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Musicrats (Ondatra zibethicus) ate verdie feeders capable of exploiting diverse 

food sources and habitats, yet iittie is hown regarding their energy and nutritional 

requirements. The aim of this study was to assess the physiological mechanimis that 

enable muskrats to cope with seasonai changes in nutrient quality and availability. This 

investigation consisted of six interrelateci pmjects. Project 1 entailed 30 complete 

digestibiiity-, energy-, and nitmgen-balance triais on 6 lab-accIimated muskrats fed 5 

emergent plant diets. Dry matter (DM) digestibilities ranged h m  61.2 to 70.6%. 

Microbial fermentation of fiber accounted for >40% of metabolizable energy intake 

(MEI), indicating that muskrats c m  digest fiber as weii as many ruminants. To determine 

if digestive efficiency varied with seasonal changes in nutrient quality, project II involved 

testing 32 field-acclirnatized muskrats maintained on mued diets approximating those 

consumed in nature. From July to December, muskrais exhiiited increases in DM intake 

and DM, energy and fiber digestibility (P < 0.05). Mus- had dificulty maintaining 

nitmgen (N) balance on diets composed solely of aquatic vegetation in summer, but not 

during winter, when their daily N requirements were 26% lower. 

Projects III and IV explored two potential mechanisms that could enable muslrrats 

to meet thcir seasonal N requirements. The former project examined the potential 

nutritional benefits derived by muskrats that supplement their diet with animal tissue. 

Gain in body mass, intake of DM, NEI, and N digestibility aii increased with rising levels 

of meat consumption (P < 0.0001). The main focus of pmject IV entailed measuring the 



rate of "c-urea hydrolysis in 32 field-acclimatized muskrats during spring, summer, fall 

and winter to test whether muskrats conserve body N by recycluig urea. Muskrats 

exhiited higher rates of urea hydrolysis (ca 4096) and a lower senun urea Nlcreatinine 

ratio in f a  and winter, compareci to spring and summer (P c 0.0001). My findings 

suggest that uiea recycling and the oppomiaistic coILSUrnption of animal tissue may both 

contribute significantly to the maintenance of N balance in wild muskrats. 

The h a 1  phase of my thesis entaileci a two-part study of the seasonal 

bioenergetics of captive and fiee-ranging muslrrats to determine whether, and to what 

extent, wiid populations are energetically andor nutritionaily stressed. The f h t  phase 

exarnined seasonal adjustments in gut and organ morphology, MEI, basal metabolic rate 

(Bh@t). blood chemistry. and endogenous iipid and protein stores of 94 field-acciimatized 

muskrats. Mass-independent BMR (kfkgao7-tutu1) varied sigaincantly over the year (P 

O.ûûûl), with February values >3 1% higher than those coilected in luly. Body iipid 

stores were lowest nom May through September (~2% of body mass), increased to a peak 

vaiue of 9.24t0.4796 in February, and then were rapidly depletcd in early spring (P < 

0.0001). The second phase involved monitoring temporal changes in the body 

composition (n = 129) and forage intake (n = 33) of individually marked, the-ranging 

muskrats using the deuterated water technique. Resuits eom these stuàies suggest that 

the daily intake of DM and ME1 track the &position/mobüization of body iipid stores, 

being sigaificantiy higher in winter (75.5 - 76.9 g-kgm; 706.9 - 713.1 kFkge7*) than 

during mid-summer (54.9 - 59.7 g-kgrn; 406.0 - 438.6  kg"-'^). Annual adjusûnents 

in basal energy expendinire, diet selection. energy intake, blood chemistry parameters, gut 



and organ masses. and body lipid stores appear to be closely linlred to seasonal changes 

in foiage quality and energy and nutrient avaïlability. Such behaviorai and physiological 

adjustments in response to seasonai shifts in diet quality appear to be important 

adaptations enabling this semi-aquatic rodent to cope with the ngors of season in a 

Manitoba prairie marsh. 
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1 

General Introduction 

The semiaquatic muskrat (hikana zibethicus) inhabits a diverse range of wetland 

habitats extendhg h m  subtropical rivers and costal marshes in the south, to arctic 

tundras and deltas in the north (Errïngton 1963). The broad geogaphical distribution of 

this rodent bas commonly been attniuted to its versatile feeding habits, as muskrats often 

make extensive use of a wiâe variety of food sources (Talcos 1947). Because they usuaiiy 

consume oniy the basai parts of emrgent aquatic plants, muskrats incur a pmtracted and 

relatively heavy impact on forage species (Daneli 1977, 19%). Large amounts of 

vegetation are also harvested for house building materials (DaneLi 1979). Consequently, 

these rodents are often considered to be the most important vertebrate species infiuencing 

marsh vegetation structure (Knimmes 1946; McCabe 1982). In f a  an abnormaiiy high 

muskrat population cm reduce a productive marsh into a shaiiow, open-water lake ("eat 

out") in less than a year (Daneu 1979; McCabe 1982). 

ManagnA muskrat populations cm, however, benefit marsh ecosystems @meU 

1979) and contribute to waterfowl pmductivity (KNmmes 1940; Cartwright 1946). 

Muskrats create numrous and variable-sized patches of open-water in the vicinity of their 

lodges, and the extent of these openings increase when the same house sites are occupied 

over successive years @anell1977,1979). Bird numbers and species diversity have been 

shown to peak when the ratio of dense cover to open-water approaches 5050, creating 

a "hemi-marsb" condition (Weiier and Spatcher in McCabe 1982). These openings 

cnated by muskrats are prefemd by nesting waterfowl (KNmmes 1940; Cartwright 1946) 



for severai reasom: 

1) due to the itreguiar shape of the grazeâ axeas, an extensive boundary 

is established between the open water and emergent hydrophytes, thus 

increasing the ability of ducklings to exploit investebrate populations 

within the dense stands of emergent hydrophytes (Daneil 1979). 

2) open-water areas usudy an rapidly colonized by submerged 

hydrophytes such as Potmnogeton spp. and Myriophyllm spp. (Daneli 

1977). Submerged hydrophytes include severai important food species for 

waterfowl. and are a necessary substrate for many invertebrate groups 

(Daneil 1979; McCabe 1982). 

3) emergent detritus h m  muskrat feeding activity încreases invertebrate 

abundance. 

4) muskrat mounds provide resting sites and concentrated food sources for 

wildüfe, with more than 75% of moud plant species eaten by waterfowl 

(Knimmes 1940; Kangas and Hannan 1985). 

Muskrat foraging may also benefit a marsh's floral community. As pointed out by 

McCabe (1982), Light grazing by muskrats may actually stimulate the growth and stem 

weight of emergent hydrophytes. Long term use of emergents by muskrats may also 

result in increased plant diversity, both in terms of community structure and number of 

species @aneu 1979). This is achieved through various means: 

1) selective feeding by the' muskrat on the dominant quatic emergent 

reduces cornpetition, allowhg greater species ricbness (McCabe 1982). 
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2) transport of food to feeding platforms may aid io the dispersal of 

rhizomes of many aquatic plants. including cattail (Typhcl spp.) and 

Phragmites sp. (DaneJi 1977). 

3) the developmental sequence of moud succession benefits many non- 

dominant plant species, with biomass levels for these species 35 times 

greater on mounds than in the smmunding marsh (Kangas and Hannan 

1985). 

Due in Large part to the need for marsh managers to &tain wetlands at their 

maximum potentiai for perpetuating wildlife resomes, substantial wodc has been 

cornpleted on the naturd history (Errington 1%3), feeding habits (Stearns and Goodwin 

1941; Takos 1949, and population and reproductive ecology of muskrats (Boutin and 

Birkenholz 1987; Messier, Virgl and MarineHi 1990; Clark and Kroeker 1993). However, 

considering the significant role this rodent plays in mo-g marsh ecosystem, our 

knowledge of their nutritional requirements and seasonai bioenergetics is iîmited, at best. 

The thennoregdatory tactics and aquatic energetics of this amphibious rodent have 

been weii-documentecl (MacArthur 1979, 1984, 1986; MacArthur and Krause 1989). 

However, a foremost consideration in any study of mammaiian energetics is the flow of 

energy through the species in question. Although assimilation efficiencies have been 

reported for several microthes fed a wide range of diets (Batzii and Cole 1979; 

Hammond and Wunder 1991), the number of species for which nutritional requirements 

are kmwn with any precision is relatively few (Robbh 1993). Furthermore, Little is 

known regardhg seasonal variation in forage digestibility or, for that matter, any other 
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aspect of seasonal adaptation to nutritionai s t m s  in herbivorous rodena. 

Ln response to these neeüs, 1 examined the physiological and khavioral strategies 

that enable musluats to cope Mth seasonal fluctuations ia forage quai@ and nutrient 

availability in bhwater marsh envimnments. A second objective of my study was to 

detexmine the iatake and expeaditure of energy by muskrats on a seasonal basis. Not 

oaiy wili this information provide muchaeeded iilsight into the forage mpirements and 

aquatic energetics of musluats, but it is a necessary step in quantifhg the impact of 

muskrats on marsh vegetation. Such iaformation WU help wildlife managers form sound 

marsh management guicilines critical to maintainhg wetlands in theu most naturai, diverse 

and productive state (McCabe 1982). 

In brief, this study involves six interrelateci pmjects. Rojects 1 and II dealt with 

food htake, nutrient selection, and assimilation efticiencies of muskrats maintained on (1) 

single-genera aquatic vegetation diets and (2) rnixed aquatic plant die& approximating 

those consumed in dinerent seasons in natuce. Expanding on this phase, projects III and 

IV explored the potential benefits of animal tissue consurnption and urea recycling on the 

seasonal maintenance h g e n  requirements of muskrats. Pmjects V and VI entailed 

studies of the seasonal energy intake, basal energy expenditure, blood chemistry, gut and 

organ morphology as weii as body mass and lipid stores of captive and fiee-living 

muskrats. In conjunction with these pmjects, 1 acquired &ta on seasonal changes in the 

energy content and nutrient profile of bmadleaf cattaii (Typhu latijioIia), the dominant 

food source of muskrats h m  my study area, to help determine whether, and to what 

extent, free-living muskrats are energetically a d o r  nutritionaîiy stressed. 



Kmwledge of how herbivores utiiize fiber and pmtein in their diet is essentid to 

understanding the energy and nitmgen requirements for maintenance, grogmwth and 

reproduction (Wunder 1992). Accordingiy, my prïmary objective in Part 1 was to acquire 

baseiine informaton on the nutritional physiology and bioenergetics of muskrats, 

specificaily in tenos of nutrient assimilation and nitrogen baiance. This study, compkt#l 

in the summer of 1990, used lab-acclimated animais fed single-genera hydrophyte diets, 

consisthg of seàge (Carex atherocles), bulnish ( S c i r p  vaüdus) or hybrid-cattail (Typha 

x glauca). One of the objectives of this study was to compare digesti'bilities of these 

principal emergent species; in order to clarify some of the controversy pertaining to the 

habitat selection of musluats (Enington 1963; Welch 1980). 

Building upon the foundation established in Part 1, the second pmject involved 

seasonal investigations of acclimatized muskrats maintained on mixed diets approximating 

those consumed in nature. Small mammais inhabithg temperate and subarctic zones 

exhibit a variety of adaptations for coping with the seasonal energetic and nutritionai 

constraints imposed by their environment. For example, in small microtine rodents, 

Gross, Wang and Wunder (1985) and Hammond and Wunder (1991) demonstrated that 

reduced energy avaiiabiüty (ie. increased food fiber) and reduced temperatlue were both 

factors that induced the development of a larger gut capacity, slowed passage rate, and 

increased forage digestibility. However, confirmation of these trends in natural 

populations is generally lacking (Kom 1992). As the quality and availability of principal 

food items are expected to change thFoughout the year (Batzii 1987). the objective of Part 

II was to test whether seasonal variabiiity in diet quality is accompanied by compensatory 
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changes in dia sekction, daiiy energy htake, and digestive capacity of wild muskrats 

Throughout the year, musktats consume forages containhg high levels of fiber 

and, at times, low protein content As protein is often assumed to constitute a primary 

dietary consüaint Mthg the growth and reproduction of mammaiïan herbivores W b ,  

Schwab aad Demment 1991; Robbins 1993), Projects III and IV explored two potential 

mechanisms whereby muskrats could meet their seasonal nitmgen requirernents: carnivory 

and urea recycluig. 

