglack 

and du Toit 2015). For this reason, bison may be better able to adapt to climate change, which is 

expected to bring hotter temperatures and less precipitation to the Great Plains - changes that 

could lead to drought (Craine et al. 2015). A hotter, drier prairie would likely have a negative 

effect on many animals, including bison. However, bison would fare better under such conditions 

than woodland-adapted taurine cattle, while remaining more cold-tolerant than scrubland-

adapted indicine and African cattle. 

 Unlike derived breeds, the cows of primitive cattle and bison do not require assistance in 

giving birth, and are able to defend themselves against carnivores unless they are very young, 

old, or sick. Finally, like other wild bovines, bison can use their horns or hooves to defend 

themselves. Those breeds of domestic cattle that still have their horns retain this ability, but those 

bred or altered to be hornless (polled) are more vulnerable to carnivores than their intact 

brethren. 
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 Having evolved in the Great Plains, bison are able to live at equilibrium there. Indeed, 

like prairie dogs (Cynomys spp.), bison are considered a keystone species, because their activities 

have such a large effect on the structure and dynamics of prairie ecosystems (Knapp et al. 1999; 

Truett et al. 2001; Fahnestock and Detling 2002). Bison and cattle may be closely related, but 

their interactions with the prairie are not the same. Bison exhibit the behaviors of wallowing and 

horning, which are found in some other wild ungulates as well. Perhaps aurochs once performed 

these behaviors as well, but today, domestic cattle do not. When bison wallow, they rub their 

flank and belly on the earth, covering themselves in dust. This behavior probably serves to 

relieve itching, and the dust bath helps protect them against pests and parasites (Mooring and 

Samuel 1998). Wallowing can also serve as a social or agonistic display (McMillan et al. 2000; 

Trager et al. 2004). Bison also horn the ground, a behavior that likewise may be used for 

hygiene, communication, or relieving frustration (G. Bergmann, personal observations), but may 

also serve to expose soil minerals so they can be ingested (Beyer, Connor, and Gerould 1994). 

Mineral licks are an important resource for many herbivores, because they allow them to obtain 

nutrients lacking in their regular diet. Both wallowing and horning serve to create localized 

disturbances in the soil. These activities promote ecosystem diversity because they create gaps in 

stands of grass, as well as depressions where water can collect. This allows other types of 

vegetation to coexist with the dominant grasses, and this plant diversity in turn facilitates animal 

diversity. 

If bison were to replace conventional sources of animal protein, our society could be 

better provided with a healthy form of meat at a fraction of the economic, environmental, and 

animal welfare cost. Bison are better equipped to deal with the elements of a Western 

environment, and suffer less than cattle in the winter. Their adaptations mean that bison ranchers 
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do not have to force the animals into close quarters in winter, do not have to supply them with 

food to which they are not adapted to digest, and can essentially let the animals’ natural life cycle 

dictate an appropriate harvest. Ruminal acidosis can occur in other ruminants besides cattle, 

including their close relatives, the bison (Dyer and Newell 2002). For this reason, it is both 

cheaper and more beneficial for human consumers to allow both cattle and bison to forage as 

they are adapted to do, with western cattle in the cool, mesic parts of North America in the East, 

indicine and African cattle in the hot, arid parts of North America in the Southwest, and bison in 

the cold, semi-arid parts of North America in the West and Midwest. 

Thus, switching to bison and elk (indeed, back to bison and elk) solves multiple problems 

at once. By using native livestock that can graze in the open, we raise animals that are both 

healthier to eat and more benign for the environment. This benefit in turn allows ranchers and 

consumers alike to save money, because the main difference in investment for bison and elk as 

opposed to cattle is robust fencing. With such a system, little or nothing needs be spent on grain 

for fodder, environmental cleanup, or wildlife extermination. Moreover, because native ranching 

would take the place of monoculture where it is unsustainable, the government and the taxpayer 

would likewise save billions of dollars every year in fertilizer, pesticide, and herbicide costs. 

Bison are the native bovine of the Great Plains, and their presence is crucial to the resilience of 

the grassland ecosystem. In the long run bison can win, but cattle likely cannot. The Great Plains 

are not being managed in a sustainable manner, but bison conservation promotes the stability of 

prairie ecosystems, and bison ranching promotes the sustainable use of land for people as well. 

Protecting and utilizing bison are two sides of the same conservation coin. 
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Additional benefits to diversified ranching 

Pastoral cultures have long used livestock as wealth (Fratkin 1989; Roth 1996; Reading, 

Bedunah, and Amgalanbaatar 2006). America could think of a great herd of bison in a similar 

way. The bison would be a gold standard; a hardy species able to handle the inclemency of the 

North American climate, a source of national pride, a reservoir of resources, and keepers of vast 

portions of our continent. Ranching bison and other livestock for meat, byproducts, and 

ecotourism on restored, diverse prairie habitat stands to serve as a major source of income for 

rural and native people in the Great Plains. Diversified ranching and tourism have the potential to 

join the milieu of Great Plains industries, and to help make the region’s economy both 

prosperous and sustainable. 

North America’s indigenous peoples benefit greatly from bison ranching. Many 

American Indians lack a livelihood, relying instead on welfare. Unfortunately, much of the food 

they receive is of poor quality, being high in calories from fats and carbohydrates, but low in 

essential protein, vitamins, and minerals (Zontek 2007). Access to bison is important to 

American Indians, not only because the animals are of spiritual significance to them, but also 

because the meat is nutritious, especially for those with few other healthy foods. One non-profit 

organization, the InterTribal Buffalo Council (ITBC), serves 56 tribes in 19 states, and 

collectively owns more than 15,000 bison. The people affiliated with ITBC benefit from its 

administration, and many others stand to benefit as well. Many American Indian tribes are 

restoring bison to their reservations under the ITBC because they understand and appreciate the 

bison as part of their identity. Other Americans would be wise to follow their lead, and recognize 

the bounty of resources, both natural and cultural, that bison offer. A great herd of bison supports 



74 
 

the pursuit of various aspects of American pride and identity; they can be hunted, they offer an 

environment that is both aesthetically and ecologically continuous, and they maintain their 

ecosystem. Bison literally define the landscape, both creating and representing a wild and 

abundant region. 

 Promoting animal welfare is another reason to switch from intensive industrial farming to 

sustainable diversified ranching. Regardless of one's ethical theory, causing suffering to sentient 

animals for no good reason will likely be seen as wrong (Callicott 1988; Sumner 1988; Russow 

2002). The current norms of meat mass production necessitate that livestock, such as cows and 

chickens, will have horrible lives (Rushen and Passillé 1992). The philosophical discourse on 

animal welfare has presented many criticisms of this, ranging from utilitarian objections to the 

causing suffering, to deontological concerns for animal autonomy (Bennett et al. 2002; Broom 

2008; Veissier and Forkman 2008). This debate is far from settled, but few would likely argue 

that, all else being equal, less animal suffering would be bad. Ordinary intuition suggests that if 

we did not need to make animals suffer to gain the instrumental value of meat consumption, then 

that would be a good thing (Gregory 1998). Unlike cattle, bison can live relatively natural lives 

in North America, unencumbered by humans, and with a high level of welfare. Bison ranching 

requires little human-inflicted suffering to give meat markets an equivalent amount of protein to 

what is currently provided through the needless torture of millions of similar animals. 

With a conservation ethic, the prairie could be restored on a grand scale, but still 

harvested sustainably. Charismatic megafauna would allow for comprehensive conservation of 

wildlands, while also allowing for concurrent diversified ranching. This would be good for bison, 

elk, and other animals, and it would be good for people, too. The integrity of the ecosystem in 

which animals and people live is worthy of protection, for wildlife have intrinsic value as 
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lifeforms with interests, and as sentient beings with the capacity to suffer (Leopold 1949; Varner 

1998). Therefore, it is our moral imperative to support not only people in the Great Plains, but 

also the native animals there and the prairie they inhabit. 

Wildlife Services (formerly Animal Damage Control, a program of USDA-APHIS) 

needlessly traps and poisons thousands of wild animals regarded as pests each year (Licht 1994a; 

Licht 1994b; Licht 1997). These include small herbivores like prairie dogs (Cynomys spp.). 

Although these animals do have significant niche overlap with larger grazers, at natural 

population densities prairie dogs can actually improve range quality for wild ungulates like 

bison, pronghorn, and elk (Coppock et al. 1983; Krueger 1986; Miller et al. 2007; Chipault and 

Detling 2013), and even for domestic livestock like cattle (O’Meilia, Knopf, and Lewis 1982; 

Miller et al. 2007; Sierra–Corona et al. 2015). However, most of the victims of Wildlife Services 

are carnivores, such as cougars, lynx, bobcat, black bears, grizzly bears, wolves, coyotes, red 

foxes, kit foxes, gray foxes, badgers, black-footed ferrets, and raccoons. Killing predators in 

defense of livestock is justifiable, but persecuting the carnivore guild in anticipation of predation 

is unnecessarily cruel, especially when most of these carnivores are too small to pose a threat to 

livestock, and are valuable in suppressing the populations of their prey animals (Korpimaki and 

Krebs 1996; Roemer et al. 2009; Elmhagen et al. 2010). Large carnivores (cougars, wolves, and 

bears) pose a greater threat to polled cattle than horned cattle (Goonewardene et al. 1999; 

Stankowich and Caro 2009; Knierim et al. 2015) or bison (Carbyn and Trottier 1988; Green and 

Rothstein 1993; Varley and Gunter 2002), both of which are better able to defend themselves 

against predators by virtue of their natural weaponry. Using naturally fit livestock not only 

makes ranching less labor-intensive, it also makes it more compatible with the surrounding 

ecosystem. 
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Bison and elk offer a path toward comprehensive prairie conservation. As both a 

keystone species and a charismatic umbrella species, bison can promote the protection of plains 

habitat and vegetation, as well as other important herbivores, such as prairie dogs, pronghorn, 

elk, mule deer, and whitetail deer. Moreover, relying on these robust animals would allow people 

to reduce or cease the extermination of small and large carnivores, a measure that would spare 

both expense and suffering. Thus, we would be able to stop persecuting not only black-footed 

ferrets, badgers, foxes, coyotes, and bobcats, but also wolves, cougars, and bears. These animals 

would not be considered such a grave threat if our livestock could defend themselves. 

Using bison instead of crops or cattle would facilitate the restoration of native prairie 

grasses and forbs, which stabilize topsoil and prevent erosion and dust storms. Bison are not 

immune to droughts, but need less water than western cattle (van Vuren 1983; Fuhlendorf, 

Allred, and Hamilton 2010; Allred, Fuhlendorf, and Hamilton 2011; M. T. Kohl et al. 2013), 

while being more tolerant of the cold than indicine and African cattle (Christopherson, Hudson, 

and Richmond 1978; Christopherson, Hudson, and Christophersen 1979). In Western and Plains 

states, an agricultural system centered on bison and elk ranching would be more resistant to 

environmental stressors than one based on tillage, and would help prevent another Dust Bowl 

like that of the 1930s from appearing. With bison as livestock, ranchers would not need to be as 

involved in the operations of their pastures, and would be able to take a more hands-off 

approach, allowing a wide range of wild species to flourish nearby, without being threatened by 

these other animals. 
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Concerns 

Around the turn of the 20th Century, when bison were critically endangered, some 

ranchers rescued them but enforced hybridization with domestic cattle (Geist 1996; Isenberg 

2000; Lott 2002; Zontek 2007), producing animals known as “cattalo.” The resulting female 

offspring were fertile, but not so the males, a pattern seen in many interspecific hybrids, known 

as Haldane’s Rule (Haldane 1922). This setback led to the abandonment of the project, although 

some ranchers still intentionally breed “beefalo,” a hybrid that is 3/8 bison and 5/8 cattle (Drew 

and Baskin 1989). In both cases, the purpose of this artificial crossing was to obtain livestock 

with the toughness of bison, but the yield of cattle. 

Such historical practices have complicated bison conservation today, when most bison 

exhibit 3-5% cattle gene introgression, meaning that although they look and behave like pure 

bison, they carry a small percentage of cattle genes from when their ancestors were hybridized 

with cattle a century ago. Such bison have no recent history of hybridizing with cattle, but carry 

some genes from that event in the past (Todd J. Ward et al. 1999; T J Ward et al. 2001; Kiesow, 

Kasmarik, and Binstock 2011). Cattle introgression has been detected in nuclear and 

mitochondrial DNA from both commercial and conservation herds, but the phenomenon is more 

prevalent in the former. For this reason, conservation and commercial herds are kept separate and 

not allowed to interbreed. Only a few herds remain with no evidence of cattle introgression, 

including those of the Yellowstone and Wind Cave National Parks (Halbert et al. 2005; Halbert 

and Derr 2007). 

The phenotypic effects of cattle introgression on American bison have been little studied, 

although American bison with cattle introgression have been shown to be smaller than pure 

American bison (Derr et al. 2012). However, the effect of this difference on fitness has yet to be 



78 
 

demonstrated, and in other respects, bison with cattle introgression appear to be as healthy as 

pure bison. This is similar to what is seen in other mammals with gene introgression from related 

species, such as coyotes (Canis latrans) with introgression from wolves and dogs (C. lupus) 

(Kays, Curtis, and Kirchman 2009; P. J. Wilson et al. 2012; Wheeldon et al. 2013), and humans 

(Homo sapiens) with introgression from Neanderthals (H. neanderthalensis) (Mendez et al. 

2012; Mendez et al. 2013; Ding et al. 2014a; Ding et al. 2014b). None of this is to say that 

introgression should be encouraged, but rather if it has occurred, it is not necessarily detrimental, 

and may actually be adaptive (Evans et al. 2006; Abi-Rached et al. 2011; Hedrick 2013; Racimo 

et al. 2015). 

American bison were reduced from some 30 million to less than 100 in the 19th Century, 

causing some reduction in their genetic diversity (Freese et al. 2007; Hedrick 2009; Gates et al. 

2010; Hedrick 2010). Today’s population of about 500,000 represents a conservation success, 

but only a partial recovery, as there are still only about 1/60th as many bison as there were just 

over a century ago. Only a few thousand of these bison in conservation herds are considered 

genetically pure, and the rest – in conservation and commercial herds alike – have some level of 

cattle gene introgression. Given the compromised gene pool and relatively small population size 

of American bison, we cannot afford to ignore the vast majority of bison alive today, especially 

when gene introgression is not necessarily harmful (Hawks 2007). 

Even without cattle gene introgression, some conservationists are concerned that 

commercial bison ranching may cause bison to become extinct in the wild, as happened with 

aurochs, or to remain extant but vulnerable or endangered, like the wild conspecifics of some 

other livestock (sheep, goat, yak, gaur, water buffalo, camel, llama, alpaca, horse, and ass) 

(Luxmoore 1989). This need not be the case, however. Boar (Sus scrofa) and reindeer exist both 
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in the wild and in captivity, and can continue to do so as long as they are not threatened by 

overhunting or habitat loss. 

The last concern is that commercial ranchers will domesticate the bison, altering its 

behavior and morphology for increased financial gain (“less hump, more rump”) (Lott 2002). 

Unlike many other bovine species such as cattle (Bos taurus), yak (B. grunniens), gaur (B. 

frontalis), and water buffalo (Bubalus bubalis), the American and European bison (Bison spp.) 

have never been domesticated, and may not have the potential for domestication. It may be 

possible to selectively breed bison for different characteristics (Sanderson et al. 2008; Gates et al. 

2010). However, this need not be the case, for it is feasible and even desirable to continue 

keeping them as wild livestock, without ever altering or domesticating them. Bison that have 

been artificially selected for certain traits should be kept separate from wild populations to 

prevent genetic pollution. However, many bison ranchers want to preserve the wildness of bison, 

because they value their toughness and want them to be able to forage naturally, defend 

themselves against carnivores, and calve on their own (Dave Carter, Executive Director of 

National Bison Association, personal communication). Such ranchers can be great allies to 

conservation biologists and wildlife managers in efforts to restore bison, and may be the great 

catalyst that refills the plains with bison, elk, and other animals once again. 

 

Wildlife livestock 

The idea of using wildlife as a sort of stock is not novel. Fish stocking, particularly of 

salmon in the Pacific Northwest, offers an ambitious example. Each year, millions of salmon 

(Oncorhynchus spp.) are released into the streams, to be fished recreationally and commercially 

from April to October (Stouder et al. 1997). Terrestrial wildlife can be used in a similar but 
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subtler way. Wild game ranching has been around since Ancient times in Eurasia, and resumed 

during the 1960s in parts of Eurasia, Africa, North America, and Australia (Drew, Bai, and 

Fadeev 1989; Fletcher 1989). 

Wild ungulates have been naturally and not artificially selected, so they have certain 

advantages over domestic livestock, such as resistance to drought and disease, and higher 

dressing percentages. In addition, several different ungulate species can be kept on the same 

range. Because they occupy different niches (browsers, grazers, and mixed feeders), they 

compete little and can utilize resources more efficiently and completely than can large herds of 

the same species (Hudson and Dezhkin 1989; Watson and Owen-Smith 2000). However, a 

disadvantage is that wild ungulates are typically more agile and more difficult to enclose or 

capture. Unless care is taken to keep them calm and accessible, and unless they are speedily 

dispatched, the quality of their carcass can be affected (John D. Skinner 1989; Carruthers 2008). 

Nevertheless, wild ungulates provide meat to people who live in areas ill-suited to livestock of 

Central Eurasian origin, such as cattle, sheep, and goats. Reindeer are a circumpolar species, 

some of which have remained wild, while others have been used as semi-domesticated livestock 

in Eurasia since at least the 1600s CE, and perhaps as early as 800 CE (Andersen 2011). 

 The African nations of Kenya, South Africa, and Zimbabwe have been pursuing private 

game ranching as an economically viable means of conserving wildlife since the 1960s. Most of 

this sector consists of recreational hunting (66%), and the trade in meat makes up only 1%. Of 

this, only a fraction comes from fresh meat, with the majority coming from biltong, or cured 

meat (Carruthers 2008). A number of species are used in this industry, including ostrich, 

common and giant eland, greater kudu, springbok, bontebok, blesbok, and Cape buffalo. Since 

the 1970s, South Africa and Zimbabwe have been ranching the native common eland 
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(Taurotragus oryx) and giant eland (T. derbianus) as an alternative to Africa’s already drought-

tolerant breeds of domestic cattle. Although they do not form large herds like cattle, eland can 

forage on the native vegetation, without provisioning or protection. In fact, while cattle are 

grazers, eland are browsers, so the two species partition their environment and can be maintained 

in the same area without much competition (Watson and Owen-Smith 2000). Like American 

bison, eland are more agile than domestic cattle, so modified fencing is required to keep them 

confined in a given pasture. Otherwise, however, maintaining them is not labor-intensive or cost-

intensive. Thus, African ranchers have benefited by diversifying their livestock with these native 

herbivores. 

Since the 1980s, Australia has also been involved in sustainable wildlife enterprises to 

diversify their animal resource base. Like Africa and North America, Australia is characterized 

by large areas of arid and semi-arid land inhospitable to domestic livestock. Although still not 

commonly harvested, emus (Dromaius novaehollandiae), kangaroos (Macropus spp.), and feral 

dromedary camels (Camelus dromedarius) are abundant, and Australians are increasingly 

turning to them as alternative sources of meat. The meat of emus and kangaroos is both 

nutritious and palatable, and Aborigines have been hunting them for thousands of years (Adams 

et al. 1997; Moloney et al. 2011; G. Wilson et al. 2013). Dromedaries were introduced to 

Australia in 1840, and now number about one million (Spencer and Woolnough 2010). All three 

of these species are adapted to dry environments, need no supplemental food or water, and are 

lighter on the land than cattle. 

