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ABSTRACT Physical and chemical attributes of plants influence foraging choices made by 

herbivores.  Sagebrush contains high levels of plant secondary metabolites (PSMs) but relatively 

low levels of fiber. Therefore, we predicted that pygmy rabbits (Brachylagus idahoensis), 

sagebrush specialists, would show a stronger preference for low fiber diets than diets with low 

PSMs, whereas, cottontails (Sylvilagus nuttallii), generalist herbivores, would show the opposite. 

We also predicted that total intake of both species would decrease with the PSM and fiber 

content of the diets increasing.  We conducted a series of double choice preference trials with 

captive pygmy rabbits and cottontails with pelleted diets ranging from 41 – 61% neutral 

detergent fiber and 0 – 5% cineole (a PSM in sagebrush).  Both pygmy rabbits and cottontails 

selected the diet with the least cineole for most diet pairs, but pygmy rabbits maintained their 

total intake as cineole concentration increased, whereas cottontails reduced their intake at the 

lowest level of cineole.  Pygmy rabbits consistently selected the diet with the least fibrous diets, 



whereas cottontails only distinguished between fiber content at the highest level. Total intake 

decreased with fiber concentration in pygmy rabbits, but did not vary in cottontails.  These 

results suggest that pygmy rabbits and cottontails tradeoff fiber and PSMs differently when 

selecting diets, which explains foraging patterns when they reside sympatrically in sagebrush 

rangelands.  

INTRODUCTION 

 Sagebrush-steppe (Artemisia spp.) plant communities once occupied over 44.4 million ha 

of land in western North America, but conversion to agriculture, livestock grazing, invasion of 

non-native vegetation, and human disturbance has reduced it to less than 20% of its former range 

(Hemstrom et al. 2002).  Sagebrush-steppe provides food and cover for many wildlife species, 

many of which are a conservation concern.  Like many plants, sagebrush, especially the stems, 

has a fibrous cell wall that makes digesting nutrients difficult (Van Soest 1994).  In addition, 

sagebrush contains relatively high amounts of plant secondary metabolites (PSMs), especially 

monoterpenes (1 – 4%), which are considered toxic to most mammals (Shipley et al. 2006).  

Two species of leporids, pygmy rabbits (Brachylagus idahoensis) and Nuttall’s cottontail 

(Sylvilagus nuttallii), co-inhabit sagebrush communities in many parts of the west (Adams et al. 

2011).  Pygmy rabbits are considered sagebrush specialists, and consume sagebrush almost 

exclusively during the winter (Thines et al. 2004). They have a greater ability to minimize 

absorption and maximize detoxification of monoterpenes in sagebrush than cottontails (Shipley 

et al. 2012).  On the other hand, cottontails have a greater capacity to digest plant fiber than 

pygmy rabbits (Shipley et al. 2006), presumably because of their larger body size, thus, larger 

digestive capacity.   



In this study, we conducted a set of double-choice feeding trials to compare preference 

for levels of 1,8 cineole, a PSM in sagebrush, and levels of plant fiber between pygmy rabbits 

and cottontails. We hypothesized that differences in physiology and body size would influence 

the foraging decisions made by the two leporid species. Therefore, we predicted that pygmy 

rabbits would show a stronger preference for lower fiber pelleted diets and cottontails would 

show a stronger preference for pelleted diets with lower PSM content. We also expected that 

total intake in relation to metabolic body mass would decrease as the quality (i.e., PSM or fiber 

content) of the highest quality pellet option decreased.  

METHODS 

To examine preference for cineole content in diets, we used liquid 1,8 cineole to create 

diets with 6 different concentrations.  We mixed pellets and cineole by weight to create diets of 

0%, 1%, 2%, 3%, 4%, or 5% cineole each morning of the preference trials.  The cineole was 

stored in the refrigerator.  To evenly coat the pellets, we used a salad dressing spritzer to spray 

the cineole on the pellets and shook the pellets in a plastic tub to allow the cineole to coat all the 

pellets.  