The consumption of animal matter bas often been reported in food prefezence 

studies conducted on muskrats (Emngton 1941; Stearns and Goodwin 1941; Triplet 1983; 

Convey, Hanson and MacKay 1989; Neves and Odom 1989). This behavioral tactic has 

&O been observeci in the omnivorous white-tailed antelope squiml (Ammospennophilus 

leucwus) which consumes small quantities of aaimal tissue (8% of inrake) to alleviate 

seasonal deficiencies in dietary plant nitrogen (Karasov 1982). Consequently, camivory 

may represent an important strategy muskrats employ to meet their daüy nitmgen 

requirernents. To assess the nutritional benefits derived by muskrats consumiag animal 

matter, specifically in terms of nitrogen balance, Part III compared the assimilation 

efficiencies of muskrats maintahed on a 100% cattail shoot diet with those of muskrats 

fed a cattail shoot diet supplemented with two levels (5 and 15%) of animal tissue. 

Urea recycling involves the consavation of urea, a nitrogenous waste product 

normally voided in the urine. In animais demonstrating this phenomenon, urea is 

transferred h m  the bloodstream into the alimentary tract where it is hydrolysed by 

bacterial urease into ammonia and carbon dioxide (Richards 1972; Robbins. 1974; Nelson 
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et al. 1975). Ammonia produceci at this point may k synthesized into bacterial protein, 

absorbed into the bloodstream, or voidcd in the feces (Mouid and Robbins 1981). Upon 

reaching the üver, biood-borne ammonia johs the nitmgen pool available for the synthesis 

of nonessential amino acids (Richards 1972). Urea recyclîng has been shown to 

contribute significantly to the nitrogen economy of hibemating bears (Ursus amencun~(~), 

two species of &round squirrels (Neison et ai. 1975; Steffen et al. 1980; Bina and 

Torgerson 1981). as weil as captive deer (Odocoileus virgmhus) and e& (Cervur 

cunudensis) maintained on low protein forage (Robbins et al. 1974; Mould and Robbins 

1981). However, no previous study has addressed whether non-hibematùig, simple- 

stomached herbivores also coaserve body nitrogen by recycling urea Hence. the primary 

objective of Part IV was to ascertain whether urea hydrdysis. a necessary step in urea 

recycling, occurs in muskrats and. if so, whether the intensity of this hydrolysis varies 

with the seasonal shifts in the protein content of broadleaf cattail. 

&muai variation in the quality and availability of forage has been impiïcated as 

a major fxtor infiuencing dietacy intake. body mass, body composition, digestive 

efficiency. serum chemistry, and basal metabolic rate (Wuder, D o b b  and Getthger 

1977; Morton and Lewis 1980; Memtt 1984, 1986; Virgl and Messier 1992a. 199%; 

Nagy. Grower and Stetson 1995). While laboratory studies of acclirnated aaimals provide 

important information regarding the plasticity and fiiactionai capacity of individuai organ 

systems, field studies are necessary to evaluate how much of this fwctional range aaimals 

achially exploit in their nahiral envùonments (Tomasi and Honon, 1992). 

Results 1 obtained in Part II suggested that muskrats have an increased appetite 



8 

in fall and winter. It is conceivable that this nspome was an aaifact resdting h m  the 

presentation of rations ad libifian. However, an hcreased food intake durhg these 

periods codd also be sekcted for to store fat and thus cope with poteutid shortages 

during late winter - early spring. To obtain diable estimates of the daily intake of fksh 

vegetation and assmilated energy of hdividuaily marked muskrats, Part V of my pmject 

entailed monitoring temporal changes in the water influx of fixe-Living muskrats using the 

weU-established deuteraied water (QO) technique (Costa 1987; Robbins 1993). This 

technique involves injecting a known quantity of isotope into the animai, allowing the 

tracer to equil'brate for several hours, and then withcùawing a blood sample for analysis. 

Because the huaover of Dp in the body is a firaction of metabohm (Costa 1987), the 

rate of disappearance of the tracer, dctermined h m  sequential blood sarnples, can be 

used to estimate the water influx of k-ranging animais (Nagy, Shoemaker and Costa 

1976). This study provided an essential step in quantifying the forage requirements and 

energy exchange of fEee-ranging musktats. 

The principal objective of Part VI was to test whether seasonal changes in the 

energy content and nutrient profile of broadieaf cattaii is accompanied by p d e l  

adjustrnents in organ morphology, basal metabolic rate, senun chemistry, and proXimate 

composition of acclimatized muskrats. This study was conducted in concert with the 

seasonal digestibiüty trials (Part II), to assess the relationships among daily energy intake, 

basal metabolism, and organ and tissue masses within individuai muskrats. The initial 

level of isotope dilution provided by the D20 technique outlined in Part V also provided 

an estirnate of the animals' total body water (TBW) content. Utilizing the known 
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proXimate composition data h m  field-acclimatued muskrats. 1 found a strong inverse 

relationship between TBW and body fat conten~ Thus, a second objective of Part VI was 

to examine temporal adjustments in body size and endogenous energy resewes of taggeâ, 

free-living muskrats to nsolve whether individuals uncierg0 adaptive seasonal adjustments 

in mass or endogemus energy nserves. Such information is Mitical to denning the 

seasonal energetic and nutritional constrahts that a prairie marsh environment imposes 

on these prominent North Amencan d e n t s .  



PART 1 

DIGESTIBILITY AND ASSIMILATION OF NA- 

FORAGES BY MUSKRATS 
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Abstmct 

Kaow1edge of the forage intake and digestive efficiencies of muskrats is essentiai 

for deveioping an understanding of the habitat requirements of these mdents and theu 

impact on emergent vegetation. 1 performed 30 complet. digestiity-, energy-, and 

nitmgen-balance trials on 6 adult male musLrrats fed 5 diets: (1) sedge shoot, (2) softstem 

bulnish shoot, (3) hybrid cattaii shoot, (4) catiaü rhizome, and (5) a combination of cattaü 

shoot and rhizome. Dry matter (DM) digesti'bilities ranged h m  61.2 to 70.6%. Neutrai 

detergent f i k r  (NDF) digestiiilities varied from 40.0 to 59.6% for these emergent plant 

die& with NDF levels ranging h m  44.6 to 62.1%. Microbial fermentation of fiber 

accounted for 39.4% of digestible energy intake. These hdings suggest that muskrats 

cm digest fiber as weii as can many tuminants and pseudonuninants, but more efficiently 

than can other dents. Apparent digestiiility of dietary cmde protein was highest (P < 

0.01) on sedge (73.6%) and lowest (P = 0.001) on the cattaü rhizome diet (7.2%). 

However, the daüy nitmgen intake required by muskrats to maintain tissue balance on a 

cattail rhizome diet (0.599 g ~-kg"-~~day-') was less than haif the daily intake requkd 

for ali other diets combiwd (1.266 g N-kgm-day")(P < 0.001). This implies the 

existence of a protein conservation rnechanism by which muskrats could negate the effects 

of Iow dietary cmde protein during winter. 



Introduction 

A goal in wetland maaagement is to maintain matshes at, or near, their maximum 

potential for perpetuating wildlife resocvces. Achieving this objective requires an 

understandiug of the muslaat's mie in modifying marsh ecosystems, because this rodent 

is often the most prominent vertebiate consumer of matsh vegetatioa (KNmmes 1940; 

McCabe 1982). Musknus are versatile feeders, capable of exploithg diverse food sources 

(Emngton 1941; BeUrose 1950; Danell 1977. 1978). yet little is known regarding their 

energy and hutritiond requiremnts (Westworth 1974; Welch 1980; Jelinski 1989). 

Estimates of the rate of food intake, energy assimilation, and coefficients of digestibility 

are essential to developing iin understanding of muskat's nutritional necds. Such 

information shouid ûelp managers m e s s  the relative nutrient value of different forages 

and the potentiai role of these animals in providing biological contml of aquatic 

ernergents (Daneii 1979; McCabe 1982). Our understanding of habitat selection and 

population dynamics of muskrats in wetland ecosystems &O would be enhanced (Messier, 

Vkgi and Marine& 1990; Clark and Kroeker 1993). 

My objective was to evaluate digestibilities of 5 common emergent forages 

coasumed by musicrats in aorthem prairie marshes. 1 also estimated the miaimm energy 

required for maintenance on each diet, as well as the efficiency with which muskrats 

convert dietary protein into body tissue. 
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Materials and Metbods 

1 livetrapped 6 adult malt muskrats at Oak Hammock Marsh, Manitoba (50006'N, 

97W'W). in early May 1990. Upoa capture, animals were traasported to the University 

of Manitoba, where they were held in controiied environment chambers rnaintained at 14 

*1 C with a 12 hour light: 12 hou dark photopenod (MacArthur 1979). Relative humidity 

was kept at 77-9446 for the study duration. Except during digestion trials, muskrats were 

maintained on a diet of Wayne Lab-Bloxm rodent chow supplementeà with apples and 

canots. AU animals were acclimaied to the holding facilities for 23 weeks before 

digestion triais were initiated. 1 derived in vivo digestion estimates, using the total 

balance tnal method in which a i i  feed ingesteci aad wastes produced were weighed and 

subsequently analyzed (Robbins 1993). This and al1 subsequent phases of this study were 

conducted with authorization of a University-approved animal research protocol (C9 1-50). 

During digestion trials, animais were housed individuaily in digestion cages (106 

x 52 x 46 cm), each funiished with a fïbergiassed nest box (27 x 23 x 25 cm). 1 

suspended each cage over a hardware cloth screen (0.3-cm mesh) for fecal collection; a 

plastic drape beneath the screen caught and b t e d  al l  urine into a collection via1 

containing 0.7 ml concentrateci HCI. DWcbg water was provided ad libitum. 

1 perfonned 30 digestion trials between 23 May and 14 September 1990. Each 

trial consisted of a 5day pretrial session when muskrats adjusted to the test ration and 

digestion cage, followed by a 5-&y fecal and mine couection period. Successive trials 

with different diets were punctuated by rest periods, each 25 days, when muskrats were 



fed the commercial laùoratory diet. 

1 tested 5 emrgent plant diets: (1) sedge shoot (Carex atherodes), (2) softstem 

bulrush (Scipus validus) shoot, (3) hybrid cattail shoot (Tshu x gka), (4) cattail 

rhizome, and (5) a mUed cattail diet consisting of 67% shoot and 33% rhizome. 1 

selected the mixed diet to test for possible associative digestion effects (Robbins 1993). 

and the predorninance of shoots in this diet was based on analyses of early summer 

feeding platforms used by muslrats. Forage dons  were coilected at Delta Marsh, 

Manitoba (5001 1'N. 98'23'W) and stored at SOC to d u c e  plant respiration and 

deterioration. Vegetation was harvested on the day before each pretrial and trial session. 

Only the lower 25-40 cm of each plant was presented to animair. This preparatory step 

was based on space restrictions in the digestion cage and on the n a t d  preference of 

muskrats for basal pomons of ernergent plants (Westworth 1974; Danell 1977; Welch 

1980). 

During digestion trials completed between 19 June and 31 August, 1 randomly 

assigned muskrats the catiail shoot, mixed cattaii, and bulmsh shoot diets. 1 tested aii 

animals on the sedge diet between 23 May and 15 lune, and on the cattail rhizome diet 

between 22 August and 14 September. 1 tested the sedge diet ib t ,  because other 

emergents were unavailable in the spriag, and sedge ofken constitutes the principal forage 

consumed by muskrats during this season valcos 1947; Sat&er 1958; Danell 1978). 1 

tested the cattail rhizome diet last because mots and rhizomes of aquatic plants constitute 

a major portion of the auturnn and winter diet of muskrats (Takos 1947; Bellrose 1950; 

Jelinski 1989). Each muskrat was assigned a given diet oaly once, thus providing 6 



digesti'bility estimates for each of the 5 diets teste6 

In each trial, muskrats were fed prcweighed (ad libifum) rations 3 times daily- A 

sample of each test ration was also weighed and left on a tmy outside the digestion cage. 