In South America, people have been using the native lamine camelids for thousands of 

years. About 6,000 years ago, the wild guanaco was domesticated into the llama, and the wild 

vicuña into the alpaca, with hybridization occurring between the two domestic forms along the 
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way (Stanley, Kadwell, and Wheeler 1994; Kadwell et al. 2001; J. C. Wheeler 2012; Barreta et 

al. 2013). Both animals are widely used in South America today, and have even been exported 

elsewhere. Wild guanacos once numbered 30-50 million, but after extensive hunting and some 

recovery, now number only about 600,000 (Raedeke 1979; Lauenroth 1998; Coates and Ayerza 

2004; Marin et al. 2008). However, today live-shearing of guanaco wool allows these animals to 

be used sustainably, and could allow their numbers to increase (Lichtenstein and Carmanchahi 

2012; Carmanchahi et al. 2011; Rey et al. 2012; Carmanchahi et al. 2014). There were once 

millions of greater rhea and Darwin’s rhea on the South American Pampas, but overhunting and 

habitat loss have caused them to become near-threatened (Conway 2005). However, like the 

ostrich and emu, local farmers now raise them for their meat, eggs, hide, feathers, and oil (Sales 

et al. 1999; Navarro et al. 2001; Uhart and Milano 2002). 

What’s more, game ranches in the USA, UK, Ukraine, and Russia have taken up ranching 

some of these exotic animals as well. In addition to Eurasian livestock, they now have access to 

ostrich, emu, rhea, llama, alpaca, and common eland. These animals make up smaller markets 

outside of their native countries, but demand has grown. Since the 1960s, exotic game ranches in 

Texas and elsewhere in the United States have supported numerous species of deer, antelope, 

sheep and goats, bovines, and other ungulates for the purposes of conservation, hunting, and 

meat production (Mungall 2007). This practice takes place legally on private land, and may even 

be morally justified. However, the impetus for restoring native megafauna or their proxies (J. 

Donlan et al. 2005; C. J. Donlan et al. 2006) should be at least as strong if not stronger. 

Ironically, although American farmers do use the native turkey, the bison garners only a 

small market share in the United States, even though they perform well in their native habitat. If 

there is a place in American ranching for domestic animals such as chickens and cattle, and 
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exotic animals such as emu and alpaca, then surely there must also be a place for wild, native 

animals like bison and elk. American ranchers and the systems they manage stand to benefit 

from native animals, just as those in Eurasia, Africa, and Australia have done with their own. 

 

 

Implementing policy 

Comprehensive prairie conservation with sustainable, diversified ranching could be put 

into effect in the Great Plains through a series of steps. First, exclusive rights for ranching 

domestic cattle on the shortgrass steppe could be gradually removed, as would subsidies for 

industrial crops and feedlots. In their place, tax breaks would be initially offered for people to 

restore native prairie grasses, forbs, and woody vegetation, and to ranch native bison and elk. 

Again, these activities would not be required, only incentivized. In a few years’ time, once 

populations had become established, such incentives could be removed, leaving funds only for 

relief and grants, and making the Great Plains economically viable once more. Because wildlife 

in the core-buffer areas would proliferate, such operations would have the opportunity to absorb 

animals migrating on their property as part of their commercial herds. Diseases like brucellosis, 

bovine tuberculosis, malignant catarrhal fever, Johne’s disease, and others would of course be 

monitored, prevented, and controlled as needed. With such a system in place, the Great Plains 

would become self-sufficient and sustainable in only a few years. 

 

Conclusion: argument from American identity 

Bison are intricately tied to American identity. For many people the shaggy beasts are 

merely a nostalgic, collective memory, but they need not be. Just as Americans have chosen to 
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deliberately and decisively protect other aspects of American heritage, be it natural grandeur 

(Yosemite National Park) or cultural history (ranching culture), the Great Plains can be preserved 

as an aspect of American identity as well. 

One main issue is tolerance. The authors’ community of Boulder, Colorado, known for 

being environmentally astute, recently rejected a plan to reintroduce a small herd of bison into its 

city limits (Meltzer 2012). Ted Turner offered twenty young bison to the town as a gift, partly 

for its location in the American West, and partly because the mascots of the University of 

Colorado, Boulder are Ralphie, a real bison, and Chip, an anthropomorphic one. The town 

rejected the plan for various reasons: concerns with cost, unsatisfactory location, public 

disapproval of fencing, and restrictions the bison would place on Open Space. Despite the 

identification with and celebration of the animal as a symbol, the city was not willing to make 

concessions or sacrifices to share their space with these animals. Arguments for tolerance may be 

more palpable if Boulderites and other Americans, particularly of the Great Plains region, 

consider bison a part of their identity. Bison are the American bovine. They are the emblematic 

animal of America’s heartland. They are distinct to the continent and the region, and offer 

Americans the chance to identify with their natural home in a number of ways.  

Meanwhile, countries in Eurasia are ahead of the United States in their Pleistocene 

rewilding programs (Fraser 2009; Monbiot 2013). Scimitar-horned oryx (Oryx dammah) have 

been successfully reintroduced to Saudi Arabia, and thanks to the Rewilding Europe program, 

primitive Konik horses (similar to the extinct tarpan subspecies) and primitive Heck cattle 

(similar to the extinct aurochs subspecies) have been reintroduced to the Netherlands, as have 

horses and cattle, in additional to wisent or European bison (Bison bonasus) been reintroduced to 

Latvia (Marris 2009; Navarro and Pereira 2012; Gross 2013; Seddon et al. 2014). Primitive 



85 
 

horses have also been reintroduced to the Danube Delta, and so have wisent and brown bears 

(Ursus arctos) been reintroduced to the Carpathian Mountains. Chamois (Rupicapra rupicapra) 

and griffon vultures (Gyps fulvus) have also been reintroduced to Croatia, and horses, Iberian 

ibex (Capra pyrenaica), and Iberian lynx (Lynx pardinus) have been reintroduced to the Iberian 

Peninsula. In addition, Sergey and Nikita Zimov operate the renowned Pleistocene Park in 

Siberia, where they have reintroduced moose (Alces alces), elk, reindeer, musk oxen (Ovibos 

moschatus), wisent, and horses (Zimov 2005). 

Gary Snyder and Gary Paul Nabhan, among many others, have called for an 

environmentalism stemming from a connection to place. By “living in place” and being aware of 

both the local environment and its restrictions, one can better harmonize with and embrace one’s 

surrounding native species and climate (Snyder 2008; Gary Paul Nabhan 2012). This movement, 

bioregionalism, inspires one to live better in coordination with the natural environment, rather 

than to sidestep or conquer it with technology. Snyder encourages Americans to become “native” 

Americans, to live as Americans rather than as Europeans in America. One way to be bioregional 

is to change one’s eating habits, and to eat what grows well near you: salmon in the Northwest, 

lobster in the Northeast, elk in the Mountain West, moose in the North, deer in the East, and 

bison in the Great Plains.  

Environmentalists increasingly focus on food. Organic and local food movements are 

motivated by concerns for the health of both our environment and ourselves. Renewing 

America’s Food Traditions [RAFT] and other organizations promote local food cultures so that 

they are not lost, and so that people can live lighter on the land. This approach is as much about 

saving tradition and cultural identity as about protecting the environment. A great herd of bison 

would offer a fundamental food source for a huge bioregion of this continent: a “Buffalo Nation” 
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(Zontek 2007). Such a project, and coordination of its stakeholders, would protect not just the 

bison and their ecosystem, but also forty-seven traditional foods currently threatened or 

endangered, including Lakota squash, Lola Queen peach, and the Texas wild pecan (Nabhan and 

Rood 2004). This emphasis on food is simultaneously pragmatic and principled, because 

including sustenance in our conception of nature ties us to our environment, both biologically 

and ideologically. 

 

Final statement 

 There is an urgent need to reform land use practices in the Great Plains. Not only are 

prairie habitats and their flora and fauna endangered, but current means of procuring precious 

food are unsustainable and have long been part of boom-and-bust cycles, environmental 

degradation, poverty, and emigration. Finding suitable areas for restoring prairie and using 

diversified livestock, such as bison and elk, will prove invaluable as sources of food, 

employment, education, recreation, and spirituality. Large, continuous, and interconnected 

expanses of suitable habitat are needed for fostering conservation, sustainable agriculture, and 

interchange between the two. It is great news that the Northern Great Plains is currently involved 

in large-scale prairie restoration, but the Southern Great Plains should not be overlooked in this 

regard. Allocating resources toward the procurement and protection of a Great Plains habitat 

network for private and public gain should be a priority of this and future administrations. 

  



87 
 

BIBLIOGRAPHY 

Abdallah Ismail, Nagwa, Shadia H. Ragab, Abeer Abd Elbaky, Ashraf R.S. S Shoeib, Yasser 

Alhosary, Dina Fekry, and Nagwa Abdallah Ismail. 2011. “Frequency of Firmicutes and 

Bacteroidetes in Gut Microbiota in Obese and Normal Weight Egyptian Children and 

Adults.” Archives of Medical Science : AMS 7 (3) (June): 501–507. 

doi:10.5114/aoms.2011.23418. 

Abi-Rached, L, Mj Jobin, S Kulkarni, Bm Henn, A McWhinnie, K Dalva, L Gragert, et al. 2011. 

“The Shaping of Modern Human Immune Systems by Multiregional Admixture with 

Archaic Humans.” Science 334 (OCTOBER): 89–95. doi:10.1126/science.1209202. 

Adams, Charlie, Helen C. Brittin, Linda C. Hoover, C. Kenny Wu, and Lynn Huffinan. 1997. 

“Emu: A Possible New Red Meat Alternative.” Journal of Restaurant and Food Service 

Marketing 2 (3): 67–74. 

Ajmone-marsan, Paolo, Jose Fernando Garcia, and Johannes A Lenstra. 2010. “On the Origin of 

Cattle : How Aurochs Became Cattle and Colonized the World” 157: 148–157. 

doi:10.1002/evan20267. 

Albon, SD D., and Rolf Langvatn. 1992. “Plant Phenology and the Benefits of Migration in a 

Temperate Ungulate.” Oikos 65 (3): 502–513. 

Allen, V. G., C. P. Brown, E. Segarra, C. J. Green, T. a. Wheeler, V. Acosta-Martinez, and T. M. 

Zobeck. 2008. “In Search of Sustainable Agricultural Systems for the Llano Estacado of the 

U.S. Southern High Plains.” Agriculture, Ecosystems and Environment 124 (1-2): 3–12. 

doi:10.1016/j.agee.2007.08.006. 

Allred, Brady W., Samuel D. Fuhlendorf, and Robert G. Hamilton. 2011. “The Role of 

Herbivores in Great Plains Conservation: Comparative Ecology of Bison and Cattle.” 



88 
 

Ecosphere 2 (3) (March): art26. doi:10.1890/ES10-00152.1. 

Alston, Julian M., Daniel a. Sumner, and Stephen a. Vosti. 2008. “Farm Subsidies and Obesity in 

the United States: National Evidence and International Comparisons.” Food Policy 33 (6) 

(December): 470–479. doi:10.1016/j.foodpol.2008.05.008. 

Altschul, Stephen F., Warren Gish, Webb Miller, Eugene W. Myers, and David J. Lipman. 1990. 

“Basic Local Alignment Search Tool.” Journal of Molecular Biology 215 (3) (October): 

403–410. doi:10.1016/S0022-2836(05)80360-2. 

Andersen, Oddmund. 2011. “Reindeer-Herding Cultures in Northern Nordland, Norway: 

Methods for Documenting Traces of Reindeer Herders in the Landscape and for Dating 

Reindeer-Herding Activities.” Quaternary International 238 (1-2): 63–75. 

doi:10.1016/j.quaint.2010.09.007. 

Archer, Steve, M. G. Garrett, and James K. Detling. 1987. “Rates of Vegetation Change 

Associated with Prairie Dog (Cynomys Ludovicianus) Grazing in North American Mixed-

Grass Prairie.” Vegetatio 72 (3): 159–166. doi:10.1007/BF00039837. 

Armstrong, David M. 1997. “Review of Ecology & Economics of the Great Plains by Daniel S. 

Licht.” Great Plains Research 7 (2): 363–365. 

Asplund, J.M. 1994. Principles of Protein Nutrition of Ruminants. Edited by J.M. Asplund. First. 

Boca Raton, Florida: CRC Press. 

Bai, Yongfei, Jianguo Wu, Qingmin Pan, Jianhui Huang, Qibing Wang, Fusheng Li, Alexander 

Buyantuyev, and Xingguo Han. 2007. “Positive Linear Relationship between Productivity 

and Diversity: Evidence from the Eurasian Steppe.” Journal of Applied Ecology 44 (5): 

1023–1034. doi:10.1111/j.1365-2664.2007.01351.x. 

Balcombe, Jonathan. 2009. “Animal Pleasure and Its Moral Significance.” Applied Animal 



89 
 

Behaviour Science 118 (3-4): 208–216. doi:10.1016/j.applanim.2009.02.012. 

Barnett, Ross, Beth Shapiro, Ian Barnes, Simon Y W Ho, Joachim Burger, Nobuyuki 

Yamaguchi, Thomas F G Higham, et al. 2009. “Phylogeography of Lions (Panthera Leo 

Ssp.) Reveals Three Distinct Taxa and a Late Pleistocene Reduction in Genetic Diversity.” 

Molecular Ecology 18 (8) (April): 1668–77. doi:10.1111/j.1365-294X.2009.04134.x. 

Barnosky, Anthony D, Paul L Koch, Robert S Feranec, Scott L Wing, and Alan B Shabel. 2004. 

“Assessing the Causes of Late Pleistocene Extinctions on the Continents.” Science (New 

York, N.Y.) 306 (5693) (October 1): 70–5. doi:10.1126/science.1101476. 

Barreta, J., B. Gutiérrez-Gil, V. Iñiguez, V. Saavedra, R. Chiri, E. Latorre, and J. J. Arranz. 

2013. “Analysis of Mitochondrial DNA in Bolivian Llama, Alpaca and Vicuna Populations: 

A Contribution to the Phylogeny of the South American Camelids.” Animal Genetics 44 (2): 

158–168. doi:10.1111/j.1365-2052.2012.02376.x. 

Beck, Jeffrey L, and James M Peek. 2005. “Great Basin Summer Range Forage Quality: Do 

Plant Nutrients Meet Elk Requirements?” Western North American Naturalist 65 (4): 516–

527. 

Beja-Pereira, Albano, David Caramelli, Carles Lalueza-Fox, Cristiano Vernesi, Nuno Ferrand, 

Antonella Casoli, Felix Goyache, et al. 2006. “The Origin of European Cattle: Evidence 

from Modern and Ancient DNA.” Proceedings of the National Academy of Sciences of the 

United States of America 103 (21) (May 23): 8113–8. doi:10.1073/pnas.0509210103. 

Bekenov, A. B., IU. A. Grachevand, and E. J. Milner-Gulland. 1998. “The Ecology and 

Management of the Saiga Antelope in Kazakhstan.” Mammal Review 28 (1): 1–52. 

doi:10.1046/j.1365-2907.1998.281024.x. 

Belzecki, G, R Miltko, E Kwiatkowska, and T Michalowski. 2013. “The Ability of Rumen 



90 
 

Ciliates, Eudiplodinium Maggii, Diploplastron Affine, and Entodinium Caudatum, to Use 

the Murein Saccharides.” Folia Microbiologica 58 (6) (November): 463–8. 

doi:10.1007/s12223-013-0231-0. 

Bennett, R. M., J. Anderson, and R. J P Blaney. 2002. “Moral Intensity and Willingness to Pay 

Concerning Farm Animal Welfare Issues and the Implications for Agricultural Policy.” 

Journal of Agricultural and Environmental Ethics 15 (2): 187–202. 

doi:10.1023/A:1015036617385. 

Bergmann, Gaddy T, Scott T Bates, Kathryn G Eilers, Christian L Lauber, J Gregory Caporaso, 

William A Walters, Rob Knight, and Noah Fierer. 2011. “The under-Recognized 

Dominance of Verrucomicrobia in Soil Bacterial Communities.” Soil Biology & 

Biochemistry 43 (7) (July): 1450–1455. doi:10.1016/j.soilbio.2011.03.012. 

Bergmann, Gaddy T., Joseph M. Craine, Michael S. Robeson, and Noah Fierer. 2015. “Seasonal 

Shifts in Diet and Gut Microbiota of the American Bison (Bison Bison).” Plos One 10 (11): 

e0142409. doi:10.1371/journal.pone.0142409. 

Beyer, W Nelson, Erin E Connor, and Sarah Gerould. 1994. “Estimates of Soil Ingestion by 

Wildlife.” The Journal of Wildlife Management 58 (2): 375–382. doi:10.2307/3809405. 

Bibi, Faysal. 2007. “Origin, Paleoecology, and Paleobiogeography of Early Bovini.” 

Palaeogeography, Palaeoclimatology, Palaeoecology 248 (1-2): 60–72. 

doi:10.1016/j.palaeo.2006.11.009. 

Bibi, Faysal, and Elisabeth S Vrba. 2010. “Unraveling Bovin Phylogeny: Accomplishments and 

Challenges.” BMC Biology 8 (January): 50. doi:10.1186/1741-7007-8-50. 

Bigalke, R C, G B Hartl, M P S Berry, and H J Vanhensbergen. 1993. “Population Genetics of 

the Springbok Antidorcas Marsupialis - a Preliminary Study.” Acta Theriologica 38: 103–



91 
 

111. 

Biondini, Mario E, Allen A Steuter, and Robert G Hamilton. 2013. “Bison Use of Fire-Managed 

Remnant Prairies.” Journal of Range Management 52 (5): 454–461. 

Bischof, Richard, Leif Egil Loe, Erling L Meisingset, Barbara Zimmermann, Bram Van Moorter, 

and Atle Mysterud. 2012. “A Migratory Northern Ungulate in the Pursuit of Spring: 

Jumping or Surfing the Green Wave?” The American Naturalist 180 (4) (October): 407–24. 

doi:10.1086/667590. 

Bocherens, Hervé, Emilia Hofman-Kamińska, Dorothée G. Drucker, Ulrich Schmölcke, and 

Rafał Kowalczyk. 2015. “European Bison as a Refugee Species? Evidence from Isotopic 

Data on Early Holocene Bison and Other Large Herbivores in Northern Europe.” Plos One 

10 (2): e0115090. doi:10.1371/journal.pone.0115090. 

Bodmer, Richard E. 1990. “Ungulate Frugivores and the Browser-Grazer Continuum.” Oikos 57: 

319–325. 

Booijink, Carien C G M, Erwin G Zoetendal, Michiel Kleerebezem, and Willem M de Vos. 

2007. “Microbial Communities in the Human Small Intestine: Coupling Diversity to 

Metagenomics.” Future Microbiology 2 (3) (June): 285–95. doi:10.2217/17460913.2.3.285. 

Booyse, Dirk G., and Burk a. Dehority. 2012. “Protozoa and Digestive Tract Parameters in Blue 

Wildebeest (Connochaetes Taurinus) and Black Wildebeest (Connochaetes Gnou), with 

Description of Entodinium Taurinus N. Sp.” European Journal of Protistology 48 (4): 283–

289. doi:10.1016/j.ejop.2012.04.004. http://dx.doi.org/10.1016/j.ejop.2012.04.004. 

Bredenkamp, G J, G J Bredenkamp, F Spada, F Spada, E Kazmierczak, and E Kazmierczak. 