 To examine preference for fiber content in diets, we created 5 different pellet diets that 

varied in percent fiber by adding rice hulls to commercial rabbit food in a laboratory-sized pellet 

mill (Model PM605, Buskirk Engineering, Ossian, IN). We created pellets that ranged from an 

estimated 35 – 50% neutral detergent fiber (NDF) and 50 to 70% digestibility, the highest being 

the commercial rabbit food, Purina ® Rabbit Chow Professional (Purina Mills, LLC., St. Louis, 

MO). Diets consisted of a ratio of the commercial diet to rice hulls of 1:0, 10:1, 7.5:1, 4.5:1, and 

2.5:1.  For both forages and simulated diets, we determined the actual NDF, acid detergent fiber, 



acid detergent lignin, and acid insoluble ash from sequential detergent analysis (Goering and Van 

Soest 1970; Ankom Fiber Analyzer 
200/220

, Ankom Technology, Fairport, NY, Table 1).  We 

estimated dry matter digestibility (%) of the diets from the sequential fiber analysis using the 

equation of Robbins et al. (1987, Table 1).   

 We conducted two sets of double choice preference trials, one set for cineole and one for 

fiber, with 2 – 7 pygmy rabbits (X = 440.67, SE = 10.29) and 7 cottontail rabbits (X = 1069.14, 

SE = 39.45). Our captive pygmy rabbits were trapped at two different sites in southern Idaho, 

and one in Montana. The cottontails were trapped in Pullman, WA outside the Small Mammal 

Research Facility (SMRF) where the animals are housed (IACUC #3994).  If any animal ate less 

than a total of 15 g for 2 days or lost 20% of its body mass, it was removed from the feeding 

trial. Each morning, each rabbit received 2 bowls, one on each side of the pen in addition to ad 

lib water. Each bowl had one of the 6 levels of fiber or cineole paired with a contiguous fiber or 

cineole level until all the contiguous pairs were completed.  Each day, we measured 60 g of each 

diet into each bowl for each animal, left them in the rabbit pens for 24 hours, and then weighed 

the pellets remaining (i.e., orts). We dried the orts at 100⁰ C for 24 hours.  To correct the pellets 

fed to the animal for dry matter, we weighed and dried a subsample of each diet. 

 We used a multilevel mixed effects linear model to analyze intake data.  We specified the 

fixed effect as diet × trial and the random effects were individual animal and trial number nested 

within individual.  We followed significant results with pairwise comparisons. We compared the 

overall dry matter intake of diets between the cottontail rabbits and the pygmy rabbits using 2 

sample t-tests with equal variance.  

 



RESULTS 

Cineole content influenced preference and intake by both species.  Pygmy rabbits 

preferred diets with lower toxicity until cineole content > 4%. Cottontails always preferred the 

diet with relatively lower toxicity (Fig. 1).  Total intake by pygmy rabbits remained constant 

until cineole concentration reached 3% (p < 0.001; Fig. 3B). Intake by cottontails decreased 

when cineole concentration was only 1% (p < 0.001; Fig. 3B).  

Overall, fiber content influenced intake by both species of rabbits (cottontails: F19, 128 = 

6.6, P < 0.001, pygmy rabbits: F21, 160 = 44.50, P < 0.001).  Pygmy rabbits preferred diets that 

were lower in fiber, whereas cottontails did not show a preference for fiber content of food, 

except for at the highest level offered (Fig. 2).  Total intake by pygmy rabbits decreased as fiber 

increased (p < 0.001), whereas intake by cottontails remained constant until fiber reached 56% 

(Fig. 3A).  