Duriog each daily collection period, 1 weighed the ration sample and a i i  feces and uneaten 

rations (oris) to the m a ~ s t  0.01 g. then Mze them at -2CPC for subsequent analyses. 1 

recorded IMSS and total volume of urine pduced daily, and p l e d  urine samples for 

each animal for the 5-day trial. Muskrats were weighed daily (0900 h) to determine mass 

changes during pretriai and trial periods. 

Ration samples, oris, and feces were ovendried to constant mass (48-72 hr) at 

70°C, and then ground through a 1-mm-mesh scree!n in a Wdey mill. A portion of each 

ground sample was sent to a feed analysis laboratory (Department of Animal Science, 

University of Manitoba) for protein (Kjeldahl N x 6.25), acid detergent fiber (ADF) and 

neutrai detergent fiber N F )  determinations (Goering and Van Soest 1970. AOAC 1984). 

1 calculated neutrai detergent solubles (NDS) as 100% - NDF. 1 analyzed urine samples 

for nitmgen and energy content. G m s  energy content of fimi, feces, and urine was 

obtained by dupiicate measunments in an adiabatic oxygen bomb calorimeter (Pan 1241 

Calorimetet. Parr Instrument Co.. Moline, Il.). Urine samples were !kst lyophilized and 

then mixed with a boum mass of minera1 oil to ensure complete combustion. 1 

determined totd ash content of each sample by combustion of 2-g samples for 2 hours 

at 6ûû°C. The proportion of energy obtained h m  consumed fiber (ration NDF - orts 

NDF) was calculated foliowing Hammond and Wunder (199 1). Animai and diet effects 

were evaluated using 2-way analysis of variance and mean values were compared with 
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t-tests for pairwise comparisoa of Ieast-squares means (Procedure GLM, SAS Institute 

Inc, 1990). 

Ration ADllyaes 

The p s s  energy content of the 5 emergent plant diets fed to muskrats varied 

inversely with ash content (Table 1-1). On an ash-fke basis, the eaergy content of these 

diets varied over a namw range, h m  18.1 to 18.9 W-g-'. The protein content of sedge 

was 2.5-3.0 times higher than that of aay other diet tested (Table 1-1). F ~ k r  content 

generaliy was highest for bulnish and lowest for the cattaii rhizome diet (Table 1-1). Dxy 

matter content was low in al l5  emergent diets (8.2-23.296). 

Not al1 diets were tested concurrently, and some observed differences may reflect 

changes in plant phen01ogy. However, results for bulmsh, mixed cattail, and cattail 

shoots were h m  samples coiiected over 2 months, and mged from newly emerged to 

mature shoots. Variance for thes sarnples is smaü and generdy consistent with that of 

the diets tested nrst (sedge) and 1s t  (cattaü rhizomes) in this study (Table 1-1). 

htake and DigestibUity of Nutrients 

During the f h t  48-72 h of each pre-trial period, muskrats g e n e d y  exhibited low 

levels of vegetation intake and consequently lost body mass. This a n d  presumably 

occurred in response to the abrupt sbift in diet h m  lab chow to aquatic vegetation. 

However, intake of vegetation and body mass reached a plateau by the fiaal 48 h of each 
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pre-triai period, with both variabIes remaining relatively sîabie throughout the trial pend 

Analysis of variance of pooled data for ai i  5 diets reveaied no Merences (P > 

0.05) among individual animais in any of the variables tested. Daily DM and gross 

energy intake by muskrats were highest on the caaaü rhizome diet, but similar for the 

remainiog die& (Table 1-2). Digestibility coefficients for DM, DE, and metahlizab1e 

energy (ME) also tended to be highest for the caW rhizome diet (Table 1-3). Apparent 

DCP digestibiiity was highest (73.6%; P < 0.001) for the sedge and lowest (7.2%; P = 

0.001) for tbe cattail rhizome diet (Taibe 1-3). 

Fiber digestiiility vMed linle among diets. Though the mode1 was not signincant 

(P = 0.090 - 0.523), NDF aod ADF digestiiilities tended to be lowest on canail rhizome 

and highest on bulmsh and sedge diets (Table 1-3). hy matter digestibsty varied 

inverseiy with dietary NDF @M digestiiility = 89.14 - 0-44 NDl?, ? = 0.26, n = 30, P 

= 0.04). but showed no relationship with forage ADF content. Digestibilities of NDF 

and ADF vacied with the percentages of these coastituents in the diet: MIF digestibility 

= -6.47 + 1.06 NDF (? = 0.39, n = 30, P < 0.001); ADF digestibility = 22.38 + 0.92 

ADF (9 = 0.14, n = 30, P = 0.042). Digestibility of the NDS fraction was highest for 

muskrats fed the cattaii rhizome diet (P = 0.043). Apparent digestible NDS comlated 

with the NDS content of the diet (9 = 0.99, n = 30, P < 0.001). The regtession equation 

relating these variables (NDS àigestibility = 17.979 + 0923 NDS) yielded a true NDS 

digestibiliîy of 92.3%. 



Table 1-2. Dry matter (DMI), gross energy (GEI), digestible energy (DEI), and metabo1izable energy (ME0 intake of 6 adult male 
muskrats fed 5 emergent plant diets, in southern Manitoba, 1990. 

Item 

Cattail 
Seûge Buhsh Cattail Catt ail shoot and 
shoot shoot shoot rhizome rhizome 

2 SE X SE x' SE X SE X SE 

n Body m a s  (g) 901,4Ba 44.0 889.78 4û,6 896.08 561  964SA 52.4 912.0B 49-4 

DM1 (g) 32SB 1.3 35,OB 2.4 28-68 3,4 47,3A 5.3 31,2B 3-9 

DM1 (g-kg4*"*day) 35.4B 1,s 38SB 2.7 3L4B 3,9 48.7A 5.0 33,3B 3,4 

~ t i I . 4 3 ~ ~  (kJ~kg~~~*day)  602.7B 29.7 618.3B 45,6 483.88 66,4 77WA 73.6 521,OB 56.3 

DEVBM ( ~ * k g ~ * ~ ~ . d a y )  367.68 2 1 9 37SSB 22.9 288,48 49.4 534.8A 65,3 296,OB 36,B 

MEYBM (kl-kgQ7'*day) 327 SB 20.9 354,OB 23.2 264.58 47,6 521,4A 64.6 277,3B 36-6 

' Within each row, means sharing the same letter are not signifïcantly different (P > 0.05). 
BM = body mass kgoq7). 



Table 1-3. Apparent digestibility (8) of nutrients in 5 emergent plant diets fed to 6 adult male muskrat in southem Manitoba, 1990. 

Item 

Catt ail 
Sedge Bulnish Cattail Cattail shoot and 
shoot shoot shoot rhizome rhizome 

SE x' SE x SE X SE X SE 

Dry matter 64.0BB 1.5 65.9AB 1.2 62.7B 2.0 70.6A 3.4 61.2B 2 3  

Digestible energy 60.9B 1.5 61,lAB 1.1 S7.7B 3.4 68.3A 3.3 56.9B 2,8 

Metabolizable energy 54.2B 1,6 57SB 1.0 52.38 3.9 66.5A 3.3 53JB 3.0 

Dietary crude protein 73.6A 1.2 33,4C 4.6 47JB 2.1 7.2D 6.6 27SC 6.0 

Neutrd detergent solubles 68.5B 1 .O 72.98 0.9 69.28 2.3 796A 3.7 69.3B 2.0 

Neutrd detergen t fiber 59.6A 2.7 59.4A 1.6 53SA 3.4 40.0B 7.6 50.0AB 4.1 

Acid detergent fiber 55SAB 3.3 63.1A 1,5 52.08 3,9 44.78 7.7 47.1B 3.4 

a WWithin each row, means sharing the same letter are not significantly different (P r 0.05). 
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putiti- of ~iew ~ i m  

For aU die& except sedge, the mean daily nitmgen intaice (DM) of muskrats was 

simiiar (TabIe 14). The DNI of muslrrat fed sedge was >2 times that recorded for any 

other diet (P < 0.001). The regression of apparent digestible nitrogen (ADN) on DNI 

yielded the equation ADN (g N.kg47S.day-L) = 4.293 + O.%5 DM (8 = 0.92. n = 30, P 

< 0.001). This equation provides a mie nitmgen digestibility (TND) estimate of 96.5%. 

Calculateci TND estimates for individual diets were 98.2% for sedge, 95.1% for bulnish. 

98.5% for cattail shoot, 99.5% for cattail rhizome, and 88.4% for mixed cattail. 

Mean fecal nitmgen loss varieci 1ittle with diet. However, mean urinary nitrogen 

loss was bighly variable (Table 1-4; P < 0.001). Endogenous urinary nitrogen loss was 

only 0.041 g ~ - k g ~ - ~ ~ d a y ' ~ ,  f0110wiag the regression total uriaary nitrogen excreted (g 

~=kg~-''=day) = 0.041 + 0.710 DM (8 = 0.52, n = 30, P < 0.001). Oa aii diets, urinary 

energy loss was comlated with urinary nitrogen (3 = 0.65, n = 30, P < 0.001) and ration 

nitrogen levels (3 = 0.63, n = 30, P < 0.001). 

Regressing tissue nitmgen balance on DNI for al1 die6 except cattaii rhizome 

revealed that muskrats must consume 1.266 g N-kgm-&y-' to maintain nitrogen balance 

(Fig. 1- 1). Following the method of Holter, Hayes and Smith (1979), the level of dietary 

crude protein needed to meet this daily aimgen requirement was 22.8% at a mean forage 

intake of 34.65 g*kg4%iay-'. However, the maintenance nitrogen requirements of 

muskrats fed the cattaii rhizome diet wereonly 0.599 g ~-kg~-''*day-'. This is l e s  than 

half the DNI required on the other diets (Fig. 1-l), and could be met with a crude protein 

level in cattaü rhizomes of only 7.69%. 



Table 1-4. Daily intake and partitioning of dietary nitrogen in 6 captive adult male muskrats fed 5 emergent plant diets, in southem 
Manitoba, 1990. 

-- -- - - - -- 

Cattail 
Sedge Bulmsh Cattail Cattail shoot and 
shoot shoot shoot rhizome rhizome 

Item (g kgan-day-') f SE X SE 3 SE 3 SE 3 SE 
- -- 

Nitrogen intake 1.12Aa 0.05 0.51 B 0.06 0.47B 0.03 0.42B 0.04 0,MB 0,05 

Fecai nitrogen loss 0.30BC 0.02 0,34AB 0.04 0.2SC 0.02 0.38A 0.02 0.32ABC 0,OQ 

Urinary nitrogen loss 0.87A 0.06 0 S l B  0.10 0,47BC 0.07 0.15D 0.02 0.31CD 0.05 

Tissue nitmgen balance -0.04A 0.04 -0.33C 0.13 -0.25BC 0.07 4,IOAB 0.03 4.19ABC 0.05 

Apparent digestible nitrogen 0.83A 0.04 0.18BC 0.03 0,22B 0.01 0.WD 0.03 O. 12C 0.03 

Within each row, means sharing the same letter are not significantly different (P > 0.05). 



Fig. 1-1. The relationship between tissue nitrogen balance (TNB) and daily nitmgen 

intalce (DNI) of 6 adult male muskrats fed aquatic emergcnt plant diets during summer 

and early autumn, 1990. The 5 rations tested were sedge shoot, buhsh shoot, cattail 

shoot, cattaii rhizome, and a mixture of cattaii shoot and rhizome. Regession Lines were 

fitted by the method of least-squares (canail rhizome diet: TNB = -0.334 + 0.557 DM, 

n = 6, 3 = 0.83, P = 0.012; other diets combineci: TNB = -0.410 + 0.324 DNI, n = 24; 

rr = 0.22, P = 0.022). 