2002. “On the Origin of Northern and Southern Hemisphere Graslands.” Plant Ecology 163 

(Veevers 1989): 209–229. 



92 
 

Brinkley, Douglas. 2009. “The Conservationist President and the Bully Pulpit for Forestry.” In 

The Wildness Warrior: Theodore Roosevelt and the Crusade for America, First, 396–430. 

New York: HarperCollins. 

Broom, Donald M. 2008. “Welfare Assessment and Relevant Ethical Decisions: Key Concepts.” 

Annual Review of Biomedical Sciences 10: 79–90. doi:10.5016/1806-8774.2008.v10pT79. 

Brown, P., R. G. Will, R. Bradley, D. M. Asher, and L. Detwiler. 2001. “Bovine Spongiform 

Encephalopathy and Variant Creutzfeldt-Jakob Disease: Background, Evolution, and 

Current Concerns.” Emerging Infectious Diseases 7 (1): 6–16. doi:10.3201/eid0701.700006. 

Burger, Joachim, Wilfried Rosendahl, Odile Loreille, Helmut Hemmer, Torsten Eriksson, 

Anders Götherström, Jennifer Hiller, Matthew J Collins, Timothy Wess, and Kurt W Alt. 

2004. “Molecular Phylogeny of the Extinct Cave Lion Panthera Leo Spelaea.” Molecular 

Phylogenetics and Evolution 30 (3) (March): 841–9. doi:10.1016/j.ympev.2003.07.020. 

Butler, M J, A P Teaschner, W B Ballard, and B K McGee. 2005. “Wildlife Ranching in North 

America - Arguments, Issues, and Perspectives.” Wildlife Society Bulletin 33 (1): 381–389. 

doi:10.2193/0091-7648(2005)33[381:cwrina]2.0.co;2. 

Callenbach, Ernest. 1996. Bring Back the Buffalo!: A Sustainable Future for America’s Great 

Plains. First. Washington, DC: Island Press. 

Callicott, J. Baird. 1988. “Animal Liberation and Environmental Ethics: Back Together Again.” 

Between the Species 4 (3): 163–169. 

———. 2003. “A Critique of and an Alternative to the Idea of Wilderness.” In Environmental 

Ethics, edited by A. Light and H. Rolston. 

Cannon, Kenneth P. 2001. “What the Past Can Provide: Contribution of Prehistoric Bison 

Studies to Modern Bison Management.” Great Plains Research 11 (1): 145–174. 



93 
 

Caporaso, J Gregory, Justin Kuczynski, Jesse Stombaugh, Kyle Bittinger, Frederic D Bushman, 

Elizabeth K Costello, Noah Fierer, et al. 2010. “QIIME Allows Analysis of High- 

Throughput Community Sequencing Data.” Nature Publishing Group 7 (5): 335–336. 

doi:10.1038/nmeth0510-335. 

Caporaso, J Gregory, Christian L Lauber, William a Walters, Donna Berg-Lyons, Catherine A 

Lozupone, Peter J Turnbaugh, Noah Fierer, and Rob Knight. 2011. “Global Patterns of 16S 

rRNA Diversity at a Depth of Millions of Sequences per Sample.” Proceedings of the 

National Academy of Sciences of the United States of America (June 3): 1–7. 

doi:10.1073/pnas.1000080107. 

Carbyn, L. N., and T. Trottier. 1988. “Descriptions of Wolf Attacks on Bison Calves in Wood 

Buffalo National Park.” Arctic 41 (4): 297–302. 

Carmanchahi, P. D., R. Ovejero, C. Marull, G. C. Lpez, N. Schroeder, G. a. Jahn, a. J. Novaro, 

and G. M. Somoza. 2011. “Physiological Response of Wild Guanacos to Capture for Live 

Shearing.” Wildlife Research 38 (1): 61–68. doi:10.1071/WR10170. 

Carmanchahi, Pablo D., Natalia M. Schroeder, María José Bolgeri, R. Susan Walker, Martín 

Funes, Jodi Berg, Paula Taraborelli, et al. 2014. “Effects of Live-Shearing on Population 

Parameters and Movement in Sedentary and Migratory Populations of Guanacos Lama 

Guanicoe.” Oryx 49 (January): 1–9. doi:10.1017/S0030605314000027. 

Carruthers, Jane. 2008. “‘ Wilding the Farm or Farming the Wild ’? The Evolution of Scientific 

Game Ranching in South Africa from the 1960s to the Present.” Transactions of the Royal 

Society of South Africa 63 (2): 160–181. 

Catling, Paul M. 2001. “Extinction and the Importance of History and Dependence in 

Conservation.” Biodiversity 2 (3): 2–14. doi:10.1080/14888386.2001.9712550. 



94 
 

Chen, Shanyuan, Bang-Zhong Lin, Mumtaz Baig, Bikash Mitra, Ricardo J Lopes, António M 

Santos, David a Magee, et al. 2010. “Zebu Cattle Are an Exclusive Legacy of the South 

Asia Neolithic.” Molecular Biology and Evolution 27 (1) (January): 1–6. 

doi:10.1093/molbev/msp213. 

Chen, Yanhong, Gregory B Penner, Meiju Li, Masahito Oba, and Le Luo Guan. 2011. “Changes 

in Bacterial Diversity Associated with Epithelial Tissue in the Beef Cow Rumen during the 

Transition to a High-Grain Diet.” Applied and Environmental Microbiology 77 (16) (August 

15): 5770–81. doi:10.1128/AEM.00375-11. 

Chipault, Jennifer G., and James K. Detling. 2013. “Bison Selection of Prairie Dog Colonies on 

Shortgrass Steppe.” Western North American Naturalist 73 (2): 168–176. 

doi:10.3398/064.073.0206. 

Chistoserdova, L., C. Jenkins, M. G Kalyuzhnaya, C. J Marx, A. Lapidus, J. A Vorholt, J. T 

Staley, and M. E Lidstrom. 2004. “The Enigmatic Planctomycetes May Hold a Key to the 

Origins of Methanogenesis and Methylotrophy.” Molecular Biology and Evolution 21 (7): 

1234. 

Christianson, DA, and S Creel. 2013. “A Review of Environmental Factors Affecting Elk Winter 

Diets.” The Journal of Wildlife Management 71 (1): 164–176. 

Christopherson, R J, R J Hudson, and R J Richmond. 1978. “Comparative Winter Bioenergetics 

of American Bison , Yak , Scottish Highland Nad Hereford Calves A Large Proportion of 

Northern and Western Canada Is Considered Marginal for Traditional System S of 

Agricultural Production . However , in Very Harsh Environ” 23: 49–54. 

Christopherson, R. J., R. J. Hudson, and M. K. Christophersen. 1979. “Seasonal Energy 

Expenditures and Thermoregulatory Responses of Bison and Cattle.” Canadian Journal of 



95 
 

Animal Science 59 (3): 611–617. doi:10.4141/cjas79-077. 

Coates, Wayne, and Ricardo Ayerza. 2004. “Comparison of Llama Fiber Obtained from Two 

Production Regions of Argentina.” Journal of Arid Environments 58 (4): 513–524. 

doi:10.1016/j.jaridenv.2003.11.003. 

Coffman, Doug, Charles Jonkel, and Robert Scott. 1990. “The Big Open: A Return to Grazers of 

the Past.” Western Wildlands. 

Cohn, Jeffrey P. 2010. “A Narrow Path for Pronghorns.” BioScience 60 (6): 480–480. 

doi:10.1525/bio.2010.60.6.17. 

Cole, J R, B Chai, R J Farris, Q Wang, A S Kulam-Syed-Mohideen, D M McGarrell, a M 

Bandela, E Cardenas, G M Garrity, and J M Tiedje. 2007. “The Ribosomal Database Project 

(RDP-II): Introducing myRDP Space and Quality Controlled Public Data.” Nucleic Acids 

Research 35 (Database issue) (January): D169–72. doi:10.1093/nar/gkl889. 

Conway, William. 2005. Act III in Patagonia: People and Wildlife. First. Washington, DC: 

Island Press. 

Coppedge, B R, D M Engle, C S Toepfer, and J H Shaw. 1998. “Effects of Seasonal Fire, Bison 

Grazing and Climatic Variation on Tallgrass Prairie Vegetation.” Plant Ecology 139: 235–

246. 

Coppedge, Bryan R, David M Leslie, and James H Shaw. 1998. “Botanical Composition of 

Bison Diets on Tallgrass Prairie in Oklahoma.” Journal of Range Management 51 (4): 379–

382. 

Coppedge, Bryan R, and James H Shaw. 1998. “Bison Grazing Patterns on Seasonally Burned 

Tallgrass Prairie.” Journal of Range Management 51 (3): 258–264. 

Coppock, D Layne, and James K Detling. 1986. “Alteration of Bison and Black-Tailed Prairie 



96 
 

Dog Grazing Interaction by Prescribed Burning.” The Journal of Wildlife Management 50 

(3): 452–455. 

Coppock, D. L., J. K. Detling, J. E. Ellis, and M. I. Dyer. 1983. “Plant-Herbivore Interactions in 

a North American Mixed-Grass Prairie. I. Effects of Black-Tailed Prairie Dogs on 

Intraseasonal Aboveground Plant Biomass and Nutrient Dynamics and Plant Species 

Diversity.” Oecologia 56 (1): 1–9. 

Coppock, DL, JE Ellis, JK Detling, and MI Dyer. 1983. “Plant-Herbivore Interactions in a North 

American Mixed-Grass Prairie. II. Responses of Bison to Modification of Vegetation by 

Prairie Dogs.” Oecologia 56 (1): 10–15. 

Cordain, L, B a Watkins, G L Florant, M Kelher, L Rogers, and Y Li. 2002. “Fatty Acid 

Analysis of Wild Ruminant Tissues: Evolutionary Implications for Reducing Diet-Related 

Chronic Disease.” European Journal of Clinical Nutrition 56 (3) (March): 181–91. 

doi:10.1038/sj.ejcn.1601307. 

Costello, Elizabeth K, Jeffrey I Gordon, Stephen M Secor, and Rob Knight. 2010. “Postprandial 

Remodeling of the Gut Microbiota in Burmese Pythons.” The ISME Journal 4 (11) 

(November): 1375–85. doi:10.1038/ismej.2010.71. 

Costello, Elizabeth K, Keaton Stagaman, Les Dethlefsen, Brendan J M Bohannan, and David a 

Relman. 2012. “The Application of Ecological Theory toward an Understanding of the 

Human Microbiome.” Science 336 (June): 1255–1262. 

Craine, Joseph M. 2013. “Long-Term Climate Sensitivity of Grazer Performance: A Cross-Site 

Study.” PloS One 8 (6) (January): e67065. doi:10.1371/journal.pone.0067065. 

Craine, Joseph M, Elizabeth M Wolkovich, E Gene Towne, and Steven W Kembel. 2012. 

“Flowering Phenology as a Functional Trait in a Tallgrass Prairie.” The New Phytologist 



97 
 

193 (3) (February): 673–82. doi:10.1111/j.1469-8137.2011.03953.x. 

Craine, Joseph M. 2009. Resource Strategies of Wild Plants. Princeton, New Jersey: Princeton 

University Press. 

Craine, Joseph M., E. Gene Towne, Anthony Joern, and Robert G. Hamilton. 2009. 

“Consequences of Climate Variability for the Performance of Bison in Tallgrass Prairie.” 

Global Change Biology 15 (3) (March): 772–779. doi:10.1111/j.1365-2486.2008.01769.x. 

Craine, Joseph M., E. Gene Towne, Mary Miller, and Noah Fierer. 2015. “Climatic Warming 

and the Future of Bison as Grazers.” Scientific Reports 5 (November): 16738. 

doi:10.1038/srep16738. 

Craine, Joseph M., E. Gene Towne, Doug Tolleson, and Jesse B. Nippert. 2013. “Precipitation 

Timing and Grazer Performance in a Tallgrass Prairie.” Oikos 122 (2) (February 31): 191–

198. doi:10.1111/j.1600-0706.2012.20400.x. 

Crews, Timothy, Thomas Cox, Le E De Haan, Sivaramakrishna Damaraju, Wes Jackson, 

Pheonah Nabukalu, David Van Tassel, and Shuwen Wang. 2014. “New Roots for 

Ecological Intensification.” CSA News 59 (11): 16. doi:10.2134/csa2014-59-11-7. 

https://dl.sciencesocieties.org/publications/csa/abstracts/59/11/16. 

Damhoureyeh, Said A., and David C Hartnett. 1997. “Effects of Bison and Cattle on Growth, 

Reproduction, and Abundances of Five Tallgrass Prairie Forbs.” American Journal of 

Botany 84 (12): 1719–1728. 

Daubenmire, Rexford. 1985. “The Western Limits of the Range of the American Bison.” 

Ecology 66 (2): 622–624. 

David, Lawrence A, Corinne F Maurice, Rachel N Carmody, David B Gootenberg, Julie E 

Button, Benjamin E Wolfe, Alisha V Ling, et al. 2014. “Diet Rapidly and Reproducibly 



98 
 

Alters the Human Gut Microbiome.” Nature 505 (7484): 559–63. doi:10.1038/nature12820. 

Davies, Glyn. 2002. “Bushmeat and International Development.” Conservation Biology 16 (3): 

587–589. 

De Filippo, C., D. Cavalieri, M. Di Paola, M. Ramazzotti, J. B. Poullet, S. Massart, S. Collini, G. 

Pieraccini, and P. Lionetti. 2010. “Impact of Diet in Shaping Gut Microbiota Revealed by a 

Comparative Study in Children from Europe and Rural Africa.” Proceedings of the 

National Academy of Sciences 107 (33) (August 2): 14691–14696. 

doi:10.1073/pnas.1005963107. 

de Menezes, Alexandre B, Eva Lewis, Michael O’Donovan, Brendan F O’Neill, Nicholas 

Clipson, and Evelyn M Doyle. 2011. “Microbiome Analysis of Dairy Cows Fed Pasture or 

Total Mixed Ration Diets.” FEMS Microbiology Ecology 78 (2) (November): 256–65. 

doi:10.1111/j.1574-6941.2011.01151.x. 

de Oliveira, Marcelo Nagem Valério, Kelsea A Jewell, Fernanda S Freitas, Laércio A Benjamin, 

Marcos R Tótola, Arnaldo C Borges, Célia A Moraes, and Garret Suen. 2013. 

“Characterizing the Microbiota across the Gastrointestinal Tract of a Brazilian Nelore 

Steer.” Veterinary Microbiology 164 (3-4) (June 28): 307–14. 

doi:10.1016/j.vetmic.2013.02.013. 

Derr, James N, Philip W Hedrick, Natalie D Halbert, Louis Plough, Lauren K Dobson, Julie 

King, Calvin Duncan, David L Hunter, Noah D Cohen, and Dennis Hedgecock. 2012. 

“Phenotypic Effects of Cattle Mitochondrial DNA in American Bison.” Conservation 

Biology : The Journal of the Society for Conservation Biology 26 (6) (December): 1130–6. 

doi:10.1111/j.1523-1739.2012.01905.x. 

Desta, Takele Taye, Workneh Ayalew, and B P Hegde. 2011. “Breed and Trait Preferences of 



99 
 

Sheko Cattle Keepers in Southwestern Ethiopia.” Tropical Animal Health and Production 

43 (4) (April): 851–6. doi:10.1007/s11250-010-9772-2. 

Dethlefsen, Les, Margaret McFall-Ngai, and David a Relman. 2007. “An Ecological and 

Evolutionary Perspective on Human-Microbe Mutualism and Disease.” Nature 449 (7164): 

811–818. doi:10.1038/nature06245. 

Devillard, Estelle, Dara B Goodheart, Sanjay K R Karnati, Edward A Bayer, Raphael Lamed, 

Joshua Miron, E Karen, Mark Morrison, and Karen E Nelson. 2004. “Ruminococcus Albus 

8 Mutants Defective in Cellulose Degradation Are Deficient in Two Processive 

Endocellulases, Cel48A and Cel9B, Both of Which Possess a Novel Modular Architecture.” 

Journal of Bacteriology 186 (1): 136–145. doi:10.1128/JB.186.1.136. 

Ding, Qiliang, Ya Hu, Shuhua Xu, Chuan Chao Wang, Hui Li, Ruyue Zhang, Shi Yan, Jiucun 

Wang, and Li Jin. 2014. “Neanderthal Origin of the Haplotypes Carrying the Functional 

Variant Val92Met in the MC1R in Modern Humans.” Molecular Biology and Evolution 31 

(8): 1994–2003. doi:10.1093/molbev/msu180. 

Ding, Qiliang, Ya Hu, Shuhua Xu, Jiucun Wang, and Li Jin. 2014. “Neanderthal Introgression at 

Chromosome 3p21.31 Was under Positive Natural Selection in East Asians.” Molecular 

Biology and Evolution 31 (3): 683–695. doi:10.1093/molbev/mst260. 

Dittmer, Jessica, Jérôme Lesobre, Roland Raimond, Martin Zimmer, and Didier Bouchon. 2012. 

“Influence of Changing Plant Food Sources on the Gut Microbiota of Saltmarsh 

Detritivores.” Microbial Ecology 64 (3) (October): 814–25. doi:10.1007/s00248-012-0056-

4. 

Donlan, C. J, Joel Berger, Carl E Bock, Jane H Bock, David a Burney, James a Estes, Dave 

Foreman, et al. 2006. “Pleistocene Rewilding: An Optimistic Agenda for Twenty-First 



100 
 

Century Conservation.” The American Naturalist 168 (5) (November): 660–81. 

doi:10.1086/508027. 

Donlan, Josh, Harry W. Greene, Joel Berger, Carl E. Bock, Jane H. Bock, David A. Burney, 

James A. Estes, et al. 2005. “Re-Wilding North America.” Nature 436 (7053) (August 18): 

913–4. doi:10.1038/436913a. 

Dougal, Kirsty, Gabriel de la Fuente, Patricia a Harris, Susan E Girdwood, Eric Pinloche, and C 

Jamie Newbold. 2013. “Identification of a Core Bacterial Community within the Large 

Intestine of the Horse.” PloS One 8 (10) (January): e77660. 

doi:10.1371/journal.pone.0077660. 

Drent, R., B. Ebbinge, and B. Weijand. 1978. “Balancing the Energy Budgets of Arctic-Breeding 

Geese throughout the Annual Cycle: A Progress Report.” Verhandlungen Der 

Ornithologischen Gesellschaft in Bayern 23: 239–263. 

Drent, RH, G Eichhorn, A Flagstad, AJ Graaf, KE Litvin, and J Stahl. 2007. “Migratory 

Connectivity in Arctic Geese: Spring Stopovers Are the Weak Links in Meeting Targets for 

Breeding.” Journal of Ornithology 148 (S2) (September 11): 501–514. doi:10.1007/s10336-

007-0223-4. 

Drew, K.R., Q. Bai, and E.V. Fadeev. 1989. “Deer Farming in Asia.” In Wildlife Production 

Systems: Economic Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, 

and L.M. Baskin, First, 334–345. New York: Cambridge University Press. 

Driskell, J a, X Yuan, D W Giraud, M Hadley, and M J Marchello. 1997. “Concentrations of 

Selected Vitamins and Selenium in Bison Cuts.” Journal of Animal Science 75 (11) 

(November): 2950–4. 

Du Toit, J. T., and D. H M Cumming. 1999. “Functional Significance of Ungulate Diversity in 



101 
 

African Savannas and the Ecological Implications of the Spread of Pastoralism.” 