DISCUSSION 

 As expected, pygmy rabbits, which specialize on sagebrush diets, were less sensitive to 

cineole when selecting diets than were cottontails, and were able to maintain their total intake on 

higher levels of cineole.  Pygmy rabbits selected the diet with the lowest cineole concentration 

when contiguous pairs ranged from 0 – 3%, but selected diets equally when pairs ranged from 3 

– 5%.  On the other hand, cottontails always consumed more of the diet with less cineole.  In 

addition, pygmy rabbits maintained their total intake as the cineole concentration in the lowest 

cineole diet increased to 4%, whereas cottontails consumed less total diet when all but the 0% 

diet was offered. These results match quantitatively with that of Shipley et al. (2012), who 

measured intake by pygmy rabbits and cottontails using single choice experiments, and found 



that pygmy rabbits maintained intake until cineole increased to 5%, whereas cottontails reduced 

intake at only 1%.  

Few mammalian herbivores can reduce the toxin concentrations in their blood through 

detoxification and elimination of PSMs as rapidly as pygmy rabbits (Sorensen et al. 2004, 

Shipley et al. 2012). Toxin concentrations could also be reduced by metabolizing PSMs into 

water-soluble compounds before entering the circulatory system (Sorensen et al. 2004). 

However, it is possible that pygmy rabbits are even more effective at metabolizing PSMs than 

the Neotoma spp. that Sorensen et al. (2004) studied.  Pygmy rabbits use a more energetically 

expensive way of eliminating cineole than other specialist species (Shipley et al. 2012), and there 

are different detoxification pathways for each class of PSMs (Jones et al. 2006).  This would 

explain how pygmy rabbits can be extremely efficient at consuming large amounts of sagebrush 

year round while most other species cannot.  Although most mammals are generalists because of 

the expense of overloading one detoxification pathway, some herbivores may adapt a specialist 

feeding strategy to consume only a certain group of PSMs to concentrate on a limited set of these 

pathways (Jones et al. 2006).  Future studies, should examine adaptations for other PSMs in 

sagebrush in specialist and generalist leporids.  

 Despite their ability to consume cineole, pygmy rabbits were more sensitive to fiber 

concentration when selecting diets than were cottontails, and, unlike cottontails, were unable to 

maintain their intake on high levels of fiber. Pygmy rabbits almost always selected the diet with 

the lowest level of fiber, whereas cottontails only distinguished between fiber levels when 

choosing between the 2 highest levels of fiber.  Pygmy rabbits consumed less total pellets when 

fiber concentration of the lowest fiber diet reached 50%, whereas, cottontails maintained their 

intake at all levels of fiber concentration.  Cottontails may have been able to consume higher 



fiber diets because of their better ability to digest plant fiber.  Shipley et al. (2006) found that in 

vitro digestion trials, cottontails had a higher 10% higher dry matter digestibility on 4 pelleted 

diets ranging from 34 to 55% NDF.  Hindgut fermenters like leporids are much less efficient at 

digesting fiber than ruminants, thus many hindgut fermenters like leporids use cecatrophy to 

lengthen the retention time of food in the digestive tract from more extensive digestion and 

nutrient absorption (Kuijper et al. 2004; Meyer et al. 2010).  Few studies have compared how the 

ability to digest fiber varies with size in similar species, but Kuijper et al. (2004) found that in 

two genera of leporids, European rabbits (Oryctolagus cuniculus; X = 2.4; 2.3 – 2.6 kg) were 

able to digest higher amounts of fiber in their diet more efficiently than European brown hares 

(Lepus europaeus; X = 3.4; 2.8 – 3.7 kg).  However, these differences may be more related to 

energy expenditure and other lifestyle differences, such as hares not relying on cecatrophy as 

much as rabbits (Kuijper et al. 2004), than to body size.  This probably does not have to do with 

size, but rather the different lifestyles of the 2 genera.  Future studies should examine the size of 

the digestive systems and the retention time of food in the digestive tract to further understand 

the role of body size on the ability of leporids to digest fiber.  