Digesübility of Nutrients 

Mushat deosities in marshes vary with the types of emergent vegetation present 

(Boutin and Birkenhoiz 198T Messier. V i i  and MarineIli 1990). Clark and m e r  

(1993) found that vegetation suocession c m  Muence recNitment and sumival OP 

muskrats in prairie marshes. However, the extent to which demographic factors and 

habitat selection are iafluenced by diet remains unknown (Lacici et ai. 1990). Although 

forage quality and palatability have k e n  implicated as possible factors influencing diet 

choice of mushts @rington 1941; Takos 1947; Bellrose 1950), 1 found Iittie variation 

in digestive efficiencies. Musicrats a p p d  to digest sedge, bulmsh, and canail shoots 

to similar extents during summer. irnplying that other variables such as forage availability, 

predation, water level, or suitability for Lodge construction may have a greater bearing on 

habitat selection. 

Aithough no associative digestion effect was observeci on the mixed cattail diet, 

aii 6 muskrats showed a preference for the rhizome composent of this ration. The diet 

consistcd of 67% shoot and 33% rhizome. yet the rhizome fiaction constituted 52% of 

DM intake. Musktats preference for the rhizome fiaction was aiso demonstrated in 

laboratory feeding trials performed by Akkermann (1975), and likely reflects the superior 

nutritionai value of this portion of the plant. 

The DM digestibüities ~ported herein are 20-2596 higher than estimates derived 

for other rodent species fed diets of similar fiber content. Results reported by Batzli and 

Cole (1979) suggest that bmwn lemmings (Lemnus sibiricus) digest sedge (C. aquatilis) 
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only about hslf as weli as the musicrats maintained in ibis study on a similar sedge (C. 

utherodcr) diet. The DM and gros energy digestiiïties of lemmings fed C. oqudlis 

were only 33.2 and 34.046, respectively, compated with 64.0 and 60.996 for muskrats 

maintained on C. atherodes. 

Several ment studies have indicated that srnail herbivores can utüia plant NDF 

as a major source of dietary energy. The NDF fiaction accounted for 119-3246 of DE in 

d e n t s  fed die& containing 39-5146 NDF (Castle and Wunder 1994; Hammoud and 

Wunder 1991; Justice and Smith 1992; Nagy and Negus 1993). By cornparison, muskrats 

obtained an average of 39.4% of theù DE intake from the micmbial fermentation of nber 

(% NDF consumed = 43.1%). Whereas meadow voles (Microfus pennrylvmicus) 

expenence high mortality when dietary NDF exceeds 55% (Keys and Van Soest 1970; 

but see Castle and Wunder 1994), muskrats h t a i n e d  mass and appeared healthy on 

diets containing up to 67% NDF. These hdings suggest that the musicrat's capacity to 

digest plant fiber exceeds thai of other smaU rodents and may rival digestion capabilities 

of several ruminants aad pseudoniminants (Fig. 1-2). Muskrats apparently c m  digest 

fiber with au efficiency comparable with that of colland peccaries (Taycrsu tajacu) (Car1 

and Brown 1986). mule deer (Odocoileus henrioiw), and eik (Centus euIphus)(Baker and 

Hansen 1985). It is doubtful these similarities arise h m  variability in plant digestion 

inhibitors, because the iignin content of cattaii shoots (3.456, Lacki et al. 1990) is close 

to that (4.7-5.4%) of diets tested in the latter studies. 

Forage quality and gut morphology of memmais are stmngly interdependent. 

Increased dietary fiber, for example, often stimulates caecal growth, thereby lengtheaing 



Fig. 1-2. The relationship between neutral detergent fiber (MW) digestibility and forage 

NDF content of rodent and niminant herbivores, Data are included for muslcrats (this 

sîudy), pine voles, Microha pinetorum (Servello et al. 1985), meadow voles, Microtus 

pennsylvanicus (Keys and Van Soest 1970; Seweiio et al. 1985). prairie voles, Microtus 

ochrogaster (Hammond and Wuder 199 l), pocket gophers, Z'homomys bottae (Loeb, 

Schwab and Demment 1991), coliared peccaries, Tayassu tajacu (Car1 and Brown 1985). 

mule deer, O b i l e u s  hemionus, and elk, Cervur eluphus (Baker and Hansen 1985), and 

domestic sheep (data of Keys and Van Soest 1970). The regression line was fitted to the 

m u s b t  data by the metàod of lest squares (NDF digestibility = -6.47 + 1.06 forage 

NDF, 8 = 0.39, P c 0.00 1). 
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digesta ~tention time and fi1iciIitating digestion of ceii w d  constituents (Gmss, Wang and 

Wunder 1985; Hammond and W u n r  1991; k b ,  Schwab and Demment 1991). 

Therefore, the muskrat's abiiity to handle large qyntities of dietary fiber may reflect the 

p i e s '  large, weil-âeveloped caecum ( V ï ï  and Messiet 19920; Part Iï), aiiowing for 

a high fermentation capacity and large absorptive surf= area (see Fig. 4-6). The high 

thermoreguiaîory cos& of aquatic foraging, especiaily in winter, also may select for large 

gut capacity and high nber digestiiility in the rnuslrrat 

Wre the muslrat, nuûia (Myocustor coypur) ais0 feed predomiaantly on basai 

shoots and rhizomes of aquatk plants, including cattail and buirush. Nutrias reportedly 

have a long digesta retention time (45 br) and high NDF digestibility (48%) on a diet 

composed of 32.5% NDF (Sakaguchi and Nabata 1992). As Sakagucbi and Nabata 

(1992) pointed out, these traits could reflect the occurrence of coprophagy in this South 

Arnerican rodent. Coprophagy was not prevented in my experiments and may have 

contributed to the high fiber digestibiüties 1 observed 

Pdtioning o€ Dietary Nitrogen 

M y  estimate of TND in the muslaat (96.5%) is close to values (9498.5%) 

reported for other similar-shed caecal fermentators (Nagy, Shoemaker and Costa 1976; 

Car1 and Brown 1985; Meyer and Karasov 1989). High TND and relatively low nue 

NDS digestibiiity (92.3%) observed in .auskrats may, to some extent, reflect the presence 

of secondary plant compounds in the emergent diets (Robbins 1993). 

Exttapolating the regression of ADN on DNI to zero nitmgen intake yielded a 
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metaboiic f d  nitrogen loss of 0.293 g ~kg-day-', or 0.78 g N per lOOg DM intake. 

The Iaîter estimate is near the upper lirnit of the range reported for caecai digestors (01- 

0.9 g N per 100 g DM intake). This is to be expected because high-fiber forages tend 

to yieId large metabolic nitrogen losses in feces (Robbins 1993). 

Muskrats voided 93-198 ml urine per &y, a a n d  likely reflecting the high water 

content of ingested forage. However, the esthated endogenous urtoary nitrogen loss of 

0.04 g ~ k g ~ - ~ ~ d a y - ~  is lower than in other noamminant eutherians studied (range: 0.13- 

O. 18 g ~ k g ~ ~ ~ d a y - ' ;  Robbins 1993). 

The finding that muskrats tended to be in a slightly negative nitmgen balance on 

aii 5 emergent plant die& (Table 14) suggests that nnimals consuming these diets alone 

would be unable to maintain body protein over extended periods. This observation, 

together with the high dietary crude protein requirement (22.856) of muskrats fed 

emergent vegetation, suggests the need for a supplemcntal source of nitrogen in the 

summer diet. Such a need couid explain the consumption of animal matter in at least 

some musht  populations (Emngton 1941; Stearns and Goodwin 1941). Although 

muskrau may feed oppoministicaily on clams, mussels, snails, and carrion throughout the 

year, their consumption of animal mattet often appears highest in summer (Triplet 1983; 

Coovey, Hanson and MacKay 1989; Neves and Odom 1989). when dietary nitrogen 

requirements presumably are greatest. 

My estimate of the minimum level of dietary protein (7.69%) required for 

muskrats to maintain tissue nitmgen balance on cattail rhizomes is close to winter pmtein 

levels previously reported for ihis plant component (7.6 l-7.75%; Freudethal1922; S tearns 
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and Goodwin 1941). This estimate is lower tban the 15% cm& protein that is generaiiy 

recogaized as a minimai nquirernent in rodent diets (Jelinski 1989). How muskrats 

d u c e  their nitmgen requirements on cattail rhizomes, the dominant forage consumecl by 

these iodenu during f d  and winter is unlniown. Urea qcling,  coprophagy, urine 

tirinking, and selective foraging are al i  potential physiologicd and behavioral tactics by 

which mammals can negete the effect~ of low dietary protein (Smith et al. 1975; Robbins 

1993). 



PART II 

SEASONAL CHANGES IN GUI' MASS, FORAGE DIGESTIBILITY LWE 

NUTRIENT SELErnON OF WIW) IMUSKRATS 



The aim of this study was to determine if seasonal variab.iüty in diet quaüty and 

cold stress an accompanied by compensatory changes in nutrient selection, energy intalre 

and digestive capacity of seasonaliy acclimatized muskrats. 1 hypothesized that in 

summer, muskrats m e t  their energy and nutrient requirements by selectively consuming 

high-protein, iow-fiber aquatic plants. 1 also pdicted that muskrats use fiber as an 

important energy source duriag those periods of the year when the nutritional value and 

diversity of forage species are lowest. At such times, muslrrais should be most dependent 

on minobial fermentation and should exhiôit maximal gut size and digestive efficiency. 

As predicted, muskrats offered natural forage increased the fraction of protein whüe 

reducing the proportion of fiber in their diet during summer, but not during spring or 

winter digestibility trials. From July to December, muskrats exhibitecl increases in dry 

matter intake, gut mass, and forage digestiiility. The increase in hindgut mass was 

accompanied by an 18.5% rise in NDF digestibility, whüe the proportion of digestible 

energy derived from the fermentation of fiber increased h m  38.4% in luly, to 53.2% in 

December. During winter muskrats were able to d u c e  their dietary nitrogen 

requirements by 26.0%. My results suggest that changes in the absorptive surface area 

and volume of the p t  are important adaptations for promoting nutrient assimilation 

during periods when muskrats are challenged both by high maintenance costs and a 

limited choice of diets. 



Introduction 

The hi@ metabolic rate:gut capacity ratio of sud herbivorous mmmaîs dictates 

a high energy intake? especiaiiy during periods of reproductive activity or Low 

environmental temperatme (Demment and Van Soest 1985). In nature. the quaiîty and 

availabiiity of principal food items also change throughout the year (Hammond 1993). 

Smail herbivorous msmmals have severai options for maximizing energy and nutrient 

assimilation when thermoregulatory costs are high and forage quality or availability is 

reduced. One is to optimize forage intake and retention tirne, aLiowing the gut to operate 

at, or near. maximum capacity (Sibly 1981). However, on p r  quaiity forage. increasing 

the level of food intake or digesta retention time may not be sufncient to meet metabolic 

demands (Justice and Smith 1992; Hammond 1993). Selective consumption of high 

quality, low-fiber foods may dso attenuate nutritional stress. although such foods must 

be available in adequate quantities (Justice and Smith 1992; Hammond 1993). A ihUd 

option involves phenotypic adjustments to increase the surface area and volume of the 

absorptive region of the gut (Derting and Bogue 1993; Hammond 1993). These changes 

could involve viiius hypemophy or gut hyperplasy (Brugger 1991), responses wbich 

theoretically should offset the Ioss of assimilation effîciency resulting h m  increased rates 

of forage intake. 

In recent years. numemus laboratory studies have correlated changes in intestinal 

morphology with merences in reproductive status, temperature. and food quality or 

quantity (see Miller, Xia and Nome 1990; Hatnmond and Wunder 1991). However, 
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coafirmation of these d t s  for iÜitural populations is genedy lacking (Kom 1992). 