Biodiversity and Conservation 8 (12): 1643–1661. doi:10.1023/A:1008959721342. 

Duckenfield, Joan. 2013. “Antibiotic Resistance Due to Modern Agricultural Practices: An 

Ethical Perspective.” Journal of Agricultural and Environmental Ethics 26 (2) (December 

30): 333–350. doi:10.1007/s10806-011-9370-y. 

Dyer, N W, and T K Newell. 2002. “Mycotic Rumenitis in American Bison (Bison Bison).” 

Journal of Veterinary Diagnostic Investigation 14 (5) (September): 414–416. 

Edgar, Robert C. 2013. “UPARSE: Highly Accurate OTU Sequences from Microbial Amplicon 

Reads.” Nature Methods 10 (10) (October): 996–8. doi:10.1038/nmeth.2604. 

http://www.ncbi.nlm.nih.gov/pubmed/23955772. 

Elmhagen, B., G. Ludwig, S. P. Rushton, P. Helle, and H. Lindén. 2010. “Top Predators, 

Mesopredators and Their Prey: Interference Ecosystems along Bioclimatic Productivity: 

Gradients.” Journal of Animal Ecology 79 (4): 785–794. doi:10.1111/j.1365-

2656.2010.01678.x. 

Estes, Richard Despard. 1991. The Behavior Guide to African Mammals: Including Hoofed 

Mammals, Carnivores, Primates. Oakland, California: University of California Press. 

Evans, Patrick D, Nitzan Mekel-Bobrov, Eric J Vallender, Richard R Hudson, and Bruce T Lahn. 

2006. “Evidence That the Adaptive Allele of the Brain Size Gene Microcephalin 

Introgressed into Homo Sapiens from an Archaic Homo Lineage.” Proceedings of the 

National Academy of Sciences of the United States of America 103 (48): 18178–18183. 

doi:10.1073/pnas.0606966103. 

Fahnestock, Jace T., and James K. Detling. 2002. “Bison-Prairie Pog-Plant Interactions in a 

North American Mixed-Grass Prairie.” Oecologia 132 (1): 86–95. 



102 
 

Feranec, R. 2004. “Geographic Variation in the Diet of Hypsodont Herbivores from the 

Rancholabrean of Florida.” Palaeogeography, Palaeoclimatology, Palaeoecology 207 (3-4) 

(May): 359–369. doi:10.1016/j.palaeo.2003.09.031. 

Fernando, S C, H T Purvis, F Z Najar, L O Sukharnikov, C R Krehbiel, T G Nagaraja, B a Roe, 

and U Desilva. 2010. “Rumen Microbial Population Dynamics during Adaptation to a High-

Grain Diet.” Applied and Environmental Microbiology 76 (22) (November): 7482–90. 

doi:10.1128/AEM.00388-10. 

Fletcher, T. John. 1989. “Deer Farming in Europe.” In Wildlife Production Systems: Economic 

Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, and L.M. Baskin, 

First, 323–333. New York: Cambridge University Press. 

Flint, Harry J, Sylvia H Duncan, Karen P Scott, and Petra Louis. 2007. “Interactions and 

Competition within the Microbial Community of the Human Colon: Links between Diet and 

Health.” Environmental Microbiology 9 (5) (May): 1101–11. doi:10.1111/j.1462-

2920.2007.01281.x. http://www.ncbi.nlm.nih.gov/pubmed/17472627. 

Flores, Dan L. 1996. “A Long Love Affair with an Uncommon Country: Environmental History 

and the Great Plains.” In Prairie Conservation: Preserving North America’s Most 

Endangered Ecosystem, edited by Fred B. Samson and Fritz L. Knopf, First, 3–17. 

Washington, DC: Island Press. 

Food and Agriculture Organization of the United Nations. 1977. The Water Buffalo. Rome, Italy: 

Food and Agriculture Organization of the United Nations. 

Forano, Evelyne, Anne-Marie Delort, and Maria Matulova. 2008. “Carbohydrate Metabolism in 

Fibrobacter Succinogenes : What NMR Tells Us.” Microbial Ecology in Health and 

Disease 20 (2) (January): 94–102. doi:10.1080/08910600802106517. 



103 
 

http://informahealthcare.com/doi/abs/10.1080/08910600802106517. 

Forbes, Bruce C., and Timo Kumpula. 2009. “The Ecological Role and Geography of Reindeer 

(Rangifer Tarandus) in Northern Eurasia.” Geography Compass 3 (4): 1356–1380. 

doi:10.1111/j.1749-8198.2009.00250.x. 

Foreman, D. 2004. Rewilding North America. Island Pr. 

Fortin, Daniel, and Marie-Eve Fortin. 2009. “Group-Size-Dependent Association between Food 

Profitability, Predation Risk and Distribution of Free-Ranging Bison.” Animal Behaviour 78 

(4) (October): 887–892. doi:10.1016/j.anbehav.2009.06.026. 

Fortin, Daniel, John M Fryxell, Lloyd O’Brodovich, and Dan Frandsen. 2003. “Foraging 

Ecology of Bison at the Landscape and Plant Community Levels: The Applicability of 

Energy Maximization Principles.” Oecologia 134 (January): 219–227. doi:10.1007/s00442-

002-1112-4. 

Fortin, Daniel, John M. Fryxell, and Regis Pilote. 2002. “The Temporal Scale of Foraging 

Decisions in Bison.” Ecology 83 (4) (April): 970–982. doi:10.2307/3071906. 

Fraser, Caroline. 2009. Rewilding the World: Dispatches from the Conservation Revolution. 

First. New York: Metropolitan Books. 

Fratkin, Elliot. 1989. “Household Variation and Gender Inequality in Ariaal Pastoral Production: 

Results of a Stratified Time-Allocation Survey.” American Anthropologist 91 (2): 430–440. 

Freese, Curtis H., Keith E. Aune, Delaney P. Boyd, James N. Derr, Steve C. Forrest, C. Cormack 

Gates, Peter J.P. Gogan, et al. 2007. “Second Chance for the Plains Bison.” Biological 

Conservation 136 (2) (April): 175–184. doi:10.1016/j.biocon.2006.11.019. 

Frey, J C, A N Pell, R Berthiaume, H Lapierre, S Lee, J K Ha, J E Mendell, and E R Angert. 

2010. “Comparative Studies of Microbial Populations in the Rumen, Duodenum, Ileum and 



104 
 

Faeces of Lactating Dairy Cows.” Journal of Applied Microbiology 108 (6) (June): 1982–

93. doi:10.1111/j.1365-2672.2009.04602.x. 

Fuhlendorf, By Samuel D, Brady W Allred, and Robert G Hamilton. 2010. “Bison as Keystone 

Herbivores on the Great Plains : Can Cattle Serve as Proxy for Evolutionary Grazing 

Patterns ?” (4). 

Fynn, R.W.S., and T.G. O’Connor. 2000. “Effect of Stocking Rate and Rainfall on Rangeland in 

a Semi-Arid and Cattle Performance Dynamics Savanna , South Africa.” Journal of Applied 

Ecology 37 (3): 491–507. 

Gad, Suman Digamber, and Keshava Shyama Soorambail. 2011. “Diet Composition and Quality 

in Indian Bison (Bos Gaurus) Based on Fecal Analysis.” Zoological Science 28: 264–267. 

Galetti, Mauro. 2004. “Parks of the Pleistocene: Recreating the Cerrado and the Pantanal with 

Megafauna.” Natureza & Conservação 2 (1): 95–101. 

Gander, Antoine. 2003. “Habitat Use by Scottish Highland Cattle in a Lakeshore Wetland.” 

Bulletin of the Geobotanical Institute ETH 69: 3–16. 

Ganskopp, David, and Ruben Cruz. 1999. “Selective Differences between Naive and 

Experienced Cattle Foraging among Eight Grasses.” Applied Animal Behaviour Science 62 

(4) (February): 293–303. doi:10.1016/S0168-1591(98)00233-0. 

García-Robledo, Carlos, David L. Erickson, Charles L. Staines, Terry L. Erwin, and W. John 

Kress. 2013. “Tropical Plant–Herbivore Networks: Reconstructing Species Interactions 

Using DNA Barcodes.” PLoS ONE 8 (1): e52967. doi:10.1371/journal.pone.0052967. 

Garrott, Robert A, Donald B Siniff, John R Tester, Thomas C Eagle, and D Edward. 1992. “A 

Comparison of Contraceptive Technologies for Feral Horse Management.” Wildlife Society 

Bulletin 20 (3): 318–326. 



105 
 

Garrott, Robert A., and Madan K. Oli. 2013. “A Critical Crossroad for BLM’s Wild Horse 

Program.” Science 341: 847–848. 

Gates, C. Cormack, Curtis H. Freese, Peter J.P. Gogan, and Mandy Kotzman. 2010. “American 

Bison: Status Survey and Conservation Guidelines 2010.” Gland, Switzerland. 

Gębczyńska, Zofia, M Gębczyński, and Ewa Martynowicz. 1991. “Food Eaten by the Free-

Living European Bison in Białowieża Forest” 36. 

Geist, Valerius. 1996. Buffalo Nation: History and Legend of the North American Bison. First. 

Stillwater, Minnesota: Voyageur Press, Inc. 

Gerritsen, Jacoline, Hauke Smidt, Ger T Rijkers, and Willem M de Vos. 2011. “Intestinal 

Microbiota in Human Health and Disease: The Impact of Probiotics.” Genes & Nutrition 6 

(3) (August): 209–40. doi:10.1007/s12263-011-0229-7. 

Glasby, JS. 1991. Dictionary Of Plants Containing Secondary Metabolites. Boca Raton, Florida: 

CRC Press. 

González, S., J. E. Maldonado, J. a. Leonard, C. Vilà, J. M Barbanti Duarte, M. Merino, N. 

Brum-Zorrilla, and R. K. Wayne. 1998. “Conservation Genetics of the Endangered Pampas 

Deer (Ozotoceros Bezoarticus).” Molecular Ecology 7 (1): 47–56. doi:10.1046/j.1365-

294x.1998.00303.x. 

Goonewardene, L. a., M. a. Price, E. Okine, and R. T. Berg. 1999. “Behavioral Responses to 

Handling and Restraint in Dehorned and Polled Cattle.” Applied Animal Behaviour Science 

64 (3): 159–167. doi:10.1016/S0168-1591(99)00034-9. 

Gordon, G L, and M W Phillips. 1998. “The Role of Anaerobic Gut Fungi in Ruminants.” 

Nutrition Research Reviews 11 (1) (June): 133–68. doi:10.1079/NRR19980009. 

Graaf, Sandra A J Van Der, Julia Stahl, Agata Klimkowska, Jan P Bakker, and Rudolf H Drent. 



106 
 

2006. “Surfing on a Green Wave – How Plant Growth Drives Spring Migration in the 

Barnacle Goose Branta Leucopsis.” Ardea 94 (3): 567–578. 

Grandin, Temple. 2008. Humane Livestock Handling: Understanding Livestock Behavior and 

Building Facilities for Healthier Animals. First. North Adams, Massachussetts: Storey 

Publishing. 

Green, R.H. 1993. “Application of Repeated Measures Designs in Environmental Impact and 

Monitoring Studies.” Australian Journal of Ecology 18 (1): 81–98. 

Green, Wendy C. H., and Aron Rothstein. 1993. “Asynchronous Parturition in Bison: 

Implications for the Hider-Follower Dichotomy.” Journal of Mammalogy 74 (4): 920–925. 

Gregory, Neville G. 1998. “Animal Welfare and the Meat Market.” In Animal Welfare and Meat 

Science, First, 1–14. New York: CABI Publishing. 

Gross, Michael. 2013. “Back from the Brink.” Current Biology 23 (21): R939–R943. 

doi:10.1016/j.cub.2013.10.039. 

Guo, X, X Xia, R Tang, J Zhou, H Zhao, and K Wang. 2008. “Development of a Real-Time PCR 

Method for Firmicutes and Bacteroidetes in Faeces and Its Application to Quantify 

Intestinal Population of Obese and Lean Pigs.” Letters in Applied Microbiology 47 (5) 

(November): 367–73. doi:10.1111/j.1472-765X.2008.02408.x. 

Guo, Xiulan, Xinjie Xia, Renyong Tang, and Kangning Wang. 2008. “Real-Time PCR 

Quantification of the Predominant Bacterial Divisions in the Distal Gut of Meishan and 

Landrace Pigs.” Anaerobe 14 (4) (October): 224–8. doi:10.1016/j.anaerobe.2008.04.001. 

Gürelli, Gözde. 2014. “Rumen Ciliate Fauna (Ciliophora, Protista) of Turkish Domestic Goats 

Living in İzmir, Turkey.” Turkish Journal of Zoology 38: 136–143. doi:10.3906/zoo-1303-

21. http://online.journals.tubitak.gov.tr/openDoiPdf.htm?mKodu=zoo-1303-21. 



107 
 

Haile, James, Duane G Froese, Ross D E Macphee, Richard G Roberts, Lee J Arnold, Alberto V 

Reyes, Morten Rasmussen, et al. 2009. “Ancient DNA Reveals Late Survival of Mammoth 

and Horse in Interior Alaska.” Proceedings of the National Academy of Sciences of the 

United States of America 106 (52) (December 29): 22352–7. doi:10.1073/pnas.0912510106. 

Halbert, Natalie D, and James N Derr. 2007. “A Comprehensive Evaluation of Cattle 

Introgression into US Federal Bison Herds.” The Journal of Heredity 98 (1): 1–12. 

doi:10.1093/jhered/esl051. 

Halbert, Natalie D., Todd J. Ward, Robert D. Schnabel, Jeremy F. Taylor, and James N. Derr. 

2005. “Conservation Genomics : Disequilibrium Mapping of Domestic Cattle Chromosomal 

Segments in North American Bison Populations.” Molecular Ecology 14: 2343–2362. 

doi:10.1111/j.1365-294X.2005.02591.x. 

Haldane, J. B S. 1922. “Sex Ratio and Unisexual Sterility in Hybrid Animals.” Journal of 

Genetics 12 (2): 101–109. doi:10.1007/BF02983075. 

Hall, Eugene Raymond. 1962. “The Prairie National Park.” National Parks Magazine 36 (173): 

4–8. 

Hall, Stephen J G. 2008. “A Comparative Analysis of the Habitat of the Extinct Aurochs and 

Other Prehistoric Mammals in Britain” (October 2007): 187–190. doi:10.1111/j.2007.0906-

7590.05193.x. 

Hanley, Nick. 1990. “The Economics of Nitrate Pollution *” 17 (1988): 129–151. 

Hanotte, O, C L Tawah, D G Bradley, M Okomo, Y Verjee, J Ochieng, and J E Rege. 2000. 

“Geographic Distribution and Frequency of a Taurine Bos Taurus and an Indicine Bos 

Indicus Y Specific Allele amongst Sub-Saharan African Cattle Breeds.” Molecular Ecology 

9 (4) (April): 387–96. 



108 
 

Harper, G. S., and D. W. Pethick. 2004. “How Might Marbling Begin?” Australian Journal of 

Experimental Agriculture 44 (7): 653–662. doi:10.1071/EA02114. 

Harrington, Justin L., and Michael R. Conover. 2006. “Characteristics of Ungulate Behavior and 

Mortality Associated with Wire Fences.” Wildlife Society Bulletin 34 (5): 1295–1305. 

doi:10.2193/0091-7648(2006)34[1295:coubam]2.0.co;2. 

Hawks, John. 2007. “More on Bison and Introgression.” John Hawks Weblog. 

http://johnhawks.net/weblog/reviews/evolution/introgression/bison_cattle_introgression_co

nservation_2007.html. 

Hawley, Alex W.L. 1989. “Bison Farming in North America.” In Wildlife Production Systems: 

Economic Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, and L.M. 

Baskin, First, 346–361. New York: Cambridge University Press. 

Hedrick, Philip W. 2009. “Conservation Genetics and North American Bison (Bison Bison).” 

The Journal of Heredity 100 (4): 411–20. doi:10.1093/jhered/esp024. 

Hedrick, Philip W. 2010. “Cattle Ancestry in Bison: Eexplanations for Higher mtDNA than 

Autosomal Ancestry.” Molecular Ecology 19 (16): 3328–3335. doi:10.1111/j.1365-

294X.2010.04752.x. 

———. 2013. “Adaptive Introgression in Animals: Examples and Comparison to New Mutation 

and Standing Variation as Sources of Adaptive Variation.” Molecular Ecology 22 (18): 

4606–4618. doi:10.1111/mec.12415. 

Henwood, William D. 2010. “Toward a Strategy for the Conservation and Protection of the 

World’s Temperate Grasslands.” Great Plains Research 20 (Spring): 121–134. 

Heuer, Holger, Heike Schmitt, and Kornelia Smalla. 2011. “Antibiotic Resistance Gene Spread 

due to Manure Application on Agricultural Fields.” Current Opinion in Microbiology 14 



109 
 

(3): 236–243. doi:10.1016/j.mib.2011.04.009. 

Hill, Matthew E., Matthew G. Hill, and Christopher C. Widga. 2008. “Late Quaternary Bison 

Diminution on the Great Plains of North America: Evaluating the Role of Human Hunting 

versus Climate Change.” Quaternary Science Reviews 27 (17-18) (September): 1752–1771. 

doi:10.1016/j.quascirev.2008.07.002. 

Hjeljord, Olav, Nils Hövik, Helge B Pedersen, and Nils Hovik. 1990. “Choice of Feeding Sites 

by Moose during Summer, the Influence of Forest Structure and Plant Phenology.” 

Holarctic Ecology 13 (4): 281–292. 

Hobbs, Richard J., Lauren M. Hallett, Paul R. Ehrlich, and Harold a. Mooney. 2011. 

“Intervention Ecology: Applying Ecological Science in the Twenty-First Century.” 

BioScience 61 (6): 442–450. doi:10.1525/bio.2011.61.6.6. 

Hobson, P.N., and C.S. Stewart. 1997. The Rumen Microbial Ecosystem. Edited by P.N. Hobson 

and C.S. Stewart. Second. New York: Blackie Academic & Professional. 

http://link.springer.com/book/10.1007%2F978-94-009-1453-7. 

Hofmann, Reinhold R. 1989. “Evolutionary Steps of Ecophysiological Adaptation and 

Diversification of Ruminants: A Comparative View of Their Digestive System.” Oecologia 

78 (4): 443–457. 

Holdo, Ricardo M., John M. Fryxell, Anthony R E Sinclair, Andrew Dobson, and Robert D. 

Holt. 2011. “Predicted Impact of Barriers to Migration on the Serengeti Wildebeest 

Population.” PLoS ONE 6 (1). doi:10.1371/journal.pone.0016370. 

Hook, Sarah E, André-Denis G Wright, and Brian W McBride. 2010. “Methanogens: Methane 

Producers of the Rumen and Mitigation Strategies.” Archaea (Vancouver, B.C.) 2010 

(January): 945785. doi:10.1155/2010/945785. 



110 
 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3021854&tool=pmcentrez&ren

dertype=abstract. 

Hornaday, William Temple. 1889. The Extermination of the American Bison. Edited by Hanna 

Rose Shell and John Mack Faragher. First. Washington, DC: Smithsonian Institution 

Scholarly Press. 

Howarth, RW, A Sharpley, and D Walker. 2002. “Sources of Nutrient Pollution to Coastal 

Waters in the United States : Implications for Achieving Coastal Water Quality Goals.” 

Estuaries 25 (4): 656–676. 