 Our study helps explain the foraging patterns observed by pygmy rabbits and cottontails 

on natural vegetation and in the wild.  For example, when offered fresh sagebrush, captive 

pygmy rabbits consumed leaves, which contain more PSMs, and stems, which contain higher 

fiber levels, in proportion to availability, whereas cottontails consumed only the stems (Shipley 

et al. 2006).  An observational field study on pygmy rabbits revealed that they consumed an 

average proportion of leaves to stems and clipped the stems of the sagebrush to between 1 and 2 

mm (Wiggins, unpublished).  Although no studies like this have been conducted in cottontails, 

we expect, based on our results, that cottontails eating sagebrush would clip larger diameter 



stems to reduce the proportion of leaves, or clip the leaves off the stem and only consume the 

stems.  In the near future, we plan on conducting captive feeding studies and observational field 

studies to examine this hypothesis.  

Second, our findings conform to observed seasonal diet changes in pygmy rabbits.  

Pygmy rabbits eat diets of nearly 100% sagebrush in winter when grasses and forbs are senescent 

and covered with snow, but usually less than 50% in summer (Thines et al. 2004).  Grasses in 

winter have about half the crude protein and about 50% more fiber than sagebrush (Thines et al. 

2004).  In summer, fiber in grasses and forbs is about 10% lower and protein is about 3% higher 

(Thines et al. 2004).  Although pygmy rabbits are able to tolerate high levels of PSMs (Shipley et 

al. 2012), they consistently chose diets with lower cineole concentrations when given a choice in 

our study.  Likewise, when given a choice of both a cineole-free pelleted diet and sagebrush in 

captive feeding trials, pygmy rabbits voluntarily consumed a maximum of 8% of their diet in 

sagebrush (Shipley et al. 2006).  However, the proportion of sagebrush in their diet increased as 

the fiber content of the pelleted diet decreased.  Because pygmy rabbits seem to tolerate cineole 

concentrations better than fiber, consuming increased amounts of sagebrush in winter would 

provide more digestible nutrients than consuming more fibrous grasses and forbs.  Pygmy rabbits 

also have a higher energy requirement relative to body mass than do cottontails (Shipley et al. 

2006), and may have a thermal neutral zone 2 times narrower than cottontails (Shipley et al. 

2006).  Cottontails, which have a lower tolerance for PSMs and a better ability to digest fiber, 

generally consume very little sagebrush.  When given both a cineole-free pelleted diet and 

sagebrush, cottontails voluntarily consumed a diet of < 1% sagebrush, and field studies have 

shown that mountain cottontails in sagebrush rangelands consume diets of < 4% sagebrush year 

round (Johnson and Hanson 1979, MacCracken and Hanson 1984).   



In conclusion, understanding how physiological and behavioral adaptations of animals 

affect how they use resources and make foraging decisions.  Researching and studying these 

adaptations further in pygmy rabbits and cottontails will assist in understanding interspecific 

competition in sagebrush rangelands and help wildlife managers to more effectively manage the 

habitats where these leporid species occur sympatrically.    
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Figure 1. Intake of toxicity treatments when offered in paired trials by pygmy rabbits (a) and 

cottontails (b). Values are means + SE bars. An asterisk above bar combinations denotes 

significant differences (α = 0.05).  
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Figure 2. Intake of fiber treatments when offered in paired trials by pygmy rabbits (a) and 

cottontails (b). Values are means + SE bars. An asterisk above bar combinations denotes 

significant differences (α = 0.05). 
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Figure 3. Total intake of fiber treatment diets (a) and toxicity treatment diets (b) by pygmy 

rabbits and cottontails. Intake is scaled to metabolic body mass. Values are means + SE bars. An 

asterisk above values denotes significant differences in intake between species (α = 0.05). 

Different letters above values denotes significant differences in intake of contiguous diets within 

species (α = 0.05).  
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Table 1. Pelleted diets of the ratio of commercial rabbit food to rice hulls made in a laboratory-

sized pellet mill (Model PM605, Buskirk Engineering, Ossian, IN) including the actual neutral 

detergent fiber (%) and the estimated dry matter digestibility (%).  

Ratio of commercial diet to 

rice hulls 

Neutral Detergent Fiber 

(%) 

Dry Matter Digestibility 

(%) 

1:0 42 76 

10:1 47 70 

7.5:1 50 67 

4.5:1 56 65 

2.5:1 61 59 

 