In response to these needs, 1 initiated a study to determine if seasonal variabiiity 

in diet quality and cold stress are pccompanied by compensatory changes in diet selectioa, 

daily energy intake, and digestive capacity of wild muskrats. 1 hypothesized that the high 

thennoregulatory costs of aquatic fongulg (MacArthur 1984) may have led O selection 

in this species for high energy and nutrient assimilation fiom aquaîic vegetation. 1 

expected muskrats to use nber as an important energy source during those p e n d  of the 

year when ùigh-quality, low-fiber foods arr mavailable. 1 dso predicted that during 

summer, energy needs are largely met by selective comumption of low-fiber. high-protein 

forage, thus reducing the muskrat's dependence on rnicrobial fermentation. 

D u ~ g  late autumn, the ~ s l o c a t i o n  of nutrients h m  plant shoots to underground 

rmt stmctures, coupled with the establishment of persistent ice cover, physicdy limits 

the foraging raage of this rodent while increasing the cost of feeding. 1 therefore 

hypothesized that muskrats enhance their forage assimilation capabilities in winter by 

increasing the size and absorptive capacity of the gut. My earlier study of laboratory- 

acclimateci muskrats tested in early autumn reveaied that these animals require reduced 

levels of dietary nitmgen on a 100% cattail rhizome diet (Fig. 1-1). As cattaii rhizomes 

are the principal constituent of the muskrat's winter diet (Takos 1947; Jelinski 1989), 1 

hypothesùed that a similar decline in dietary nitrogen nquirements may occur in whter- 

acclimatized muskrats. 
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Materials and Methods 

Gnimals 

Ninety-four muskrats wen iivetrapped at Oak Hammock Marsh, Manitoba 

(50°M'N, 97"07'W), between hilay 8, 1991 and April 17, 1992. Animals were 

immcdiately tra~sported to the Animal Holding Facility, University of Manitoba, and 

housed individdy at 14t1°C with a 12L:IZD photoperiod (MacArthur 1979). These 

conditions (photoperiod and temperature) were chosen as "neutral", and selected to 

maintain consistancy among the various digestion triai periods. Experiments were 

perfonned durhg each of six test paiods (n = number of animais tested): May 8-June 8 

(n = 17). July 3-28 (n = 17), September 9-October 1 (n = 18), November 20-December 

13 (n = 18). January 27-Febmiary 17 (n = 12). and April847 (n = 12). 

Digestibiiity Triais ancl Composition of Experimental Mets 

A total of 32 digestibility and food intalce trials were completed during the four 

test p e n d  between May and December (n = 8 per period), and each animal was tested 

only once. However, one muskrat h m  the December digestibility trials was excluded 

from the analyses, since it exhibited low forage intake and lost ,1096 of body mas. 

Each digestibility triai was initiateci on the day after animal capture, and consisted of a 

5-d pretrial session when the musicrat adjusted to the test ration and digestion cage, 

foliowed by a 5-d fecal and urine collection p e n d  Digestion trial protocol, sample 

analyses, and calculations of apparent digestibility coefficients are provided in Part 1. 

Ration composition for each test period was based on field analyses of muskrat feeding 
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sites and estimates of forage availability in Oak Hammock Marsh flakes 1947). Feeding 

sites were closely examineci and the proportion of each plant species present was 

recorde& For convenience. ration mixtuFes were rounded to the nearest 5% ( f b h  mass) 

for each plant type. During the 5 4  pretriai periods, uneaten portions were examined to 

confirm ration selection choices. The experimental ration in May consisted of 50% c a W  

shoot, 25% cattaii rhizome, 20% biadderwort (Utricularkz vulgaris), and 5% sedge shoot 

In July, muskiats were fed a ration consisting of 70% cattail shoot, 10% cattail rhizome, 

and 5% each of softstem buïrush shoot, white-top (Scolodioloa festucacea) shoot, sedge 

shoot and duckweed (Lemna niYior). The September ration consisted of cattail rhizomes 

(a%), canail shoots (30%) and white-top shoots (10%). Vegetation for digestibility nids 

was harvested on the day preceding each preaial and trial session. and stored at 5°C. In 

December, muskrats were presented with a 100% cattail rhizome ration coiïected in late 

fail, just prior to freeze-up. These rhizomes were diowed to air-dry, then packed in peat 

moss and stored at 3 O C  until used. Subsequent analyses of stored rhizomes showed 

minimai degradation of these sampïes between late-October and mid-December, and were 

comparable to rhizomes collected fkom two muskrat feeding lodges in December 1995 

(see Table Al-1). 

AU ration, ort and fecal samples were analyzed for ash, protein (Kjeidahl N x 

6.25) and energy. Due to the high starch content of some dietary compoaents, acid 

detergent fiber, and neutral detergent fiber were detennined using a modified Van Soest 

technique (Goering and Van Soest 1970) with Termamyl 120L (hm and Hesselman 

1984). Lyophilized urine samples were anaiyzed for nitrogeo and energy content only. 



To test for behavioral seleciion of m c  dietary coastituents. I subtracted the 

Level of ash, energy, crude protein, NDF and ADF in the O-, from that in the ration 

off& to muslrrats. Thus. intake for each dietary component was estimateci as: 

% component in ration x f d  offend (g) - % component in orts x orts (g). 

The mass of each component consumeci was divided by dry matter intake to 

calculate the Çaction of tbat component in the diet, and this value was then compared 

against ration levels. The intake of daily digesti'ble energy derived h m  the microbial 

fermentation of coasumed ADF or NDF was calculateci, foiiowing Hammond and Wunder 

(199 1). 

Gut MorphoIogg 

AU food was removed at 0900 h on the &y following completion of digestibility 

trials. Animals were killed at 1 2 0  - 1300 h with an overdose of Halothane anesthetic 

(M.T.C. Phafmaceuticals), weighed, and  the^ alirnentary tracts removed, separated, and 

cleared of mesentery. Lengths of the stomach. s d  intestine, caecum and large intestine 

were recorded to the neaiest 1 mm by suspendhg each organ verticaiiy dong a meter 

de. Gut contents were removed by Msing with physiological saline and isolated gut 

segments were stored at -20°C. Digestive organs were kze-dried (72 h) and weighed 

to the nearest 0.1 mg on an aoalytical balance (Mettler mode1 AJ100). 

To determine if acclimation during digestiiility trials affixted p t  morphology, 9- 

10 additional (control) animals were iive-trapped during each test p e n d  and a i l  
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measurements except digestiiiIity were ncorded h m  these muskrats within 2 4  of 

capture. 

StatistIcs 

Proportions of dietary nutrients offend to, and selectively consumed by muskrats 

within each seasoa were cornpared ushg paired t-tests. AU gut morphology variabIes 

were compared for males vs. fernales, adults vs. subadults (see Part VI for aging criteria), 

and digestiiility trial vs. control a n i d s ,  using two-way ANCOVAs with ingesta-fiee 

body mass as the covariate (SAS ïnstitute 1990). These cornparisons enabled me to 

determine which variables could be pooled 1 evaluated seasonai diet and animal effects 

00 body mass, food intake, digestibility and energy and nitmgen partitionhg using 2-way 

ANOVAs. AU seasonal differences between mans were tested using Tukey's studentized 

range test. Signincance was set at the 5% level, and means are presented &1 standard 

errot (SE). 

There were no significant effects of sex, age class or acclimation on any 

morphological variable involving the total gut, stomach, smd intestine or caecum (P > 

0.05). For these variables, data for different sexes, age classes, and test groups 

(digestibility trials and controls) were &e,Gfore pooled. The dry mass of the large 

intestine WU, however, p a t e r  in fernales than in males = 5.13, P = 0.0295), and 



Met Sekaivity 

Muskrats selectively consumed specific components in the rations offered during 

each of the four test periods (Table 2-1). Ia May, the energy content of the food ingested 

was 3.8% (630 J-g-l DM) above thai measund in the ration offered (P = 0.0052). 

During the same period, musicrats reduced ash intake 22.9% below the ration value (85.4 

mg-g-' DM1 vs. 110.8 mg*' DMI; P = 0.0002). Muskrats presented with a mixed ration 

cootaining 62.4% NDF in luly, reduced NDF consumption 18.4% below that offered (P 

< 0.0001)- However, muskrats fed a 1 0 %  cattail rhizome ration in December, iacreased 

NDF intake 15.4% over the ration value (P = 0.029). Muskrats presented with mixed 

rations selected for protein in July and September, when ration protein content was lowest 

(P < 0.0001). 

Gut Morphobgy 

Dry Muss. The dry mass of the total gut changed significantiy over the year (F[5s1 = 

10.64, P < 0.0001). It was lowest in May and July, increased in fa, and peaked in 

December (Fig. 2-1; P < 0.05). Changes in the dry mass of the small intestine, caecum, 

and large intestine accounted for most of this increase in total gut mass. 

Though not statistically signiscant, stomach dry IMSS was lowest in spring and 

summer, and greatest in faii and winter. The dry mass of the srnail intestine increased 

from May to September (P < 0.05). and continued to rise throughout the winter (Fig. 2-1). 
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Although not sipnincantiy di&rent h m  musLrats in DeCernber and Febniary, A@- 

caught animais exhiibited the heaviest sudl intestines. Caecal dry mass increased h m  

spring to fidi, irachhg peak values in September and Dcamber (P c O.OS), and then 

declined to spring leveis (Fig. 2-1). The dry mass of the large intestine was lowest in 

May and Iuiy (P c 0.05). increased h m  Juiy to DeCernber, and then remained elevated 

Gut Lengths. Although there were no signifiant changes in die lengths of the smaii 

intestine. large intestine, or total gut (FtsB, = 0.74-1.37, P > O.OS), these parameters were 

consistently highest in the December-trapped muskrats (data not show). There was 

seasonal variation in the lengths of the stomach (Fm = 4.62, P = 0.0009) and caecum 

(Frsasi = 2.87, P = 0.019 1). Stomach length increased as winter progressed, and peaked 

in April. Caecum length generally increased h m  summer to mid-winter, but then 

declined from December to Febntary (P c 0.05). 

Digesübiiity Triais 

Intake During May and July, dry matter and gross energy intake were relatively constant 

among animais, averaging 60 g-kga's=day'l and 101 1 KJ.kg475-&y-L, respectively (Table 

2-2). However, muskrats incnased DM1 by 26.2% and gros ewrgy intake by 27.3% in 

the September and December âigestiibility trials (P < 0.01). F e d  energy output (GE - 

DE) showed no defiaite trend, though it was highest in May and September (Table 2-2). 

Urhary energy loss (DE - hE) increased h m  May to July (P c 0.051, but then declined 



Fig. 2-1. Seasonal changes in the dry gut mass of 94 field-accIimatized muskrats. The 

error bar to the left of each histogram represents 11 SEM for the entire gut; emr bars 

within histograms denote 1 SEM for individual gut compartments (n = 12-18 

animaldmonth). Means sbaring the same lette= for individual gut segments and for the 

whole gut are not significantly different (P > 0.05). Note: ai i  means presented are 

adjusted means with ingesta-fiee body mass (2 = 772 g) as the covariate. 





Table 2.2 . Effects of season and diet on food intake. apparent digestibility. and energy gain of field-acclimatized muskrats 

May July September December 
(n = 8) (n  = 8) (n = 8) (n = 7) 

.. 