Huber, Reinhard, Roswitha Baumung, Maria Wurzinger, Dan Semambo, Okeyo Mwai, and 

Christoph Winckler. 2008. “Grazing, Social and Comfort Behaviour of Ankole and 

Crossbred (Ankole×Holstein) Heifers on Pasture in South Western Uganda.” Applied 

Animal Behaviour Science 112 (3-4) (August): 223–234. 

doi:10.1016/j.applanim.2007.08.006. 

Hudson, Robert J, and S. Frank. 1987. “Foraging Ecology of Bison in Aspen Boreal Habitats.” 

Journal of Range Management 40 (1): 71–75. 

Hudson, Robert J., and V.V. Dezhkin. 1989. “Socioeconomic Prospects and Design Constraints.” 

In Wildlife Production Systems: Economic Utilisation of Wild Ungulates, edited by Robert 

J. Hudson, K.R. Drew, and L.M. Baskin, First, 424–445. New York: Cambridge University 

Press. 

Hudson, Robert J., K. R. Drew, and L. M. Baskin. 1989. Wildlife Production Systems: Economic 

Utilisation of Wild Ungulates. First. New York: Cambridge University Press. 

Isenberg, Andrew C. 2000. The Destruction of the Bison. New York: Cambridge University 

Press. doi:10.1017/CBO9780511549861. 



111 
 

Jackson, Wes. 1980. New Roots for Agriculture. First. Lincoln, Nebraska: University of 

Nebraska Press. 

Janssen, Peter H, and Marek Kirs. 2008. “Structure of the Archaeal Community of the Rumen.” 

Applied and Environmental Microbiology 74 (12) (June): 3619–25. 

doi:10.1128/AEM.02812-07. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2446570&tool=pmcentrez&ren

dertype=abstract. 

Janzen, D H, and P S Martin. 1982. “Neotropical Anachronisms: The Fruits the Gomphotheres 

Ate.” Science (New York, N.Y.) 215 (4528) (January 1): 19–27. 

doi:10.1126/science.215.4528.19. 

Jechalke, Sven, Holger Heuer, Jan Siemens, Wulf Amelung, and Kornelia Smalla. 2014. “Fate 

and Effects of Veterinary Antibiotics in Soil.” Trends in Microbiology 22 (9): 536–545. 

doi:10.1016/j.tim.2014.05.005. 

Jiao, Jinzhen, Qi Lu, Zhiliang Tan, Leluo Guan, Chuanshe Zhou, Shaoxun Tang, and Xuefeng 

Han. 2014. “In Vitro Evaluation of Effects of Gut Region and Fiber Structure on the 

Intestinal Dominant Bacterial Diversity and Functional Bacterial Species.” Anaerobe 28 

(August): 168–77. doi:10.1016/j.anaerobe.2014.06.008. 

http://www.ncbi.nlm.nih.gov/pubmed/24972096. 

Johnson, C. N. 2009. “Ecological Consequences of Late Quaternary Extinctions of Megafauna.” 

Proceedings of the Royal Society B: Biological Sciences 276 (1667): 2509–2519. 

Jones, Stephen R., and Ruth Carol Cushman. 2004. The North American Prairie. First. New 

York: Houghton Mifflin Company. 

Jurado-Rivera, J. a, a. P Vogler, C. a.M Reid, E. Petitpierre, and J. Gomez-Zurita. 2009. “DNA 



112 
 

Barcoding Insect-Host Plant Associations.” Proceedings of the Royal Society B: Biological 

Sciences 276 (1657): 639–648. doi:10.1098/rspb.2008.1264. 

Kadwell, M, M Fernandez, H F Stanley, R Baldi, J C Wheeler, R Rosadio, and M W Bruford. 

2001. “Genetic Analysis Reveals the Wild Ancestors of the Llama and the Alpaca.” 

Proceedings. Biological Sciences / The Royal Society 268 (1485): 2575–2584. 

doi:10.1098/rspb.2001.1774. 

Kamada, Nobuhiko, Grace Y Chen, Naohiro Inohara, and Gabriel Núñez. 2013. “Control of 

Pathogens and Pathobionts by the Gut Microbiota.” Nature Immunology 14 (7): 685–90. 

doi:10.1038/ni.2608. 

Kaufmann, Jillian, Edward W. Bork, Michael J. Alexander, and Peter V. Blenis. 2013. “Habitat 

Selection by Cattle in Foothill Landscapes Following Variable Harvest of Aspen Forest.” 

Forest Ecology and Management 306 (October): 15–22. doi:10.1016/j.foreco.2013.06.004. 

Kay, Charles E. 1998. “Are Ecosystems Structured from the Top-down or Bottom-up: A New 

Look at an Old Debate.” Wildlife Society Bulletin 26 (3): 484–498. 

Kays, Roland, Abigail Curtis, and Jeremy J Kirchman. 2009. “Rapid Adaptive Evolution of 

Northeastern Coyotes via Hybridization with Wolves.” Biology Letters 6 (1): 89–93. 

doi:10.1098/rsbl.2009.0575. 

Kelliher, Francis M., and Harry Clark. 2010. “Methane Emissions from bison—An Historic Herd 

Estimate for the North American Great Plains.” Agricultural and Forest Meteorology 150 

(3) (March): 473–477. doi:10.1016/j.agrformet.2009.11.019. 

Kerley, G. I H, R. Kowalczyk, and J. P G M Cromsigt. 2012. “Conservation Implications of the 

Refugee Species Concept and the European Bison: King of the Forest or Refugee in a 

Marginal Habitat?” Ecography 35 (6): 519–529. doi:10.1111/j.1600-0587.2011.07146.x. 



113 
 

Kie, John G. 1999. “Optimal Foraging and Risk of Predation: Effects on Behavior and Social 

Structure in Ungulates.” Journal of Mammalogy 80 (4): 1114–1129. 

Kie, John G. 1986. “Nutritive Quality of Ceanothus Shrubs in California Mixed Conifer Forest.” 

Journal of Range Management 39 (6): 521–526. 

Kiesow, A M, T Kasmarik, and R L Binstock. 2011. “Detection of Domestic Cattle Gene 

Introgression in a Small Population of North American Bison.” Proceedings of the South 

Dakota Academy of Science 90: 75–81. 

Kim, M, J Kim, L a Kuehn, J L Bono, E D Berry, N Kalchayanand, H C Freetly, K Benson, and 

J E Wells. 2014. “Investigation of Bacterial Diversity in the Feces of Cattle Fed Different 

Diets.” Journal of Animal Science 92: 683–694. doi:10.2527/jas2013-6841. 

Kimberlin, R. H., and J. W. Wilesmith. 1994. “Bovine Spongiform Encephalopathy. 

Epidemiology, Low Dose Exposure and Risks.” Annals of the New York Academy of 

Sciences 724: 210–220. doi:10.1111/j.1749-6632.1994.tb38911.x. 

Kingswood, Steven C., and David A. Blank. 1996. “Steven C. Kingswood and David A. Blank.” 

Mammalian Species1 518: 1–10. 

Knapp, Alan K, John M Blair, John M Briggs, Scott L Collins, David C Hartnett, Loretta C 

Johnson, E Gene Towne, and M John. 1999. “The Keystone Role of Bison in North 

American Tallgrass Prairie.” BioScience 49 (1): 39–50. 

Knierim, Ute, Nora Irrgang, and Beatrice a. Roth. 2015. “To Be or Not to Be horned—

Consequences in Cattle.” Livestock Science: 1–9. doi:10.1016/j.livsci.2015.05.014. 

Koch, Paul L., and Anthony D. Barnosky. 2006. “Late Quaternary Extinctions: State of the 

Debate.” Annual Review of Ecology, Evolution, and Systematics 37 (1) (December 15): 

215–250. doi:10.1146/annurev.ecolsys.34.011802.132415. 



114 
 

Koch, R.M., H.G. Jung, J.D. Crouse, V.H. Varel, and L.V. Cundiff. 1995. “Growth, Digestive 

Capability, Carcass, and Meat Characteristics of Bison Bison, Bos Taurus, and Bos X 

Bison.” Journal of Animal Science 73: 1271–1281. 

Kohl, Kevin D, and M D Dearing. 2012. “Experience Matters: Prior Exposure to Plant Toxins 

Enhances Diversity of Gut Microbes in Herbivores.” Ecology Letters 15 (9) (September): 

1008–15. doi:10.1111/j.1461-0248.2012.01822.x. 

Kohl, Kevin D, Aaron W Miller, James E Marvin, Roderick Mackie, and M Denise Dearing. 

2014. “Herbivorous Rodents (Neotoma Spp.) Harbour Abundant and Active Foregut 

Microbiota.” Environmental Microbiology (December 24). doi:10.1111/1462-2920.12376. 

http://www.ncbi.nlm.nih.gov/pubmed/24373154. 

Kohl, Michel T., Paul R. Krausman, Kyran Kunkel, and David M. Williams. 2013. “Bison 

Versus Cattle: Are They Ecologically Synonymous?” Rangeland Ecology & Management 

66 (6) (November): 721–731. doi:10.2111/REM-D-12-00113.1. 

Korpimaki, E., and C. J Krebs. 1996. “Predation and Population Cycles of Small Mammals - A 

Reassessment of the Predation Hypothesis.” Bioscience 46 (10): 754–764. 

Kowalczyk, Rafał, Pierre Taberlet, Eric Coissac, Alice Valentini, Christian Miquel, Tomasz 

Kamiński, and Jan M. Wójcik. 2011. “Influence of Management Practices on Large 

Herbivore diet—Case of European Bison in Białowieża Primeval Forest (Poland).” Forest 

Ecology and Management 261 (4) (February): 821–828. doi:10.1016/j.foreco.2010.11.026. 

Krause, K. Marie, and Garrett R. Oetzel. 2006. “Understanding and Preventing Subacute 

Ruminal Acidosis in Dairy Herds: A Review.” Animal Feed Science and Technology 126 

(3-4) (March): 215–236. doi:10.1016/j.anifeedsci.2005.08.004. 

Krueger, Kirsten. 1986. “Feeding Relationships among Bison, Pronghorn, and Prairie Dogs: An 



115 
 

Experimental Analysis.” Ecology 67 (3): 760–770. 

Krueger, William C. 1972. “Evaluating Animal Forage Preference.” Journal of Range 

Management 25 (6): 471–475. 

Laliberte, Andrea S., and William J. Ripple. 2003. “Wildlife Encounters by Lewis and Clark: A 

Spatial Analysis of Interactions between Native Americans and Wildlife.” BioScience 53 

(10): 994. doi:10.1641/0006-3568(2003)053[0994:WEBLAC]2.0.CO;2. 

Landers, Timothy F, Bevin Cohen, Thomas E Wittum, and Elaine L Larson. 2012. “A Review of 

Antibiotic Use in Food Animals: Perspective, Policy, and Potential.” Public Health Reports 

(Washington, D.C. : 1974) 127 (1): 4–22. 

Lang, R. 1997. “Is There Still a Frontier? The 1890 US Census and the Modern American West.” 

Journal of Rural Studies 13 (4) (October): 377–386. doi:10.1016/S0743-0167(97)00029-6. 

Larson, Lorence, and GK Murdock. 1989. “Small Bison Herd Utilization of Tallgrass Prairie.” 

North American Prairie Conference Proceedings 50: 243–245. 

Larter, NC, and CC Gates. 1991. “Diet and Habitat Selection of Wood Bison in Relation to 

Seasonal Changes in Forage Quantity and Quality.” Canadian Journal of Zoology 69: 

2677–2685. 

Lauber, Christian L, Micah Hamady, Rob Knight, and Noah Fierer. 2009. “Pyrosequencing-

Based Assessment of Soil pH as a Predictor of Soil Bacterial Community Structure at the 

Continental Scale.” Applied and Environmental Microbiology 75 (15) (August): 5111–20. 

doi:10.1128/AEM.00335-09. 

Lauber, Christian L., Michael S. Strickland, Mark A. Bradford, and Noah Fierer. 2008. “The 

Influence of Soil Properties on the Structure of Bacterial and Fungal Communities across 

Land-Use Types.” Soil Biology and Biochemistry 40 (9) (September): 2407–2415. 



116 
 

doi:10.1016/j.soilbio.2008.05.021. 

Lauenroth, W K. 1998. “Guanacos, Spiny Shrubs and the Evolutionary History of Grazing in the 

Patagonia Steppe.” Ecologia Austral 8: 211–215. 

Leff, Jonathan W, and Noah Fierer. 2013. “Bacterial Communities Associated with the Surfaces 

of Fresh Fruits and Vegetables.” PloS ONE 8 (3) (January): e59310. 

doi:10.1371/journal.pone.0059310. 

Lemly, A. Dennis, Richard T. Kingsford, and Julian R. Thompson. 2000. “Irrigated Agriculture 

and Wildlife Conservation: Conflict on a Global Scale.” Environmental Management 25 

(5): 485–512. doi:10.1007/s002679910039. 

Lenz, R.W., G.D. Ball, M.L. Leibfried, R.L. Ax, and N.L. First. 1983. “In Vitro Maturation and 

Fertilization of Bovine Oocytes Are Temperature-Dependent Processes.” Biology of 

Reproduction 29: 173–179. 

Leopold, Aldo. 1949. A Sand County Almanac. Reprint. New York: Ballantine Books. 

Levy, Sharon. 2011. Once and Future Giants: What Ice Age Extinctions Tells Us About the Fate 

of Earth’s Largest Animals. First. New York: Oxford University Press, USA. 

Lewis, Patrick J, Eileen Johnson, Briggs Buchanan, and Steven E Churchill. 2007. “The 

Evolution of Bison Bison : A View from the Southern Plains” 78. 

Ley, Ruth E, Micah Hamady, Catherine Lozupone, Peter J Turnbaugh, Rob Roy Ramey, J 

Stephen Bircher, Michael L Schlegel, et al. 2008. “Evolution of Mammals and Their Gut 

Microbes.” Science (New York, N.Y.) 320 (5883) (June 20): 1647–51. 

doi:10.1126/science.1155725. 

Ley, Ruth E, Catherine a Lozupone, Micah Hamady, Rob Knight, and Jeffrey I Gordon. 2008. 

“Worlds within Worlds: Evolution of the Vertebrate Gut Microbiota.” Nature Reviews. 



117 
 

Microbiology 6 (10) (October): 776–88. doi:10.1038/nrmicro1978. 

Licht, Daniel S. 1994a. “The Great Plains: American’s Best Chance for Ecoystem Restoration, 

Part 1.” Wild Earth 4 (2): 45–53. 

———. 1994b. “The Great Plains: America’s Best Chance for Ecosystem Restoration, Part 2.” 

Wild Earth 4 (3): 31–36. 

———. 1997. Ecology and Economics of the Great Plains. Lincoln, Nebraska: University of 

Nebraska Press. 

Lichtenstein, Gabriela, and Pablo D Carmanchahi. 2012. “Guanaco Management by Pastoralists 

in the Southern Andes.” Pastoralism: Research, Policy and Practice 2 (1): 16. 

doi:10.1186/2041-7136-2-16. 

Liggenstoffer, Audra S, Noha H Youssef, M B Couger, and Mostafa S Elshahed. 2010. 

“Phylogenetic Diversity and Community Structure of Anaerobic Gut Fungi (Phylum 

Neocallimastigomycota) in Ruminant and Non-Ruminant Herbivores.” The ISME Journal 4 

(10) (October): 1225–35. doi:10.1038/ismej.2010.49. 

Liu, Zongzhi, Catherine Lozupone, Micah Hamady, Frederic D Bushman, and Rob Knight. 

2007. “Short Pyrosequencing Reads Suffice for Accurate Microbial Community Analysis.” 

Nucleic Acids Research 35 (18) (January): e120. doi:10.1093/nar/gkm541. 

Lott, Dale F. 2002. American Bison: A Natural History. First. Los Angeles, California: 

University of California Press. 

Lueck, Dean. 2002. “The Extermination and Conservation of the American Bison.” The Journal 

of Legal Studies 31 (S2): S609–S652. 

Lund, Vonne. 2006. “Natural Living — a Precondition for Animal Welfare in Organic Farming.” 

Livestock Science 100: 71 – 83. doi:10.1016/j.livsci.2005.08.005. 



118 
 

Luxmoore, Richard A. 1989. “Impact on Conservation.” In Wildlife Production Systems: 

Economic Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, and L.M. 

Baskin, First, 413–423. New York: Cambridge University Press. 

Lynch, Anthony H, Julie Hamilton, and Robert E M Hedges. 2008. “Where the Wild Things 

Are : Aurochs and Cattle in England” 82 (May): 1025–1039. 

MacEachern, Sean, John McEwan, and Mike Goddard. 2009. “Phylogenetic Reconstruction and 

the Identification of Ancient Polymorphism in the Bovini Tribe (Bovidae, Bovinae).” BMC 

Genomics 10: 177. doi:10.1186/1471-2164-10-177. 

Macfadden, Bruce J. 1997. “Origin and Evolution of the Grazing Guild in New World Terrestrial 

Mammals.” Trends in Ecology & Evolution 12 (5): 182–187. 

Manning, Richard. 2009. Rewilding the West: Restoration in a Prairie Landscape. First. Los 

Angeles, California: University of California Press. 

Manurung, Sarmauli Irianti. 2012. “Fermented Whey Permeate for Piglets as a Strategy to 

Reduce Post-Weaning Diarrhoea.” Technical University of Denmark. 

Marin, J. C., a. E. Spotorno, B.a. Gonzalez, C. Bonacic, J.C. Wheeler, C. S. Casey, Michael 

William Bruford, R.E. Palma, and E. Poulin. 2008. “Mitochondrial DNA Variation and 

Systematics of the Guanaco (Lama Guanicoe, Artiodactyla: Camelidae).” Journal of 

Mammalogy 89 (2): 269–281. doi:10.1644/06-MAMM-A-385R.1. 

Marris, Emma. 2009. “Reflecting the Past.” Nature 462 (November). 

———. 2011. Rambunctious Garden: Saving Nature in a Post-Wild World. First. New York: 

Bloomsbury. 

Martin, Paul S. 1966. “Africa and Pleistocene Overkill.” Natue 212 (5060): 339–342. 

———. 1984. “Prehistoric Overkill: The Global Model.” In Quaternary Extinctions: A 



119 
 

Prehistoric Revolution, edited by Paul S. Martin and Richard G. Klein, First, 354–403. 

Tucson, Arizona: The University of Arizona Press. 

———. 2005. Twilight of the Mammoths: Ice Age Extinctions and the Rewilding of America. 

First. Los Angeles, California: University of California Press. 

Marx, Hans, Alexandra Bettina Graf, Nadine Elpida Tatto, Gerhard Günther Thallinger, Diethard 

Mattanovich, and Michael Sauer. 2011. “Genome Sequence of the Ruminal Bacterium 

Megasphaera Elsdenii.” Journal of Bacteriology 193 (19) (October): 5578–9. 

doi:10.1128/JB.05861-11. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3187434&tool=pmcentrez&ren

dertype=abstract. 

Matthews, Anne. 1992. Where the Buffalo Roam. First. New York: Grove Press. 

McCann, Joshua C, Tryon A Wickersham, and Juan J Loor. 2014. “High-Throughput Methods 

Redefine the Rumen Microbiome and Its Relationship with Nutrition and Metabolism.” 

Bioinformatics and Biology Insights 8: 109–125. doi:10.4137/BBI.S15389.Received. 

McDaniel, John, Wayne Askew, Danielle Bennett, Jason Mihalopoulos, Sujata Anantharaman, 

Anette S Fjeldstad, Dan C Rule, Nazeem M Nanjee, Ryan a Harris, and Russell S 

Richardson. 2013. “Bison Meat Has a Lower Atherogenic Risk than Beef in Healthy Men.” 