Body mass (g) .............. i OOO. (27) 90Pb (37) 1010. (50) 826b (44) 
.......... Dry matter intake 

(g . kg4*75*day'') 

Digestibility (8) 
Dry matter ............... 44.39 (2.50) 54.8ZaP (2.37) 4 9 . ~ 3 ~ ~ '  (2.09) 59.W (3.16) 
Digestible energy ........ 41.61~ (2.41) 52.70. (2.29) 46.9Pb ( 1.86) 55.96" (3.32) 
Metabolizable energy ..... 39.Ogb (2.50) 48.86' (2.26) 46.53*b (0.94) 54.89 (3.30) 
Crude protein ............ 25.8Pb (3.08) 38.37' (2.88) i5.3Sb (5.04) 21.6ab (5.37) 
NDS ...................... ~ 8 . 9 2 ~  (4.22) 70.02' (1.52) 55.73'1'' (4.85) 59.05@" (6.1 O) 
NDP ................... ... 40.65~ (2.05) 4 0 . 1 ~ ~  (3.05) 38.76b (4.73) 58.W (2.30) 
ADF ...................... 34 .lob (3.66) 29.07b (4.06) 4 1 . 03" (6.05) 62.77' (2.07) 

Energy gained (KI.kg"75*day'f) 
Gmss energy ............. i027.6b (37.6) 993.Sb (27.9) 13O3.ga (57.1) 1 269.3' (98.0) 

..... Metabolizable energy 406.0" (35.1) 4 ~ 2 . 9 ~ ~  ( 1 9.6) 599.7'1~ (1 1.3) 706.9' (78.0) 
Digestible energy ........ 43 1 Sc (34.8) 520.9~~ ( 1 9.6) 6 0 ~ . 8 ' ~ ~  (1 1 . 0) 721.3" (86.2) 

NDF .................... 249.gaib ( 1 7.5) 201.1b (14.1) 259 . Pb (46.6) 360.7" (25.3) 
NDS .................... 2 1 O.Sb (28.7) 341.1aab (13.5) 375.Satb (49.8) 409.3' (76.9) 
ADF .................... 97.9b (14.4) 76.7b (1 1.1) 134 .la'' (24.9) 199.3' (21.0) 

....... - .- 

Note: Values are presented as mean (SE) . Within each row, means sharing the same letter are not significantly diffemtt (P > 0.05). 
* n = 4  . 
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sharply in September and DeCernber, when it was 425% of Iuiy values (Table 2-2). 

Apparent Digestr'trility. The DE and ME coefficients of rnuskrats tested in DeCernber were 

higher than for muskrats tested in May, but not M y  and September (Table 2-2). NDF 

and AûF digestiiilities were highest in DeCernber. Digest'bility of the neutral detergent 

soluble W S )  k t i o n  was highest in luly, though not significantly pater  than in 

December or September. Cm& protein digesti'bilty was highiy variable. ranging h m  

a minhum of 15.35% in September to a maximum of 38.37% in July (Table 2-2). 

Intake and Partitionhg of Dktary Nitrogen 

The mean daily nitrogen intake @NI) of muskrats was s idar  tbroughout the year 

(FUm = 2.86, P = 0.056), ranghg h m  0.86 g-kgm in July to 1.08 g-kga7' in May 

(Table 2-3). Mean fecai nitrogen loss was similar for May, September and December 

trials, but was reduced in July. In contras& mean urinary nitmgen loss was 16.5 times 

greater in July than ia September (Table 2-3). This component of nitrogen loss closely 

paraileled urinary energy loss in that it remained high in spriag and summer before 

dramaticaily falling in autumn. Regressing tissue nitmgen balance (TNB) on DNI 

revealed two distinct seasonal moâels (May and Jdy: TNB = -1.30 + 1.189 DNI. 3 = 

0.69, df = 14; September and DeCernber: TNB = Q.56 1 + 0.69 1 DNI, 3 = 0.62, df = 14). 

These models predict that the minimum DNI required to meet TNB is lower in fall and 

winter (0.8 1 1 g*kg4-"'=day-l) than during spring and summer (1 .O9 1 g-kgm-day-l) . 





Laboratory studies have estabiished that small endotherms can dmmaticaily alter 

the size and absorptive capacities of specif5c ngions of the aiimentary tract in respoose 

to changes in fikr content, reproductive status, and temperature. For instance, voles 

exposed to Iow tempemtws inctease forage intake and the size of the smaii intestine. 

resuiting in greater energy absorption (Gross, Wang and Wunder 1985; Hammond and 

Wunder 1991). Similariy, s d  herbivores presented with low quality rations (increased 

liber) increased forage intake as well as the volume and surface a n s  of the caecum and 

Iarge intestine (Hammond and Wunder 1991; Loeb, Schwab and Demment 1991). 

However, few studies (Miller, Xia and Nome 1990; Hammond 1993) have demonstrated 

that similar modifications in gut size or absorptive capacity occur in wild populations. 

My findings clearly indiate that gut size and forage digestibiiity of free-ranghg muskrats 

do not =main static, but fluctuate in response to temporal changes in energy demand and 

nber htake. It is important to recognize that muskraîs in this study were fed natural diets 

that varied with season. Therefore, 1 could not clearly distinguish dietary effects b m  

other factors that might have conmiuted to the observed seasonal trends in gut size and 

digestive function. The observed changes in gut mass could aot be attributed to changes 

in the composition of this tissue, since the wet:dry mass ratio of the alirnenîary tract 

showed little seasonal variation. Fuitbermore, I observed liale correspondence between 

gut mass and changes in body composition (ie. fat content) during summer or late-winter 

(see Fig. 6-2). 
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Muskrats undergo a signifiant feduction in the mass of intestinai tissue and body 

fat reserves between April and May (this study; V i  and Messier 1992a). During the 

breeding season, males experience a more rapid deche in body fat stores than femaies. 

a trend that may reflect the hïgh cost of estabiishing male breediag territories (Virgl and 

Messier 1992a). As gut tissue is metabolically expensive to maintain (Brugger 1991). it 

may be adaptive for males to d u c e  intestinal mass and mob'ilize surplus fat ceserves in 

early spring. Urifomuiately, no femaies were coilected during the breeding season in this 

study. Virgl and Messier (1992a) reported that female muskrats have larger digestive 

tracts than males h m  June through Au- It is Iü<ely bat the fernales in my study 

population aiso maintained larger guts to rneet the high energy demands of pregnancy and 

lactation (see Part VI for M e r  explmation). 

Muskrats collecteci in Juiy demonstrated no appreciable change in total gut mass, 

gut length. or DMI, cornpand to springxaught animals. However, digestive efficiencies 

were consistently higher in Juiy. The p ~ s e n c e  of secondary plant compounds and 

structural digestion inhibitors axe known to d u c e  digestibility of forages coasumed by 

small herbivores (Robbins 1993), and many mammais appear to select foods based on 

levels of digestive inhibitors (Miller, Xia and Nome 1990). Seasonal variability in iignin 

concentration of the experimental rations was small (range: 3.22497%). and it is unlikely 

these ciifferences led to the changes in fiber utilkation and digestibiiity that 1 observed. 

Although it is conceivable that associative digestion effats may have iduenced forage 

digestibility estimates, nsuits in Part 1 suggest that these factors were generally 

insignificant (Table 1-3). 
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Smaii herbivores are expected to pnfer foods thaî can be rapidly absorbeci and are 

Iow in fiber (Loeb, Schwab and Demment 1991). and the high digesti'b'ility values 

recorded during Jdy are probably the nsult of forage seIection. Muskrats prrsented with 

a mixed ration containing 62.4% NûF and 6.58% protein in July selectively consumeci 

vegetatiou containing ody 51.096 NDF (18.4% beïow ration level), but 8.96% protein 

(36.2% above ration level; Table 2-1). Evidently, muslrrats in summer are able to meet 

their energy needs by selectively consuming lower levels of nber, rather thaa by 

increasing gut mass. Selective feeding reduces the dependence of many s d  herbivores 

on rnimbial fermentation (Justice and Smith 1992). Indeed, the fiaction of energy 

derived h m  this source deciined h m  59.5% of DE intake in May, to 38.4% in July 

(Table 2-2). It is notewort&y that the laiter value is stiil weii above previously reporteci 

estimates for other s d  herbivores maintained on high fiber rations (but see Castle and 

Wunder 1994). Prairie voks. wood rats (Neotom spp.) and coiiared lemmings 

(Dicrostonyx groenhdicus) obtained only 19-3696 of DE h m  rations containing 3940% 

NDF (Castle aod Wunder 1994; Hammond and Wunder 1991; Justice and Smith 1992; 

Nagy and Negus 1993). 

My data suggest that the muskrat's ability to digest fiber acniaUy exceeds 

predictions based on body rnass. According to the cornputer simulations of Justice and 

Smith (1992). a 1-kg herbivore fed an alfalfa-based ration containing 6096 NDF, should 

exhibit a NDF digestibility of 24% and obtain 33% of its DE through rnicrobial 

fermentation. In May, muskrats consuming a mixeci ration contaiaing 59.9% NDF 

displayed a NDF digestibility of 40.7%. whüe obtaining 59.5% of their DE from fiber. 
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According to the mode1 deve10ped by Justice and Smith (1992). my fi'ber utiiization 

vaiues comspond to those predicted for a 20-kg animai. M y  values represent a 

consemative estimate of fiber digestibility in muslratp. since caecum mass was lowest in 

spring (Fg. 2-1). These findings are in accord with my eadier study indicating that 

muskrats rradüy adapt to bigh-fiber die& and utïiize these structurai carbohydrates as an 

important energy source (Fig. 1-2; Table 1-3). 

An increased caecal capacity permits a Iarger voiume of fermentable particles to 

be retained in the gut, and hence provides more time for microbial fermentation. The 

muskrat possesses a large haustrated caecum which empties into a complex (8-spiral) 

proximal colon (Luppa 1957; Fig. 46) similar to that described for the Scandinavian 

lemming, Lemmus lemmus (Vorontsov 1967). Specber, Bjornhag and Riddemrale (1983) 

have shown that the convolutions of the lemming's proximal colon create a separation 

mechanism which traps and provides for a direct flow of bacteria and £ine particles back 

towards the caecum. Selective retention of fluid and small particles in the caecum should 

permit more complete digestion of dry matter, since fine particles have an increased 

fermentable surface area and will support a higher concentration of bacteria 

In muskrats, the dry masses of the totai alimentary tract, small intestine. caecum, 

and large intestine had al1 increased by September. Despite these gains. digestive 

efficiencies were slightiy lower in September than in July (Table 2-2). Since NDF levels 

of the ingested diet wcre similar for both months, the smaiikduction in digestibiiities of 

DM, DE and ME in September are k l y  a response to the 25.8% inmase in daily DM1 

(g-kg-o~75). As pointed out by Robbins (1993). reduceci digestibility need not be 



49 

maladaptive if it Icads to an hincrease in total nutrient absorption. fadeed, resuits for the 

September digestibiiity trial i n d i d  that rnusLrats increased their daily ME intake 24.2% 

over July values flable 2-2). This gain in energy absorption is mely linLed to the 

increase in s d  intestine mass, and perhaps digestive transporters (Hmmond and 

Diarnond 1992). The coatinued enlargement of this organ during faU and winter probably 

served to fiuther extract easily digeshile nutrients aOm the diet (eg. NDS and protein). 

The notable incmases in dry mass of the caecum and large intestine between M y  

and September are presumably the consequence of increased DM, since the NDF content 

of ingested forage remaiwd close to 50% (Table 2-1). It appears paradonical that the 

1 1 % gain in caecal dry mass h m  Iuly to September was correlated with a 1.5% decrease 

in NDF digestibiüty. Howcver, over the same period, the proportion of ciaiiy energy 

gained fmm the fermentation of NDF and ADF iacreased 4.2% and 7-59, respectively. 

December-trapped animais fed a 100% cattail rhizome ration consumeci portions of the 

rhizomes that were high in nber (15% abovc ration offered). Consequently, December- 

caught muskrats consurneci quivalent arnounts of Gber as animals trapped in Septemkr 

(37.8 g*kgQ75day''). However, the 8% gain in caecal mass of muskrats in Decembet 

appeared to increase both their NDF digestibility (38.76 to 58.6046) and the proportion 

of DE derived fimm NDF (42.56% to 53.23%). 

Muskrats begin accumulating body fat stores in September (Virgi and Messier 

1992a; Fig. 6-2; Fig. 6.3), pmsumably to offset potentiai food shortages in late winter. 

Dry masses of the total gut, caecum, and large intestine peaked in December-trapped 

muskrats, and 1 interpret this as a mechanhm to maxllnize energy absorption and the 
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accumulation of body iipid reserves. The obsemeû gains in gut mass probably also 

contributed to the substaatial inmeases in digestiibilities (10-20%) for the DM, DE, ME, 

NDF and ADF components b m  september to Decembet (Table 2-2). 

It is possible that then has been strong selective pressure for muskrats to 

maximize energy derived cattaiï rhizomes. which account for a large proportion of 

the musimat's *ter diet (Takos 1947). My nsults support this hypothesis, as muskrats 

in December were able to increase ME intake by 17.9% over September values, even 

though gmss energy iatake was 2.7% lower. 1 similady nported a high DM digestibiiity 

(70.6%) and ME intake (521.4 K ~ * k g ~ * d a y - ~ )  in my earlier study of laboratory- 

acchated muslrrats consuming a 100% catiail rhizome diet (Paa I). 

Seasonai Nitrogen Dynamics 

Since nitrogen is ofien a limiting nutient in the diet of herbivores, its digestibility 

and retention is crucial (Loeb, Schwab and Denment 1991). My findings suggest tbat 

the minimum nitrogen intake required to meet tissue nitrogen balance is 0.280 g*kg' 

o-75-day-L less in f d  and winter than ducing spring and summer. In my previous study (see 

Part Z), 1 fouad a similar ductioa in the nitrogen quirements of muskrats maintaineci 

on a 100% cattaii rhizome ration in late summer and eady f d .  Fwthennore, muskats 

in the present study were able to maintain tissue nitrogen balance ia September and 

December (Table 2-3) on diets containing only 8% protein. This value is only half that 

generally recognized as constituting a minimai repuirement in rodent diets (Jelinski 1989). 

It is possible that muskrats may, Iüre some hibernators (Steffen et al. 1980; Bina 
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and Torgerson 1981). conserve body nitrogen in *ter by nducing urinary nitrogetl 

output through urea recycliag. The recycling of urea formed h m  tissue nitrogen rnay 

be important to the nitrogen economy of aaimals when nitrogen intale is inadequate to 

meet daily requirements (Robbins et al. 1974). 

The large caecum, selective increase in dietary fiber intake, and possibly the 

recycling of nitrogen, may ai l  contn'bue to maintahhg intestinal bacteria and protozoan 

populations in winter. Furthemore, rnuskrats are known to practice coprophagy (KL. 

Campbell, unpubiished observations), but no steps were taken to either prevent or quantify 

this behavior in the present study. Thus, it is conceivable that coprophagy rnay have 

contributed not only to the high fiber digestiities reported herein, but may, dong with 

urea recycling, be an important mechanism utüized by muskrats to meet their seasonal 

nitrogen nquirements. 



PART III 

D I G E S T I B m  OF ANIMAL TBSUE BY MUSBRATS 



1 examineci the potentiai nutritionai benefits derived by muskrats that supplement 

their aquatic plant diet with animal tissue. Digestiailty, energy and nitmgen balance 

triais were conducted with adult muskrats fed each of three diets: 10096 cattail shoots; 

95% cattaii shoots, 25% fathead minnows (Piniephales promelas) and 2.5% muskrat 

flesh; and 85% cactail shoots, 10% fathead minnows and 5% muskrat k h .  Muskrats 

presented with diets containhg meat selectively increased the proportion of animal tissue 

ingested above that offered in the ration (P c 0.001). Gain in body mass, dry-matter 

intake, and coefficients of dry matter, energy and protein digestibility d increased with 

rising levels of meat consumption. Muskrats can efficiently digest high levels of animal 

tissue (>50% dry matter htake) with no apparent loss of ability to digest fiber. 

Moreover, fke-rauging muskrats consuming diets containing only 3 .M. 1 % animal tissue 

can meet their maintenance daüy nitrogen requirements (1 .O2 g  kg- body mas) solely 

hom meat. 1 conclude that meat consumption, even at low levels, can be nutntionally 

beaeficid to muskrats in nature. 
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Introduction 

Rotein is o h  assumd to constitute a primazy dietary constraïnt iïmiting the 

growth and reproduction of mammaiïan herbivores (Loeb, Schwab and Demment 1991; 

Robbins 1993). Seasonal deficiencies in dietary protein may be compounded by the high 

fiber content of manin plants which reduces the munt of readily digestible energy that 

small herbivores can extract h m  such diets @atnmond 1993). 

The muskrat feeds predomindy on aquatic plants that are high in nber and low 

in nitmgen (Table 1-1; Appendk 1). My previous digestion trials (Parts 1 and II) 

suggested that muskrats consum-g die& composed solely of aquatic vegetation have 

difficuity maintainhg nitmgen balance in summer (TabIe 1-4; Table 2-3). It is cunently 

unknown how k - r a n g h g  muskrats meet their daily nitrogen requirements. One 

possibility involves the opportunistic feedùig on concentrated nitrogen sources such as 

animal matter, which may help to aileviate seasonal deficiencies in dietary crude protein 

(Karasov 1982). 

The consumption of animal tissue, includiag musicrat flesh, bas often k e n  reported 

in food pceference studies of O. zibethicw (Errington 194 1; S t e m  and Goodwin 1941 ; 

Triplet 1983; Convey, Hanson and MacKay 1989; Neves and Odom 1989). Ching and 

Chih-Tang (1965). for example, reported that animai tissue accounted for 6.6% of the 

daily food intake by muskrats. Uafortunately, the nutritional benefits of this dietary 

component are poody understood because little is known regarding the digestibility and 

assimilation of animal flesh by mammalian herbivores. 
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This study evaluates the potwtial nutritional benefits of animai tissue ingestion by 

muskrats, spscincaliy in terms of energy and nimgen baiance. 1 hypothesized that 

muskrats, when presented with a choice, wodd actively select a diet containing a higher 

level of animai tissue than that o f f ed  in a mixed ration containing aquatic vegetation 

and veriebrate animai matter. 1 also pfedicted that coefficients for dry matter digesti'bility, 

energy assimilation, and nitmgen retention would ail incrase with rising levels of meat 

consumption by muskrats. 

Eight adult male muskrats were cap- at Oak Hammock Marsh, Manitoba 

(50"06'N, 97007'W) in mid-hlay 1993. Animals were housed. fed and acclimated 

foilowing the methods presented in Part 1. 

A total of 24 digestï'biiity and food-intake trials were completed over six 

measurement periods betweea Iune 9 and August 14, 1993. Muskrats were tested once 

on each of three rations and the order of ration presentation was randornid. 

Consecutive tests on the same individual were separated by a niinimum of 14 days. Each 

digestion trial lasted 5 days and was pnceded by a 54ay adjustment p e n d  during which 

muskrats were fed the test ration. Digestion trial protocol, sample analyses. and 

calculations of apparent digestibiiity coefficients are provided in Part 1. Ash content was 

determined by combustiag 2-g duplicate sarnples for 6h at 600°C (AOAC, 1984). 

In ail trials, muskrats were presented with a total daily ration (1000 g) that was 
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appmximately cwice the daiiy intake previousIy recorded for captive mus- (see Part 

1). On a wet-weight basis, the test rations consistai of: (a) 10046 cattaii shoots (hereafter 

referred to as û% mat ration), (b) 95% cattail shoots, 2.5% fathead rninnows and 2.5% 

muskrat flesh (5% meat ration), and (c) 85% cattail shoots, 10% fathead minnows and 5% 

muskrat flesh (15% rneat ration). On a dry-weight basis, rations offed to mus- 

consisted of 16.5% animai tissue in the 5% meat ration and 38.9% in the 15% meat 

ration. Cattail is the dominant food source of muskrats in northern prairie marshes, and 

muskrat flesh and fathead minnows are forms of animai tissue knom to be avaiiable to 

muskrat populations in Oak Hamtnock Marsh (AR Dyck personal communication). 

These rations were also selected to pmvide ranges of protein and energy availability 

(Table 3-1) that might be encountered by muskrats in nattue. 

Cattail shoots were harvested at Oak Hammock Marsh on the day before each 

pretrial and trial session. MUuiows were coiiected h m  a retention pond near the 

University of Manitoba, riased, and -en whole in sealed plastic bags at -20°C. Skeletal 

muscle tissue was removed h m  &ozen musluat carcasses and was similady stored at - 

20°C. AU tissues were thawed immediately prior to presenting rations to muskrats. 

Foliowing the completion of dl three digestibility trials, each musluat was 

anestethized with Halothane and a blood sample withdrawn by heart puncture (see 

Appendix II; Table A2-2). 

Ration and animal effects were evaluated using the generai linear models 

procedure of SAS (Sas hstitute, Inc. 1990). and treatment means were comparecl with f i  

tests for pairWise cornparison of least-squares means, with signincance set at 0.017 



Table 3-1. Nutrient composition of the three food items fed to muskrats in feeding trials 
conducteci at the University of Manitoba, June 9-Augw 14, 1993. Mea~s  t SE are 
i n d i c d  

Food Cattail Fathead Muskrat 
item n shoots mjnnows flesh 

. - - - - - - - - - - - - - - - - 

Dry Matter (96) 30 6.0 t 0.2 19.4 r 0.2 24.9 * 0.4 

Energy (Wg-l) 12 15.7 * 0.7 20.7 * O. 1 23.4 * 0.2 

Cnide Protein (%) 12 13.2 * 2.5 65.7 =t 0.9 82.7 * 2.2 

N ' F  (96) 12 51.7 0.9 - - 

Ash (%) 12 16.4 2 0.5 14.6 + 0.3 4.6 + 0.1 

' NDF = Neutrai detergent fiber 
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(O.OSI3 treatments). Proportions of i d  items in rations offetbd to, and in die@ 

consumd by muslnats were compared using paired &tests. Predïctive eqdons were 

derived by least-squares regnssion analysis. Ail means are presented t 1 standard enw- 

In 15 of the 16 digestibility triais involving animal tissue, muslrrats consumeci a 

higher proportion of meat than was offered in the test rations (Table 3-2, P < 0.001). 

This selectivity resulted in muskrats ingesting diets that consisted of 30.3% (5% meat 

ration) and 59.3% (15% meat ration) animal tissue on a dry- weight basis (Table 3-2). 

One muskrat on the 15% meat ration cornumeci animal tissue at a level slightiy below 

that offered in the diet. This individual was subsequentiy excluded nom the analyses 

because its consumption of tissue was 18-2846 lower than that of other animals on the 

15% meat ration. 

Body mass and energy intake of muslnats increased with rishg ieveis of meat 

consumption (Table 3-3). Intake of metabolizable energy was >2 times pater  on the 

15% meat ration than on the 0% meat ration (P < 0.001). Similady. dry matter intake 

@MI) was 59% higher on the 15% meat ration than on the 0% meat ration (Table 3-3. 

P < 0.001). Despite the progressive gain in DMI, the digestibility coefficients for DM, 

digestible energy, metaboliZable energy, protein, neutrai detergent fiber, and neutral 

detergent solubles ail increased with the levei of meat consumption (Table 3-3). 

As expected, daily nitmgen intale, nitmgen retention, and urinary nitmgen loss 



Table 3-2. Reportions of food items (dry weight basis) offered to and consumed by 
muskrats in feeding trials conducted at the University of Manitoba, June 9-August 14, 
1993. Means t SE and number of triais (in parentheses) are indicated. 

Food item 5% Meat ration (n = 8) 15% Meat ration (n = 7) 

Cattail Shoots: 
% in ration offered 
% in diet consumed 

Whole Fish: 
% in ration offered 
% in diet consumed 

Muskrat Tissue: 
% in ration offered 
% in diet conswned 

" P-value for paired t-test cornparhg the pmportion of a food item offered in d o n ,  and 
the proportion of that same food item in the diet actuaiiy consumed by muskrats. 