Nutrition Research (New York, N.Y.) 33 (4) (April): 293–302. 

doi:10.1016/j.nutres.2013.01.007. 

Mcmillan, Brock R, Michael R Cottam, and Donald W Kaufman. 2000. “Wallowing Behavior of 

American Bison ( Bos Bison ) in Tallgrass Prairie : An Examination of Alternate 

Explanations Wallowing Behavior of American Bison ( Bos Bison ) in Tallgrass Prairie : 

An Examination of Alternate Explanations” 144 (1): 159–167. 



120 
 

McNaughton, Samuel J. 1984. “Grazing Lawns: Animals in Herds, Plant Form, and 

Coevolution.” The American Naturalist 124 (6): 863–886. doi:10.2307/2678832. 

McTavish, Emily Jane, Jared E Decker, Robert D Schnabel, Jeremy F Taylor, and David M 

Hillis. 2013. “New World Cattle Show Ancestry from Multiple Independent Domestication 

Events.” Proceedings of the National Academy of Sciences of the United States of America 

110 (15) (April 9): E1398–406. doi:10.1073/pnas.1303367110. 

Mech, L. David, and Luigi Boitani. 2003. Wolves: Behavior, Ecology, and Conservation. Edited 

by L. David Mech and Luigi Boitani. First. Chicago, Illinois: University Of Chicago Press. 

Meltzer, Erica. 2012. “Boulder City Council Says ‘No’ to Ted Turner’s Buffalo Herd -- for 

Now.” Daily Camera, June 5. http://www.dailycamera.com/ci_20791984/boulders-buffalo-

proposal-undecided-late-tuesday. 

Mendez, Fernando L., Joseph C. Watkins, and Michael F. Hammer. 2012. “A Haplotype at 

STAT2 Introgressed from Neanderthals and Serves as a Candidate of Positive Selection in 

Papua New Guinea.” American Journal of Human Genetics 91 (2): 265–274. 

doi:10.1016/j.ajhg.2012.06.015. 

———. 2013. “Neandertal Origin of Genetic Variation at the Cluster of OAS Immunity Genes.” 

Molecular Biology and Evolution 30 (4): 798–801. doi:10.1093/molbev/mst004. 

Miller, Brian J., Richard P. Reading, Dean E. Biggins, James K. Detling, Steve C. Forrest, John 

L. Hoogland, Jody Javersak, et al. 2007. “Prairie Dogs: An Ecological Review and Current 

Biopolitics.” Journal of Wildlife Management 71 (8): 2801–2810. doi:10.2193/2007-041. 

Mitchell, Andy. 2010. American Serengeti. United States: National Geographic. 

Moloney, P.D., J.W. Hearne, I.J. Gordon, and S.R. McLeod. 2011. “Portfolio Optimization 

Techniques for a Mixed-Grazing Scenario for Australia’s Rangelands.” Natural Resource 



121 
 

Modeling 24 (1): 102–116. 

Mona, Stefano, Giulio Catalano, Martina Lari, Greger Larson, Paolo Boscato, Antonella Casoli, 

Luca Sineo, et al. 2010. “Population Dynamic of the Extinct European Aurochs: Genetic 

Evidence of a North-South Differentiation Pattern and No Evidence of Post-Glacial 

Expansion.” BMC Evolutionary Biology 10 (January): 83. doi:10.1186/1471-2148-10-83. 

Monbiot, George. 2013. Feral: Searching for Enchantment on the Frontiers of Rewilding. First. 

New York: Allen Lane. 

Mooring, Michael S, and William M Samuel. 1998. “Tick Defense Strategies in Bison: The Role 

of Grooming and Hair Coat.” Behaviour 135 (6): 693–718. 

Morrison, M, and J Miron. 2000. “Adhesion to Cellulose by Ruminococcus Albus: A 

Combination of Cellulosomes and Pil-Proteins?” FEMS Microbiology Letters 185 (2) (April 

15): 109–15. http://www.ncbi.nlm.nih.gov/pubmed/10754233. 

Morrison, Mark, Phillip B Pope, Stuart E Denman, and Christopher S McSweeney. 2009. “Plant 

Biomass Degradation by Gut Microbiomes: More of the Same or Something New?” 

Current Opinion in Biotechnology 20 (3) (June): 358–63. 

doi:10.1016/j.copbio.2009.05.004. http://www.ncbi.nlm.nih.gov/pubmed/19515552. 

Muegge, Brian D, Justin Kuczynski, Dan Knights, Jose C Clemente, Antonio González, Luigi 

Fontana, Bernard Henrissat, Rob Knight, and Jeffrey I Gordon. 2011. “Diet Drives 

Convergence in Gut Microbiome Functions across Mammalian Phylogeny and within 

Humans.” Science (New York, N.Y.) 332 (6032) (May 20): 970–4. 

doi:10.1126/science.1198719. 

Mungall, Elizabeth Cary. 2007. Exotic Animal Field Guide: Nonnative Hoofed Mammals in the 

United States. First. College Station, Texas: Texas A & M University Press. 



122 
 

Mysterud, A., K. A. Bartoń, B. Jędrzejewska, Z. A. Krasiński, M. Niedziałkowska, J. F. Kamler, 

N. G. Yoccoz, and N. C. Stenseth. 2007. “Population Ecology and Conservation of 

Endangered Megafauna: The Case of European Bison in Białowieza Primeval Forest, 

Poland.” Animal Conservation 10 (1) (February): 77–87. doi:10.1111/j.1469-

1795.2006.00075.x. 

Nabhan, G.P., and A. Rood. 2004. Renewing America’s Food Traditions (RAFT): Bringing 

Cultural and Culinary Mainstays of the Past into the New Millennium. Edited by G.P. 

Nabhan and A. Rood. Flagstaff, Arizona: Center for Sustainable Environments at Northern 

Arizona University. 

Nabhan, Gary Paul. 2012. Desert Terroir: Exploring the Unique Flavors and Sundry Places of 

the Borderlands. First. Austin, Texas: University of Texas Press. 

Nagaraja, T G, and E C Titgemeyer. 2007. “Ruminal Acidosis in Beef Cattle: The Current 

Microbiological and Nutritional Outlook.” Journal of Dairy Science 90 Suppl 1 (07) (June): 

E17–38. doi:10.3168/jds.2006-478. 

Navarro, J L, M L López, D M Maestri, and D O Labuckas. 2001. “Physical Characteristics and 

Chemical Composition of Greater Rhea (Rhea Americana) Eggs from Wild and Captive 

Populations.” British Poultry Science 42 (5): 658–662. doi:10.1080/00071660120088515. 

Navarro, Laetitia M., and Henrique M. Pereira. 2012. “Rewilding Abandoned Landscapes in 

Europe.” Ecosystems 15 (6): 900–912. doi:10.1007/s10021-012-9558-7. 

Novotny, V. 1999. “Diffuse Pollution from Agriculture — A Worldwide Outlook.” Water 

Science and Technology 39 (3): 1–13. 

O’Meilia, M. E., F. L. Knopf, and J. C. Lewis. 1982. “Some Prairie of Competition between 

Consequences Dogs and Beef Cattle.” Journal of Range Management 35 (5): 580–585. 



123 
 

Odo, B I, F U Omeje, and J N Okwor. 2001. “Forage Species Availability, Food Preference and 

Grazing Behaviour of Goats in Southeastern Nigeria.” Small Ruminant Research 42 (2): 

161–166. doi:10.1016/S0921-4488(01)00228-0. 

Olson, Kirk a., Thomas Mueller, Jeff T. Kerby, Sanjaa Bolortsetseg, Peter Leimgruber, Craig R. 

Nicolson, and Todd K. Fuller. 2011. “Death by a Thousand Huts? Effects of Household 

Presence on Density and Distribution of Mongolian Gazelles.” Conservation Letters 4 (4): 

304–312. doi:10.1111/j.1755-263X.2011.00180.x. 

Owen-Smith, N. 1982. “Factors Influencing the Consumption of Plant Products by Large 

Herbivores.” Ecology of Tropical Savannas: 359–404. doi:10.1007/978-3-642-68786-0_17. 

Ozutsumi, Yuhei, Hidenori Hayashi, Mitsuo Sakamoto, Hisao Itabashi, and Yoshimi Benno. 

2005. “Culture-Independent Analysis of Fecal Microbiota in Cattle.” Bioscience, 

Biotechnology, and Biochemistry 69 (9) (September): 1793–7. 

http://www.ncbi.nlm.nih.gov/pubmed/16195605. 

Ozutsumi, Yuhei, Kiyoshi Tajima, Akio Takenaka, and Hisao Itabashi. 2005. “The Effect of 

Protozoa on the Composition of Rumen Bacteria in Cattle Using 16S rRNA Gene Clone 

Libraries.” Bioscience, Biotechnology, and Biochemistry 69 (3): 499–506. 

Painter, Luke E., and William J. Ripple. 2012. “Effects of Bison on Willow and Cottonwood in 

Northern Yellowstone National Park.” Forest Ecology and Management 264 (January): 

150–158. doi:10.1016/j.foreco.2011.10.010. 

Palmqvist, Paul, Darren R Gro, Alfonso Arribas, and Richard a Farin. 2003. “Paleoecological 

Reconstruction of a Lower Pleistocene Large Zn ) and Ecomorphological Approaches” 29 

(2): 205–229. 

Palo, R. Thomas, and Charles T. Robbins. 1991. Plant Defenses Against Mammalian Herbivory. 



124 
 

Boca Raton, Florida: CRC Press. 

Papworth, S.K., and J Rist. 2009. “Evidence for Shifting Baseline Syndrome in Conservation.” 

Conservation Letters 2: 93–100. doi:10.1111/j.1755-263X.2009.00049.x. 

Patton, Toni G, Alexandra J Scupham, Shawn M D Bearson, and Steve a Carlson. 2009. 

“Characterization of Fecal Microbiota from a Salmonella Endemic Cattle Herd as 

Determined by Oligonucleotide Fingerprinting of rDNA Genes.” Veterinary Microbiology 

136 (3-4) (May 12): 285–92. doi:10.1016/j.vetmic.2008.10.032. 

http://www.ncbi.nlm.nih.gov/pubmed/19091494. 

Pauly, Daniel. 1995. “Anecdotes and the Shifting Baseline Syndrome of Fisheries.” Trends in 

Ecology and Evolution 10 (10): 430. 

Payne, C. Harvey. 1989. “Sport Hunting in North America.” In Wildlife Production Systems: 

Economic Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, and L.M. 

Baskin, First, 134–146. New York: Cambridge University Press. 

Peden, D.G., G.M. Van Dyne, R.W. Rice, and R.M. Hansen. 1974. “The Trophic Ecology of 

Bison Bison L. on Shortgrass Plains.” Journal of Applied Ecology 11 (2): 489–497. 

Peek, J M, D G Miquelle, and R G Wright. 1987. “Are Bison Exotic in the Wrangell-St. Elias 

National Park and Preserve?” Environmental Management 11 (2): 149–153. 

Pettorelli, Nathalie, Robert B Weladji, Oystein Holand, Atle Mysterud, Halgrim Breie, and Nils 

Chr Stenseth. 2005. “The Relative Role of Winter and Spring Conditions: Linking Climate 

and Landscape-Scale Plant Phenology to Alpine Reindeer Body Mass.” Biology Letters 1 

(1) (March 22): 24–6. doi:10.1098/rsbl.2004.0262. 

Pimentel, David. 2005. “Environmental and Economic Costs of the Application of Pesticides 

Primarily in the United States.” Environment, Development and Sustainability 7 (2) (June): 



125 
 

229–252. doi:10.1007/s10668-005-7314-2. 

Pimentel, David, Christa Wilson, Christine Mccullum, Rachel Huang, Paulette Dwen, Jessica 

Flack, Quynh Tran, Tamara Saltman, and Barbara Cliff. 1997. “Economic and Environment 

Benefits of Biodiversity The Annual Economic and Environmental in the United States 

Total Approximately $ 300 Billion.” BioScience 47 (11): 747–757. doi:1313097. 

Pitra, C, R Fürbass, and H M Seyfert. 1997. “Molecular Phylogeny of the Tribe Bovini 

(Mammalia: Artiodactyla): Alternative Placement of the Anoa.” Journal of Evolutionary 

Biology 10: 589–600. 

Plaizier, J C, D O Krause, G N Gozho, and B W McBride. 2008. “Subacute Ruminal Acidosis in 

Dairy Cows: The Physiological Causes, Incidence and Consequences.” Veterinary Journal 

(London, England : 1997) 176 (1) (April): 21–31. doi:10.1016/j.tvjl.2007.12.016. 

Plumb, Glenn E, and Jerrold L Dodd. 1994. “Foraging Ecology of Bison and Cattle” 16 (June). 

Plumb, Glenn E., P.J. White, Michael B. Coughenour, and Rick L. Wallen. 2009. “Carrying 

Capacity, Migration, and Dispersal in Yellowstone Bison.” Biological Conservation 142 

(11) (November): 2377–2387. doi:10.1016/j.biocon.2009.05.019. 

Polziehn, R O, J Hamr, F F Mallory, and C Strobeck. 2000. “Microsatellite Analysis of North 

American Wapiti (Cervus Elaphus) Populations.” Molecular Ecology 9 (10): 1561–1576. 

doi:10.1046/j.1365-294x.2000.01033.x. 

Poor, Erin E., Andrew Jakes, Colby Loucks, and Mike Suitor. 2014. “Modeling Fence Location 

and Density at a Regional Scale for Use in Wildlife Management.” PLoS ONE 9 (1). 

doi:10.1371/journal.pone.0083912. 

Popper, &#32;Deborah Epstein &#32;Frank J, D. E Popper, and F. J Popper. 1987. “The Great 

Plains: From Dust to Dust.” Planning 53 (12) (December): 12–18. 



126 
 

Popper, D. E, and F. J Popper. 2006. “The Onset of the Buffalo Commons.” Journal of the West 

45 (2): 29. 

Popper, Deborah E., and Frank Popper. 2006. “The Buffalo Commons: Its Antecedents and Their 

Implications.” Online Journal of Rural Research & Policy 1 (6) (November 9): 1–26. 

doi:10.4148/ojrrp.v1i6.34. 

Popper, Deborah Epstein, and Frank J Popper. 1987. “The Great Plains from Dust to Dust: A 

Daring Proposal for Dealing with an Inevitable Disaster.” Planning Magazine 53 (12): 12–

18. 

Prins, H.H.T., and H. Olff. 1998. “Species Richness of African Grazer Assemblages: Towards a 

Functional Explanation.” In Dynamics of Tropical Communities, edited by D.M. Newbery, 

H.H.T. Prins, and N.D. Brown, First, 449–490. Cambridge: Cambridge University Press. 

doi:10.1017/CBO9781107415324.004. 

Pruden, Amy, Ruoting Pei, Heather Storteboom, and Kenneth H Carlson. 2006. “Antibiotic 

Resistance Genes as Emerging Contaminants: Studies in Northern Colorado.” 

Environmental Science & Technology 40 (23) (December 1): 7445–50. 

Quammen, David. 1996. The Song of the Dodo: Island Biogeography in an Age of Extinction. 

First. New York: Scribner. 

R Core Team. 2014. “R: A Language and Environment for Statistical Computing.” Vienna, 

Austria: R Foundation for Statistical Computing. http://www.r-project.org/. 

Racimo, Fernando, Sriram Sankararaman, Rasmus Nielsen, and Emilia Huerta-Sánchez. 2015. 

“Evidence for Archaic Adaptive Introgression in Humans.” Nature Reviews Genetics 16 (6): 

359–371. doi:10.1038/nrg3936. 

Raedeke, Kennth John. 1979. “Population Dynamics and Socioecology of the Guanaco (Lama 



127 
 

Guanicoe) of Magallanes, Chile.” University of Washington. 

Ranglack, Dustin H., and Johan T. du Toit. 2015. “Habitat Selection by Free-Ranging Bison in a 

Mixed Grazing System on Public Land.” Rangeland Ecology & Management 68 (4): 349–

353. doi:10.1016/j.rama.2015.05.008. 

Reading, Richard P, Donald J Bedunah, and Sukhiin Amgalanbaatar. 2006. “Conserving 

Biodiversity on Mongolian Rangelands: Implications for Protected Area Development and 

Pastoral Uses.” Rangelands of Central Asia: Proceedings of the Conference on 

Transformations, Issues, and Future Challenges: 1–17. 

Redburn, M. Jacqueline, Wayne L Strong, and C. Cormack Gates. 2008. “Suitability of Boreal 

Mixedwood Clearcuts as Wood Bison (Bison Bison Athabascae) Foraging Habitat in North-

Central Alberta, Canada.” Forest Ecology and Management 255 (7) (April): 2225–2235. 

doi:10.1016/j.foreco.2007.12.033. 

Redford, Amanda J, Robert M Bowers, Rob Knight, Yan Linhart, and Noah Fierer. 2010. “The 

Ecology of the Phyllosphere: Geographic and Phylogenetic Variability in the Distribution of 

Bacteria on Tree Leaves.” Environmental Microbiology 12 (11) (November): 2885–93. 

doi:10.1111/j.1462-2920.2010.02258.x. 

Renecker, Lyle A, and Robert J Hudson. 1986. “Seasonal Foraging Rates of Free-Ranging 

Moose.” Journal of Wildlife Management 50 (1): 143–147. 

Renecker, Lyle A, and Henry M Kozak. 1987. “Game Ranching in Western Canada.” 

Rangelands 9 (5): 213–216. 

Rey, Andrés, Andrés J. Novaro, Mercedes Sahores, and M. Laura Guichón. 2012. “Demographic 

Effects of Live Shearing on a Guanaco Population.” Small Ruminant Research 107 (2-3): 

92–100. doi:10.1016/j.smallrumres.2012.05.009. 



128 
 

Reynolds, H.W., and A.W.L. Hawley. 1987. “Bison Ecology in Relation to Agricultural 

Development in the Slave River Lowlands, NWT.” Ottawa, Ontario. 

Reynolds, HW, RM Hansen, and DG Peden. 1978. “Diets of the Slave River Lowland Bison 

Herd, Northwest Territories, Canada.” The Journal of Wildlife Management 42 (3): 581–

590. 

Richmond, Orien M W, Jay P McEntee, Robert J Hijmans, and Justin S Brashares. 2010. “Is the 

Climate Right for Pleistocene Rewilding? Using Species Distribution Models to Extrapolate 

Climatic Suitability for Mammals across Continents.” PloS One 5 (9) (January): e12899. 

doi:10.1371/journal.pone.0012899. 

Ricklefs, Robert E. 1993. “Climate, Topography, and Soils.” In The Economy of Nature, Third, 

65–88. New York: W.H. Freeman. 

Ripple, William J., Luke E. Painter, Robert L. Beschta, and C. Cormack Gates. 2010. “Wolves, 

Elk, Bison, and Secondary Trophic Cascades in Yellowstone National Park.” The Open 

Ecology Journal 3 (3): 31–37. doi:10.2174/1874213001003040031. 

Rivals, Florent, and Gina M. Semprebon. 2011. “Dietary Plasticity in Ungulates: Insight from 

Tooth Microwear Analysis.” Quaternary International 245 (2): 279–284. 

doi:10.1016/j.quaint.2010.08.001. http://dx.doi.org/10.1016/j.quaint.2010.08.001. 

Rivals, Florent, Nikos Solounias, and Matthew C. Mihlbachler. 2007. “Evidence for Geographic 

Variation in the Diets of Late Pleistocene and Early Holocene Bison in North America, and 

Differences from the Diets of Recent Bison.” Quaternary Research 68 (3) (November): 

338–346. doi:10.1016/j.yqres.2007.07.012. 

Roemer, Gary W., Matthew E. Gompper, and Blaire Van Valkenburgh. 2009. “The Ecological 

Role of the Mammalian Mesocarnivore.” BioScience 59 (2): 165–173. 



129 
 

doi:10.1525/bio.2009.59.2.9. 

Roever, C. L., T. DelCurto, M. Rowland, M. Vavra, and M. Wisdom. 2015. “Cattle Grazing in 

Semiarid Forestlands: Habitat Selection during Periods of Drought.” American Society of 

Animal Science: 3212–3225. doi:10.2527/jas2014-8794. 

Rollin, Bernard E. 1995. Farm Animal Welfare: Social, Bioethical, and Research Issues. First. 

Hoboken, New Jersey: Wiley-Blackwell. 

Romero-Pérez, Gustavo a, Kim H Ominski, Tim a McAllister, and Denis O Krause. 2011. 

“Effect of Environmental Factors and Influence of Rumen and Hindgut Biogeography on 

Bacterial Communities in Steers.” Applied and Environmental Microbiology 77 (1) 

(January): 258–68. doi:10.1128/AEM.01289-09. 

Roth, E a. 1996. “Traditional Pastoral Strategies in a Modern World:  An Example from 

Northern Kenya.” Human Organization 55 (2): 219–224. Folder: Paper / Articles S04. 

Rule, D C, K S Broughton, S M Shellito, and G Maiorano. 2002. “Cattle , Elk , and Chicken . 

The Online Version of This Article , along with Updated Information and Services , Is 

Located on the World Wide Web at : Comparison of Muscle Fatty Acid Profiles and 

Cholesterol Concentrations of Bison , Beef Cattle , Elk , an:” 1202–1211. 

Rushen, Jeffrey, and Anne Marie B. De Passillé. 1992. “The Scientific Assessment of the Impact 

of Housing on Animal Welfare: A Critical Review.” Canadian Journal of Animal Science 

72 (4): 721–743. doi:10.4141/cjas92-085. 

Russell, J. B., and J.L. Rychlik. 2001. “Factors That Alter Rumen Microbial Ecology.” Science 

292 (5519) (May 11): 1119–1122. doi:10.1126/science.1058830. 

Russow, Lilly-Marlene. 2002. “Ethical Implications of the Human-Animal Bond in the 

Laboratory.” ILAR Journal / National Research Council, Institute of Laboratory Animal 



130 
 

Resources 43 (1): 33–37. doi:10.1093/ilar.43.1.33. 

Ryan, Sadie J., Christiane U. Knechtel, and Wayne M. Getz. 2006. “Range and Habitat Selection 

of African Buffalo in South Africa.” Journal of Wildlife Management 70 (3) (June): 764–

776. doi:10.2193/0022-541X(2006)70[764:RAHSOA]2.0.CO;2. 

Sales, J, J Horbañczuk, J Dingle, R Coleman, and S Sensik. 1999. “Carcase Characteristics of 

Emus (Dromaius Novaehollandiae).” British Poultry Science 40 (1): 145–147. 

doi:10.1080/00071669987999. 

Samson, Fred B., and Fritz L. Knopf. 1996. Prairie Conservation: Preserving North America’s 

Most Endangered Ecosystem. Edited by Fred B. Samson and Fritz L. Knopf. First. 

Washington, DC: Island Press. 

Samson, Fred B., Fritz L. Knopf, and Wayne R. Ostlie. 2004. “Great Plains Ecosystems: Past, 

Present, and Future.” Wildlife Society Bulletin 32 (1) (March): 6–15. doi:10.2193/0091-

7648(2004)32[6:GPEPPA]2.0.CO;2. 

Sanderson, Eric W, Kent H Redford, Bill Weber, Keith Aune, Dick Baldes, Joel Berger, Dave 

Carter, et al. 2008. “The Ecological Future of the North American Bison: Conceiving Long-

Term, Large-Scale Conservation of Wildlife.” Conservation Biology : The Journal of the 

Society for Conservation Biology 22 (2) (April): 252–66. doi:10.1111/j.1523-

1739.2008.00899.x. 

Sawyer, Hall, and Matthew J Kauffman. 2011. “Stopover Ecology of a Migratory Ungulate.” The 

Journal of Animal Ecology 80 (5) (September): 1078–87. doi:10.1111/j.1365-

2656.2011.01845.x. 

Sayer, Nathan F., Liz Carlisle, Lynn Huntsinger, Gareth Fisher, and Annie Shattuck. 2012. “The 

Role of Rangelands in Diversified Farming Systems: Innovations, Obstacles, and 



131 
 

Opportunities in the USA.” Ecology and Society 17 (4). doi:10.5751/ES-04790-170443. 

Schuler, Krysten L, David M Leslie, James H Shaw, and Eric J Maichak. 2006. “Temporal-

Spatial Distribution of American Bison (Bison Bison) in Tallgrass Prairie Fire Mosaic.” 

Journal of Mammalogy 87 (3): 539–544. 

Schwab, Clarissa, Bogdan Cristescu, Joseph M Northrup, Gordon B Stenhouse, and Michael 

Gänzle. 2011. “Diet and Environment Shape Fecal Bacterial Microbiota Composition and 

Enteric Pathogen Load of Grizzly Bears.” PloS One 6 (12) (January): e27905. 

doi:10.1371/journal.pone.0027905. 

Scott, Bob. 1992. “The Big Open: A Plan for the Biggest Restoration Project Anywhere.” 

Restoration and Management Notes 10 (1): 51–52. 

Scott, M.D. 1992. “Buck-and-Pole Fence Crossings By 4 Ungulate Species.” Wildlife Society 

Bulletin 20 (2): 204–210. 

Searle, Kate R, and Lisa A Shipley. 2008. “The Comparative Feeding Behaviour of Large 

Browsing and Grazing Herbivores.” Ecological Studies: 117–148. 

Seddon, Philip J., Christine J. Griffiths, Pritpal S. Soorae, and Doug P. Armstrong. 2014. 

“Reversing Defaunation: Restoring Species in a Changing World.” Science 345 (6195): 

406–412. 

Senft, R L, M B Coughenour, D W Bailey, L R Rittenhouse, O E Sala, and D M Swift. 1987. 

“Large Foraging and Herbivore Hierarchies: Ecological Landscape Ecology Can Enhance 

Traditional Foraging Theory.” BioScience1 37 (11): 789–795. 

Shabtay, Ariel. 2015. “Adaptive Traits of Indigenous Cattle Breeds: The Mediterranean Baladi 

as a Case Study.” Meat Science 109: 27–39. doi:10.1016/j.meatsci.2015.05.014. 

Shanks, Orin C, Catherine a Kelty, Shawn Archibeque, Michael Jenkins, Ryan J Newton, Sandra 



132 
 

L McLellan, Susan M Huse, and Mitchell L Sogin. 2011. “Community Structures of Fecal 

Bacteria in Cattle from Different Animal Feeding Operations.” Applied and Environmental 

Microbiology 77 (9) (May): 2992–3001. doi:10.1128/AEM.02988-10. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3126396&tool=pmcentrez&ren

dertype=abstract. 

Shannon, Graeme, Rob Slotow, Sarah M Durant, Katito N Sayialel, Joyce Poole, Cynthia Moss, 

and Karen McComb. 2013. “Effects of Social Disruption in Elephants Persist Decades after 

Culling.” Frontiers in Zoology 10 (1): 62. doi:10.1186/1742-9994-10-62. 

Shrader, A. M., N. Owen-Smith, and J. O. Ogutu. 2006. “How a Mega-Grazer Copes with the 

Dry Season: Food and Nutrient Intake Rates by White Rhinoceros in the Wild.” Functional 

Ecology 20 (2) (April): 376–384. doi:10.1111/j.1365-2435.2006.01107.x. 

Sidahmed, A E, J G Morris, S R Radosevich, and L J Koong. 1983. “Seasonal Changes in 

Composition and Intake of Chaparral by Spanish Goats.” Animal Feed Science and 

Technology 8: 47–61. 

Sidahmed, Ahmed E, J G Morris, and S R Radosevich. 1981. “Chaparral Diet of Spanish Goats 

Grazing.” Journal of Range Management 34 (1): 33–35. 

Sierra–Corona, Rodrigo, Ana Davidson, Ed L. Fredrickson, Hugo Luna-Soria, Humberto Suzan-

Azpiri, Eduardo Ponce-Guevara, and Gerardo Ceballos. 2015. “Black-Tailed Prairie Dogs, 

Cattle, and the Conservation of North America’s Arid Grasslands.” Plos One 10 (3): 

e0118602. doi:10.1371/journal.pone.0118602. 

Singh, K.M., P.R. Pandya, S. Parnerkar, A.K. Tripathi, D.N. Rank, R.K. Kothari, and C.G. Joshi. 

2011. “Molecular Identification of Methanogenic Archae from Surti Buffaloes (Bubalus 

Bubalis), Reveals More Hydrogenotrophic Methanogens Phylotypes.” Brazilian Journal of 



133 
 

Microbiology 42: 132–139. 

Skinner, J.D. 1993. “Springbok (Antidorcas Marsupialis) Treks.” Transactions of the Royal 

Society of South Africa1 48 (2): 291–305. 

Skinner, John D. 1989. “Game Ranching in Southern Africa.” In Wildlife Production Systems: 

Economic Utilisation of Wild Ungulates, edited by Robert J. Hudson, K.R. Drew, and L.M. 

Baskin, First, 286–306. New York: Cambridge University Press. 

Smallidge, Samuel T., Terrell T. Baker, Dawn VanLeeuwen, William R. Gould, and Bruce C. 

Thompson. 2010. “Elk Distributions Relative to Spring Normalized Difference Vegetation 

Index Values.” International Journal of Ecology 2010: 1–10. doi:10.1155/2010/579808. 

Smits, David D. 1994. “The Frontier Army and the Destruction of the Buffalo: 1865-1883.” The 

Western Historical Quarterly 25 (3): 312–338. doi:10.1017/CBO9781107415324.004. 

Sneeringer, Stacy E. 2009. “The B . E . Journal of Economic Analysis & Policy Contributions 

Effects of Environmental Regulation on Economic Activity and Pollution in Commercial 

Agriculture Effects of Environmental Regulation on Economic Activity and Pollution in” 9 

(1). 

Snyder, Gary. 2008. A Place in Space: Ethics, Aesthetics, and Watersheds. Revised. Berkeley, 

California: Counterpoint Press. 

Sophocleous, M. 2000. “From Safe Yield to Sustainable Development of Water Resources—the 

Kansas Experience.” Journal of Hydrology 235 (1-2) (August 22): 27–43. 

doi:10.1016/S0022-1694(00)00263-8. 

Soulé, Michael E., and John Terborgh. 1999. “Conserving Nature at Regional and Continental 

Scales - a Scientific Program for North America.” BioScience 49 (10): 809–817. 

doi:10.1016/B0-7216-9383-0/50015-X. 



134 
 

Soulé, Michael, and Reed Noss. 1998. “Rewilding and Biodiversity: Complementary Goals for 

Continental Conservation.” Wild Earth 8: 18–28. 

Spencer, P. B S, and a. P. Woolnough. 2010. “Assessment and Genetic Characterisation of 

Australian Camels Using Microsatellite Polymorphisms.” Livestock Science 129 (1-3): 241–

245. doi:10.1016/j.livsci.2010.01.006. 

Spinage, Clive A. 2012. “Other Abundant Populations.” In African Ecology - Benchmarks and 

Historical, First, 571–614. New York: Springer-Verlag. 

Stankowich, Theodore, and Tim Caro. 2009. “Evolution of Weaponry in Female Bovids.” 

Proceedings. Biological Sciences / The Royal Society 276 (1677): 4329–4334. 

doi:10.1098/rspb.2009.1256. 

Stanley, Helen F., Miranda Kadwell, and Jane C. Wheeler. 1994. “Molecular Evolution of the 

Family Camelidae: A Mitochondrial DNA Study.” Proceedings of the Royal Society of 

London. Series B: Biological Sciences 256: 1–6. 

Stecher, Bärbel, and Wolf Dietrich Hardt. 2011. “Mechanisms Controlling Pathogen 

Colonization of the Gut.” Current Opinion in Microbiology 14 (1): 82–91. 

doi:10.1016/j.mib.2010.10.003. 

Steuer, P, M Clauss, K-H Südekum, J-M Hatt, S Silinski, S Klomburg, W Zimmermann, J 

Fickel, W J Streich, and J Hummel. 2010. “Comparative Investigations on Digestion in 

Grazing (Ceratotherium Simum) and Browsing (Diceros Bicornis) Rhinoceroses.” 

Comparative Biochemistry and Physiology. Part A, Molecular & Integrative Physiology 

156 (4) (August): 380–8. doi:10.1016/j.cbpa.2010.03.006. 

Steuter, Allen A, and Lori Hidinger. 1999. “Comparative Ecology of Bison and Cattle on Mixed-

Grass Prairie.” Great Plains Research 9: 329–342. 



135 
 

Stevens, C E, and I D Hume. 1998. “Contributions of Microbes in Vertebrate Gastrointestinal 

Tract to Production and Conservation of Nutrients.” Physiological Reviews 78 (2) (April): 

393–427. 

Stevens, C. Edward, and Ian D. Hume. 1995. Comparative Physiology of the Vertebrate 

Digestive System. 2nd ed. Cambridge: Cambridge University Press. 

Stouder, Deanna, Peter A. Bisson, Robert J. Naiman, and Marcus G. Duke. 1997. Pacific Salmon 

and Their Ecosystems. Edited by Deanna Stouder, Peter A. Bisson, Robert J. Naiman, and 

Marcus G. Duke. First. London: Chapman and Hall. 

Suen, Garret, David M Stevenson, David C Bruce, Olga Chertkov, Alex Copeland, Jan-Feng 

Cheng, Chris Detter, et al. 2011. “Complete Genome of the Cellulolytic Ruminal Bacterium 

Ruminococcus Albus 7.” Journal of Bacteriology 193 (19) (October): 5574–5. 

doi:10.1128/JB.05621-11. 

Sumner, L W. 1988. “Animal Welfare and Animal Rights.” The Journal of Medicine and 

Philosophy 13 (2): 159–175. doi:10.1093/jmp/13.2.159. 

Taberlet, Pierre, Eric Coissac, François Pompanon, Ludovic Gielly, Christian Miquel, Alice 

Valentini, Thierry Vermat, Gérard Corthier, Christian Brochmann, and Eske Willerslev. 

2007. “Power and Limitations of the Chloroplast trnL (UAA) Intron for Plant DNA 

Barcoding.” Nucleic Acids Research 35 (3) (January): e14. doi:10.1093/nar/gkl938. 

Terborgh, J., and C. van Schaik. 2002. “Why the World Needs Parks.” In Making Parks Work: 

Strategies for Preserving Tropical Nature, edited by J. Terborgh, C. van Schaik, L. 

Davenport, and M. Rao, First, 511. Washington, DC: Island Press. 

Teunissen, M J, H J Op den Camp, C G Orpin, J H Huis in ’t Veld, and G D Vogels. 1991. 

“Comparison of Growth Characteristics of Anaerobic Fungi Isolated from Ruminant and 



136 
 

Non-Ruminant Herbivores during Cultivation in a Defined Medium.” Journal of General 

Microbiology 137 (6) (June): 1401–8. http://www.ncbi.nlm.nih.gov/pubmed/1919514. 

Thoetkiattikul, Honglada, Wuttichai Mhuantong, Thanaporn Laothanachareon, Sithichoke 

Tangphatsornruang, Virote Pattarajinda, Lily Eurwilaichitr, and Verawat Champreda. 2013. 

“Comparative Analysis of Microbial Profiles in Cow Rumen Fed with Different Dietary 

Fiber by Tagged 16S rRNA Gene Pyrosequencing.” Current Microbiology 67 (2) (August): 

130–7. doi:10.1007/s00284-013-0336-3. http://www.ncbi.nlm.nih.gov/pubmed/23471692. 

Thomas, François, Jan-Hendrik Hehemann, Etienne Rebuffet, Mirjam Czjzek, and Gurvan 

Michel. 2011. “Environmental and Gut Bacteroidetes: The Food Connection.” Frontiers in 

Microbiology 2 (May) (January): 93. doi:10.3389/fmicb.2011.00093. 

Tilg, Herbert, and Arthur Kaser. 2011. “Gut Microbiome, Obesity, and Metabolic Dysfunction.” 

The Journal of Clinical Investigation 121 (6): 2126–2132. doi:10.1172/JCI58109.2126. 

Todd, Fred G, Frank R Stermitz, Partricia Schultheis, Anthony P Knight, and Josie Traub-

dargatz. 1995. “Tropane Alkaloids and Toxicity of Convolvulus Arvensis.” Phytochemistry 

39 (2): 301–303. 

Torbit, Stephen C., and Louis Larose. 2001. “A Commentary on Bison and Cultural Restoration: 

Partnership between the National Wildlife Federation and the Intertribal Bison 

Cooperative.” Great Plains Research 11 (1): 175–182. 

Towne, E Gene, David C Hartnett, and Robert C Cochran. 2005. “Vegetation Trends in Tallgrass 

Prairie from Bison and Cattle Grazing.” Ecological Applications 15 (5): 1550–1559. 

Towne, G, T G Nagaraja, and R C Cochran. 1989. “Ruminal Microbial Populations and 

Fermentation Characteristics in Bison and Cattle Fed High- and Low-Quality Forage.” 

Microbial Ecology 17 (3) (May): 311–6. doi:10.1007/BF02012843. 



137 
 

http://www.ncbi.nlm.nih.gov/pubmed/24197289. 

Towne, G, TG Nagaraja, RC Cochran, DL Harmon, CE Owensby, and DW Kaufman. 1988. 

“Comparisons of Ruminal Fermentation Characteristics and Microbial Populations in Bison 

and Cattlet.” Applied and Environmental Microbiology 54 (10): 2510–2514. 

Trager, Matthew D, Gail W T Wilson, and David C Hartnett. 2004. “Concurrent Effects of Fire 

Regime , Grazing and Bison Wallowing on Tallgrass Prairie Vegetation Concurrent Effects 

of Fire Regime , Grazing and Bison” 152 (2): 237–247. 

Truett, Joe C., Michael Phillips, Kyran Kunkel, and Russell Miller. 2001. “Managing Bison to 

Restore Biodiversity.” Great Plains Research 11 (1): 123–144. 

Tshabalala, Thulani, Sikhalazo Dube, and Peter C Lent. 2009. “Seasonal Variation in Forages 

Utilized by the African Buffalo (Syncerus Caffer) in the Succulent Thicket of South 

Africa.” African Journal of Ecology 48: 438–445. 

Turnbaugh, Peter J, Ruth E Ley, Michael a Mahowald, Vincent Magrini, Elaine R Mardis, and 

Jeffrey I Gordon. 2006. “An Obesity-Associated Gut Microbiome with Increased Capacity 

for Energy Harvest.” Nature 444 (7122) (December 21): 1027–31. 

doi:10.1038/nature05414. 

Turner, Frederick Jackson. 1920. The Frontier in American History. New York: Holt. 

Udeh, I, J O Isikwenu, and G C Obika. 2013. “Forage Species Availability, Preference, and 

Grazing Behavior of Mutur and Zebu Cattle in Asaba, Delta State, Nigeria.” Online Journal 

of Animal and Feed Research 3 (5): 197–201. 

Uhart, Marcela, and Fernando Milano. 2002. “Multiple Species Production Systems: Reversing 

Underdevelopment and Nonsustainability in Latin America.” Annals of the New York 

Academy of Sciences 969: 20–23. 



138 
 

Valentini, Alice, Christian Miquel, Muhammad Ali Nawaz, Eva Bellemain, Eric Coissac, 

François Pompanon, Ludovic Gielly, et al. 2009. “New Perspectives in Diet Analysis Based 

on DNA Barcoding and Parallel Pyrosequencing: The trnL Approach.” Molecular Ecology 

Resources 9 (1) (January): 51–60. doi:10.1111/j.1755-0998.2008.02352.x. 

Van Der Merwe, Jorista, and Jason P. Marshal. 2012. “Hierarchical Resource Selection by 

Impala in a Savanna Environment.” Austral Ecology 37 (3) (May 5): 401–412. 

doi:10.1111/j.1442-9993.2011.02297.x. 

Van Soest, Peter J. 1994. Nutritional Ecology of the Ruminant. 2nd ed. Ithaca, New York: 

Cornell University Press. 

van Vuren, Dirk. 1983. “Group Dynamics and Summer Home Range of Bison in Southern 

Utah.” Journal of Mammalogy 64 (2): 329–332. doi:10.2307/3504263. 

Van Vuren, Dirk. 1987. “Bison West of the Rocky Mountains : An Alternative Explanation.” 

Northwest Science 61 (2): 65–69. 

Van Vuren, Dirk, and Martin P Bray. 1983. “Diets of Bison and Cattle on a Seeded Range in 

Southern Utah.” Journal of Range Management 36 (4): 499–500. 

van Vuure, C.T. 2002. “History, Morphology and Ecology of the Aurochs (Bos Primigenius).” 

Lutra 45 (1): 1–16. 

———. 2005. Retracing The Aurochs: History, Morphology & Ecology of an Extinct Wild Ox. 

Sofia, Bulgaria: Pensoft Publishers. 

van Wijk, Rien E., Andrea Kölzsch, Helmut Kruckenberg, Barwolt S. Ebbinge, Gerhard J. D. M. 

Müskens, and Bart A. Nolet. 2012. “Individually Tracked Geese Follow Peaks of 

Temperature Acceleration during Spring Migration.” Oikos 121 (5) (May 8): 655–664. 

doi:10.1111/j.1600-0706.2011.20083.x. 



139 
 

Varel, Vincent H, and Burk A Dehority. 1989. “Ruminal Cellulolytic Bacteria and Protozoa from 

Bison, Cattle-Bison Hybrids, and Cattle Fed Three Alfalfa-Corn Diets.” Applied and 

Environmental Microbiology 55 (1): 148–153. 

Varley, N, and K a Gunter. 2002. “Grizzly Bear Predation on a Bison Calf in Yellowstone 

National Park.” Ursus 13 (2002): 377–381. 

Varner, Gary E. 1998. In Nature’s Interests?: Interests, Animal Rights, and Environmental 

Ethics. First. New York: Oxford University Press, USA. 

Veissier, Isabelle, and Björn Forkman. 2008. “The Nature of Animal Welfare Science.” Annual 

Review of Biomedical Sciences 10 (August 2015). doi:10.5016/1806-8774.2008.v10pT15. 

Vilà, C, J a Leonard, A Gotherstrom, S Marklund, K Sandberg, K Liden, R K Wayne, and H 

Ellegren. 2001. “Widespread Origins of Domestic Horse Lineages.” Science (New York, 

N.Y.) 291 (5503) (January 19): 474–7. doi:10.1126/science.291.5503.474. 

Villalba, Juan J, Frederick D Provenza, and J P Bryant. 2002. “Consequences of the Interaction 

between Nutrients and Plant Secondary Metabolites on Herbivore Selectivity: Benefits or 

Detriments for Plants?” Oikos 97 (2): 282–292. 

Villalba, Juan J, Frederick D Provenza, Guo-dong Han, and D Provenza. 2004. “Experience 

Influences Diet Mixing by Herbivores: Implications for Plant Biochemical Diversity.” 

Oikos 107 (1): 100–109. 

Vivas, Helga Jonsdottir, and Bernt-erik Saether. 1987. “Interactions between a Generalist 

Herbivore, the Moose Alces Alces, and Its Food Resources: An Experimental Study of 

Winter Foraging Behaviour in Relation to Browse Availability.” Journal of Animal Ecology 

56 (2): 509–520. 

von Rosenvinge, Erik C, Yang Song, James R White, Cynthia Maddox, Thomas Blanchard, and 



140 
 

W Florian Fricke. 2013. “Immune Status, Antibiotic Medication and pH Are Associated 

with Changes in the Stomach Fluid Microbiota.” The ISME Journal 7 (7): 1354–66. 

doi:10.1038/ismej.2013.33. 

Vos, P, G Garrity, D Jones, NR Krieg, W Ludwig, FA Rainey, KH Schleifer, and W Whitman. 

2009. Bergey’s Manual of Systematic Bacteriology: Volume 3: The Firmicutes. Edited by P 

Vos, G Garrity, D Jones, NR Krieg, W Ludwig, FA Rainey, KH Schleifer, and W Whitman. 

Second. Springer New York. http://www.springer.com/life+sciences/book/978-0-387-

95041-9. 

Vreede, Gary Van, Lisa C Bradley, Fred C Bryant, and Thomas J Deliberto. 1989. “Evaluation 

of Forage Preference Indices for White-Tailed Deer.” The Journal of Wildlife Management 

53 (1): 210–213. 

Waggoner, V, and M Hinkes. 1986. “Summer and Fall Browse Utilization by an Alaskan Bison 

Herd.” Journal of Wildlife Management 50 (2): 322–324. 

Wagner, John J., Shawn L. Archibeque, and Dillon M. Feuz. 2014. “The Modern Feedlot for 

Finishing Cattle.” Annual Review of Animal Biosciences 2: 535–554. 

Waldram, Matthew S., William J. Bond, and William D. Stock. 2007. “Ecological Engineering 

by a Mega-Grazer: White Rhino Impacts on a South African Savanna.” Ecosystems 11 (1) 

(November 30): 101–112. doi:10.1007/s10021-007-9109-9. 

Wallach, Bret. 1985. “The Return of the Prairie.” Landscape 28 (3): 1–6. 

Walzer, Chris, and Petra Kaczensky. 2005. “Wild Camel Training and Collaring Mission for the 

Great Gobi, a Strictly Protected Area in Mongolia.” 

Wang, Mei, Siv Ahrné, Bengt Jeppsson, and Göran Molin. 2005. “Comparison of Bacterial 

Diversity along the Human Intestinal Tract by Direct Cloning and Sequencing of 16S rRNA 



141 
 

Genes.” FEMS Microbiology Ecology 54 (2) (October 1): 219–31. 

doi:10.1016/j.femsec.2005.03.012. http://www.ncbi.nlm.nih.gov/pubmed/16332321. 

Ward, Peter D. 1997. The Call of Distant Mammoths: Why the Ice Age Mammals Disappeared. 

First. New York: Copernicus. 

Ward, T J, L C Skow, D S Gallagher, R D Schnabel, C A Nall, C E Kolenda, S K Davis, J F 

Taylor, and J N Derr. 2001. “Differential Introgression of Uniparentally Inherited Markers 

in Bison Populations with Hybrid Ancestries” 223: 89–91. 

Ward, Todd J., Joseph P. Bielawski, Scott K. Davis, Joe W. Templeton, and James N. Derr. 

1999. “Identification of Domestic Cattle Hybrids in Wild Cattle and Bison Species: A 

General Approach Using mtDNA Markers and the Parametric Bootstrap.” Animal 

Conservation 2 (1) (February): 51–57. doi:10.1111/j.1469-1795.1999.tb00048.x. 

Watson, Laurence H, and Norman Owen-smith. 2002. “Phenological Influences on the 

Utilization of Woody Plants by Eland in Semi-Arid Shrubland.” African Journal of Ecology 

40: 65–75. 

Watson, Laurence H., and Norman Owen-Smith. 2000. “Diet Composition and Habitat Selection 

of Eland in Semi-Arid Shrubland.” African Journal of Ecology 38 (2) (June): 130–137. 

doi:10.1046/j.1365-2028.2000.00229.x. 

Weese, J Scott, Todd Shury, and Murray D Jelinski. 2014. “The Fecal Microbiota of Semi-Free-

Ranging Wood Bison (Bison Bison Athabascae).” BMC Veterinary Research 10 (January): 

120. doi:10.1186/1746-6148-10-120. 

Weinstock, Jaco, Eske Willerslev, Andrei Sher, Wenfei Tong, Simon Y W Ho, Dan Rubenstein, 

John Storer, et al. 2005. “Evolution, Systematics, and Phylogeography of Pleistocene 

Horses in the New World: A Molecular Perspective.” PLoS Biology 3 (8) (August): e241. 



142 
 

doi:10.1371/journal.pbio.0030241. 

Werner, Jeffrey J, Omry Koren, Philip Hugenholtz, Todd Z DeSantis, William A Walters, J 

Gregory Caporaso, Largus T Angenent, Rob Knight, and Ruth E Ley. 2012. “Impact of 

Training Sets on Classification of High-Throughput Bacterial 16s rRNA Gene Surveys.” 

The ISME Journal 6 (1) (January): 94–103. doi:10.1038/ismej.2011.82. 

Wheeldon, Tyler J., Linda Y. Rutledge, Brent R. Patterson, Bradley N. White, and Paul J. 

Wilson. 2013. “Y-Chromosome Evidence Supports Asymmetric Dog Introgression into 

Eastern Coyotes.” Ecology and Evolution 3 (9): 3005–3020. doi:10.1002/ece3.693. 

Wheeler, Jane C. 2012. “South American Camelids - Past, Present and Future.” Journal of 

Camelid Science 5: 1–24. 

Wheeler, W.E., and C.H. Noller. 1977. “Gastrointestinal Tract pH and Starch in Feces of 

Ruminants.” Journal of Animal Science 44 (1): 131–135. 

White, Robert G., and Jeanette Trudell. 1980. “Habitat Preference and Forage Consumption by 

Reindeer and Caribou near Atkasook, Alaska.” Arctic and Alpine Research 12 (4): 511–

529. doi:10.1657/1523-0430(07-021). 

Whiting, Jericho C., R. Terry Bowyer, Jerran T. Flinders, and Dennis L. Eggett. 2011. 

“Reintroduced Bighorn Sheep: Fitness Consequences of Adjusting Parturition to Local 

Environments.” Journal of Mammalogy 92 (1): 213–220. doi:10.1644/10-MAMM-A-145.1. 

Widga, Chris. 2006. “Niche Variability in Late Holocene Bison: A Perspective from Big Bone 

Lick, KY.” Journal of Archaeological Science 33 (9) (September): 1237–1255. 

doi:10.1016/j.jas.2005.12.011. 

Widga, Chris, J. Douglas Walker, and Lisa D. Stockli. 2010. “Middle Holocene Bison Diet and 

Mobility in the Eastern Great Plains (USA) Based on δ13C, δ18O, and 87Sr/86Sr Analyses 



143 
 

of Tooth Enamel Carbonate.” Quaternary Research 73 (3) (May): 449–463. 

doi:10.1016/j.yqres.2009.12.001. 

Willerslev, Eske, John Davison, Mari Moora, Martin Zobel, Eric Coissac, Mary E Edwards, 

Eline D Lorenzen, et al. 2014. “Fifty Thousand Years of Arctic Vegetation and Megafaunal 

Diet.” Nature 506 (7486) (February 6): 47–51. doi:10.1038/nature12921. 

Wilmshurst, J F, J M Fryxell, and C M Bergman. 2000. “The Allometry of Patch Selection in 

Ruminants.” Proceedings of the Royal Society B: Biological Sciences 267 (1441) (February 

22): 345–349. doi:10.1098/rspb.2000.1007. 

Wilmshurst, John F., John M. Fryxell, Brian P. Farm, A.R.E. Sinclair, and Chris P. Henschel. 

1999. “Spatial Distribution of Serengeti Wildebeest in Relation to Resources.” Canadian 

Journal of Zoology 77 (8): 1223–1232. doi:10.1139/cjz-77-8-1223. 

Wilson, George, Maarten Ryder, Glenn Fitzgerald, Michael Tausz, Robert Norton, Garry O 

Leary, Saman Seneweera, et al. 2013. “Case Studies on Food Production, Policy and 

Trade.” In Food Security in Australia: Challenges and Prospects for the Future, edited by 

Quentin Farmar-Bowers, Vaughan Higgins, and Joanne Millar, 353–364. Boston, MA: 

Springer US. doi:10.1007/978-1-4614-4484-8. 

Wilson, Paul J., Linda Y. Rutledge, Tyler J. Wheeldon, Brent R. Patterson, and Bradley N. 

White. 2012. “Y-Chromosome Evidence Supports Widespread Signatures of Three-Species 

Canis Hybridization in Eastern North America.” Ecology and Evolution 2 (9): 2325–2332. 

doi:10.1002/ece3.301. 

Wood, J. D., R. I. Richardson, G. R. Nute, a. V. Fisher, M. M. Campo, E. Kasapidou, P. R. 

Sheard, and M. Enser. 2004. “Effects of Fatty Acids on Meat Quality: A Review.” Meat 

Science 66 (1): 21–32. doi:10.1016/S0309-1740(03)00022-6. 



144 
 

Woolhouse, Mark, and Jeremy Farrar. 2014. “Policy: An Intergovernmental Panel on 

Antimicrobial Resistance.” Nature 509 (7502): 555–7. doi:10.1038/509555a. 

Worm, B., E.B. Barbier, N. Beaumont, J.E. Duffy, C. Folke, B.S. Halpern, J.B.C. Jackson, et al. 

2006. “Impacts of Biodiversity Loss on Ocean Ecosystem Services.” Science (New York, 

N.Y.) 314 (5800): 787–90. doi:10.1126/science.1132294. 

Yatsunenko, Tanya, Federico E Rey, Mark J Manary, Indi Trehan, Maria Gloria Dominguez-

Bello, Monica Contreras, Magda Magris, et al. 2012. “Human Gut Microbiome Viewed 

across Age and Geography.” Nature 486 (7402) (June 14): 222–7. 

doi:10.1038/nature11053. 

Yorks, Terence P. 1989. “Ranching Native and Exotic Ungulates in the United States.” In 

Wildlife Production Systems: Economic Utilisation of Wild Ungulates, edited by Robert J. 

Hudson, K. R. Drew, and L.M. Baskin, First, 268–285. New York: Cambridge University 

Press. 

Zar, Jerrold H. 2009. Biostatistical Analysis (5th Edition). 5th ed. Upper Saddle River, New 

Jersey: Pearson. 

Zhang, Wenjun, Fubin Jiang, and Jianfeng Ou. 2011. “Global Pesticide Consumption and 

Pollution : With China as a Focus.” Proceedings of the International Academy of Ecology 

and Environmental Sciences 1 (2): 125–144. 

Zimov, Sergey A. 2005. “Pleistocene Park: Return of the Mammoth’s Ecosystem.” Science (New 

York, N.Y.) 308 (5723) (May): 796–8. doi:10.1126/science.1113442. 

Zontek, Ken. 2007. Buffalo Nation: American Indian Efforts to Restore the Bison. First. Lincoln, 

Nebraska: Bison Books. 

  



145 
 

TABLES 

Table 1.1. Heat map showing relative abundance of microbial phyla over time, based on 

sequences recovered from the feces of free-ranging bison. Numbers indicate mean relative 

abundance. Colors indicate z-score, with red representing positive z-scores, blue representing 

negative z-scores, and brightness of color representing absolute value of z-scores. 
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FIGURES 

Figure 1.1. Changes in the composition of (A) diet and (B) gut microbiota over time, as 

indicated by trnL chloroplast genes and 16S ribosomal RNA genes, respectively. Plot depicts 

primary axis of principal coordinate analysis (PCoA) for relative abundance data. In PCoA, the 

first axis accounts for the greatest amount of variation in the dataset. The effect of time in each 

dataset was tested using PERMANOVA (P < 0.001 in both cases). 
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Figure 1.2. Changes in plant diet as indicated by shifts in the relative abundance of trnL 

chloroplast gene sequences. Plant species were grouped by growth habit (forb, graminoid, and 

woody). The effect of time in each dataset was tested using repeated measures ANOVA with 

Bonferroni correction. All three functional groups exhibited significant temporal change in 

proportion of the diet (P < 0.05). 
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Figure 1.3. Plant relative abundance as indicated by sequencing of trnL chloroplast genes. Plants 

were identified to species by matching database sequences at the 100% level. See Results for the 

identity of species in clusters. The effect of time in each dataset was tested using repeated 

measures ANOVA with Bonferroni correction. Three taxa (Lespedeza violacea, Ceanothus 

herbaceus, and the Oligoneuron forb cluster) exhibited significant temporal change in proportion 

of the diet (P < 0.01). 
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Figure 1.4. Relative abundance of microbial phyla as indicated by sequencing of 16S ribosomal 

RNA genes. The effect of time on each microbial phylum was tested using repeated measures 

ANOVA with Bonferroni correction. The phylum Tenericutes exhibited a significant shift in 

relative abundance over the growing season (P < 0.001). 
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Figure 2.1. Results of repeated measures ANOVA with Tukey HSD on diet data from bison at 

Rocky Mountain Arsenal National Wildlife Refuge (RMA) during the period of May 10, 2012 to 

October 25, 2013. Dates with same letters above graph exhibited responses that were not 

significantly different from one another, while those with different letters had responses that 

were significantly different. Statistics for linear regression are reported with each of the 

following response groups. A) Forbs (P < 0.001, R2 < 0.05), B) graminoids (P < 0.05, R2 < 

0.05), C) browse (P < 0.01, R2 < 0.05), and D) Shannon diversity index (P > 0.05, R2 < 0.05). 
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Figure 2.2. Heat map representation of bison diet during the months of May-August at three 

sites: A) KZA (2011), B) RMA (2012 and 2013), and C) APR (2013). Plants were grouped by 

growth habit (forb, graminoid, and browse). Those few plants that could not be identified to the 

species level were not assigned to a growth habit. 
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Figure 2.3. Results of principal coordinate analysis (PCoA) on plant species in the diet of bison, 

showing comparison of the months of May-August at three sites: KZA (2011), RMA (2012 and 

2013), and APR (2013). 
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Figure 3.1. Microbial diversity along the length of the bison digestive tract. Letters above the 

chart indicate results of Tukey’s HSD test; sections marked with different letters were 

significantly different from one another. A) Diversity of the gut microbiota in forage-finished 

bison, as measured by the Shannon index. B) Diversity of the gut microbiota in grain-finished 

bison, as measured by the Shannon index. 
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Figure 3.2. Principal coordinates analysis (PCoA) of microbial operational taxonomic units 

(OTUs) for entire digestive tract in both populations (forage- and grain-fed) of captive bison. ES 

= Esophagus, RE = Reticulum, RU = Rumen, OM = Omasum, AB = Abomasum, DU = 

Duodenum, JE = Jejunum, IL = Ileum, CE = Cecum, AC = Ascending colon, TC = Transverse 

colon, DC = Descending colon, and RC = Rectum. 
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Figure 3.3. Heat map showing bacterial families with a mean relative abundance of at least 3% 

across all samples, paired with hierarchical cluster analysis of Bray-Curtis similarity among 

digestive tract sections in forage-finished (Population A) and grain-finished (Population B) 

bison. These families represent 27-77% of the microbial community in each gut section. 

 