Table 3-3. Body mas. energy intake, and apparent digestiiilities of duit d e  muskrats 
maintained on three diets differing in animal tissue content. Fecding trials were 
conducted at the University of Manitoba, June 9-Augw 14, 1993. Means t SE and 
nurnber of triais c i  parentheses) ate indicated.' 

0% Meat ration 5% Meat ration 15% Meat ration 
Variable (n = 8) ( n = 8 )  Cn = 7l 

Body f I m s  (gIb 91 1.SA * 33.7 
Mass change (g) -37.3C 8.7 

Daily intake: 

Dry matter (g-kga7') 31.2B & 2.2 

Gross energy @kga7') 482.0B + 35.9 
DE (Wkga7') 3 10.7C * 26.9 

ME ( i~J-kg~'~)  287.X s 25.2 

Digestibility (96): 

Dry matter 67.4B 1.2 

Digestible energy 64.2C & 1.6 

Metabohable energy 5 9 . C  * 1.6 
Dietary c d  protein 61-98 I 6.2 

Neutral detergent solubles 73.1B t 1.5 

Neutral detergent fiber 57.7A I 2.9 

a Within each row, means sharing the same letter are not significantly different (P > 
0.0 17). 
Average M y  miss during trial. 



61 

increased concmentiy with meat coLLSUrnption, while fecai nitrogen loss varieci little 

among die6 (Fig. 3-1). Regressing daüy tissue nitmgen balance on DNI yielded the 

equation: daiiy tissue nitrogen balance = -0.560 + 0.548 DNI (9 = 0.74, df = 23). From 

this regression, the maintenance nitmgen requirement of muskrats was estimated to be 

1.02 g ~ . k ~ ~ * d a y - ~ .  

Discussion 

Numemus studies published on the food habits and nutrient requirements of 

microtine den t s  indicate animni tissue contn'butes ~ 1 0 %  of the total diet (Batzli 1985). 

Unfortmately, Little or no attention has becn paid to the nutritional significance of meat 

consumption by these small herbivores. My results clearly indicate that low levels of 

meat ingestion can lead to significant gains in the energy and protein absorption of 

muskrats. Associative effects arising h m  feeding herbivores mixed diets have beea 

reporteci (Bjomdai 1991). and it is possible that this phenomenon may be responsible, at 

least in part, for the high digestibilities 1 obsennd. 

Although muskrats possess a specialized digestive tract adapted to efficiently 

process aquatic vegetation. there is no evidence of morphological adaptations for handling 

a camivomus diet (Luppa 1956). Nevertheless, it appears that muskrats do w t  suffer any 

loss in digestive efficiency resulting h m  the consumption of animal tissue, even at high 

levels of ingestion (S0% DM; Table 3-3). Indeed, DM and ME digestibilities of 

muskrats fed the 15% meat ration were 10-4796 higher than those recorded for muskats 



Fig. 3-1. Relationship of daily nitmgen intake to fecal nitmgen loss, urinary uitrogen loss 

and net nitrogen gain in musicrats fed thEee rations d i f f e ~ g  in animal tissue content. 

Values are presented as meam + 1 SE. 



0% MEAT RATION 5% MEAT RATION 15% MEAT RATION 
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fed only emergent plant diets (Table 1-3; this study). The high DM and ME digestibilites 

recorded on the 15% m a t  ration cannot be ascrïâed to variation in DM& since the range 

of DMI for the three diets îested in this study (3 1.2-46.7 g-kga7S-day-L) was gmilar to that 

(3 1.~-48.7 g-kgQ7S*day-1) reported in Tabk 1-3. Thue was no evidence that the ability 

of this rodent to digest plant nkr was compromiseci by the addition of animai tissue to 

the diet (Table 3-3). While NDF digestib'ity was highest on the 15% meat ration, the 

proportion of daily ME intake derived h m  the fermentation of nber decreased ftom 

5 1.1% (147.50 k~*kg~-'~day-') on the 0% meat ration, to ody 16.4% (106.72 kJ=kgQ7'- 

&ye1) on the 15% meat ration. However, muskrats on the 0% meat ration ingested 39% 

more NDF than animais on the 15% mat ration. This factor wouid protentiaily ailow for 

a longer fiber retention period and hence, enhanced &r digestibility on the 15% meat 

ration. 

My estimate of DE digestibility on the 15% meat ration (89.Q0.796) is close to 

the values reported for carnivores consuming meat (95.5%). fish (95.3%), and whole bird 

or marnrnal diets (85.3%)(see Robbins 1993). Muskrats maintained on the 5% and 15% 

meat rations also exhibiteci apparent cmde protein digestibilities (85.6 and 91.296, 

respectively) similar to those of carnivores (78-9-96.896) fed pure meat rations (Davidson 

et al. 1978; Harper, TraMs and G b k y  1978; Powers, Mautz and Pekins 1989). More 

importantly, assuming a mie nitmgen digeshiiiiiry of 94% (this study), my data suggest 

that non-reproducing adult muskrats cm meet their daily maintenance nitrogen 

requirement (1.02 g body mas) h m  the coasumption of only 3 1.2 g of musht 

flesh or 53.1 g of fathead minnows on a wet-weight basis. These values represent only 
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3.66.146 of the estMated wet mass of quatic vegetation requited each &y to susiain 

k-ranging musicrats (ca 875 gkg-'; see Table 5-2). A similac pattern bas b e n  

described by Karasov (1982) for the white-tailed antelope squirrel (Ammospennophilus 

leucuncs), which can met its daily nitrogen requirrments solely h m  the animal tissue 

componcnt of an omnivonwis dia (8% of total intake). 

It is clear fiom this snidy that the consumption of animal matter has the potential 

to play a major d e  in the nitrogen economy of muskrats (Fig. 3-1). This may be 

especiaily tnie for juvenile cohorts, since meat consumption should enable young to 

maximiz+ somatic p w t h ,  thereby achieving a larger body size at the onset of winter. 

Occasional meat consumption may also benefit muskrat populations existing in marginal 

habitats characterized by low quality, protein-deficient forage (Messier, Vugl and 

Marineu 1990). The question remains, however, if muskrats are so efficient at utilizing 

animai flesh as an energy and nitrogen source, why is camivory not more prevalent in 

nature? Perhaps the increased foraging time requind, coupled with a greater risk of 

injury or predation, have selected agaiast a stronger reliance on animal tissue in the diet 

of these redents. It is possible that mushts  obtain most of their mat  as scavengers, and 

that the amount of m a t  in their diet varies with the availability of prey. However, such 

opportunistic consumption of animal tissue is àifl5cult to document in nature, and perhaps 

this habit is more widespread in wiid muskrat populations than was previously thought. 



PART N 



The rate of 14C-urra hydrolysis was deterrnined in 32 field-acclimatized muslrrats 

maintained on natural diets during s p ~ g ,  summer, f d  and winter. 1 hypothesized that 

urea recycling accm in muskrats during aU seasom, and that the conservation of tissue 

nitrogen via this mcchanism is most prevalent in f d  and winter, when forage protein 

levels are lowest Muskrats exhibitexi higher ratw of urea hydrolysis and a lower senun 

urea nitrogenlcreatinine ratio in fall and winter, compared to spring and summer. Even 

after comcting for seasonal dinerences in blood urea pool size. the adjusted rate of m a  

hydrolysis was 67% higher in falvwinter than in sp~glsummer. There was no evidence 

that the maintenance nitrogen requirements of muskrats fed naniral vegetation were 

affected by seasonal changes in the amino acid composition of the diet. 1 suggest that 

increased levels of urea recycling, coupled with adaptive mechanisms for reducing 

nitmgen excretion and possibly consenring carbon skeletons of essential amino acids, rnay 

diow muskrats to reduce their nitmgen requiremtnts on f d  and winter diets. My hding 

that '%-ma hydrolysis occurred during ail four sampling periods suggests that nitmgen 

derived Born this source may also be critical to supportkg large hindgut microbe 

populations that enable this rodent to exploit the appreciable fiber content of its aquatic 

plant diet throughout the year. 



Introduction 

At temperate and northem latitudes, the protein content of vegetation can fluctuate 

dramaticaiiy thughout the year. During periods when dietary protein is limiting, the 

digestibility and retention of nitmgen can be criticai factors influencing gn,wth, 

reproduction and survival of k-ranghg animais (Loeb, Schwab and Demment 1991). 

Consequently, considerable rrsearch has been done on seasonal changes in nitrogen 

metabolism of herbivores, including the d e  of urea recyciing (Robbins et al. 1974; 

Mould and Robbios 198 1). Ln animais demonstrating this phenomenon, urea is transfemed 

nom the bloodstrearn into the gastrointestiiial tract where it is hydrolysed by bacterial 

urease into ammonia and carbon dioxide (Richards 1972; Nelson et al. 1975). Ammonia 

produceci at this point can either be incorporateci into bacteriai protein or d i the  into the 

bloodstream. Upon reaching the b e r ,  blood-borne ammonia joins the nitrogen pool 

available for the synthesis of non-essential amino acids (Richards 1972). In simple- 

stomached anirnals, the incorporation of nitmgen h m  inorganic compounds into amino 

acids is greatet when the dietaq intake of protein is inadquate to meet daily 

requirements (Richards 1972). a condition prevalent during hibernation or long-term fasts 

(Nelson et al. 1975; Harlow and Buskirk 1991). 

The potential benefits of urea recycling to non-hibemating, simple-stomached 

herbivores during periods of low protein avaiiability are unknowa. An excelknt mode1 

for investigating this question is provideci by the musht. 1 previously foumi that 

muskrats consuming narural vegetation exhibited urinary nitrogen excretion rates that were 
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nearly 6 times Iower in f a  and winter, compand to s@g and siunmer (Table 2-3). 

Consequently, the maintenance nitrogen mpirement calculateci for this rodent was >25% 

lower during fa and winter, when dietary protein levels of aquatic vegetation appearrd 

to be lowest (Table 2-1; Appendix 1). The quality of dietary protein is known to 

inauence the daiïy requirements for tbis nutrient in mammals (Robbb 1993). It is 

possible that, despite their low nitrogen content, the fall and whter diets of muskrats 

contain a highet proportion of essential amino acids than in other seasons. Altematively, 

muskrats may reduce nitrogen excretion in fa and *ter by recyclîng urea Throughout 

the year, muskrats consume forages containing high levels of neutral detergent fiber (43- 

62%) and rely strongly upon micmbial fermentation to meet their daily energy 

requirements. However, in hindgut fermenters, an appreciable proportion of the daily 

protein intake is iikely absorbeâ before it reaches the hindgut Because urea hydrolysis 

provides a nitrogen source for the synthesis of microbial proteins in the cecum (Chilcon 

and Hume 1984). this reaction may be essential for maintainhg high microbial 

populations year-round, thus pennitting rnuskrats to exploit the appreciable fiber content 

of their aquatic plant diets. 

The p ~ c i p a l  objective of this study was to detemine if urea hydrolysis, a 

necessary step in urea recycling, occurs in muskrats and, if so, whether the intensity of 

this hydrolysis varies with seasonal shifts in the protein content of cattail, the dominant 

food source of muskrats in northern prairie marshes. 1 hypothesized that urea recycling 

OCCLUS in muskrats throughout the year, and that the conservation of tissue nitrogen via 

this mechanism is most prevalent during f a  and winter, when maintenance nitrogen 
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requirements and forage protein levels are lowest. Additiody. 1 examined seasonal 

changes in the amino acid composition of the musicrat's naturai forage to determine if diet 

quality might also conm'bute to the low maintenance nitmgen requirement previously 

observed during f d  and winta. 

Materials and Methods 

Eight adult musicrats were livetrapped at Oak Hammock Marsh, Manitoba 

(50006'N. 970W'W). during each of four test pends: 27 July-10 August 1994 (3 males, 

5 femaies), 1 1-20 October 1994 (8 males), 4-24 h u a r y  1995 (5 males, 3 females), and 

1626 May 1995 (6 males, 2 females). Animals were housed individually at 14t1°C with 

a 12L: 12D photoperiod (MacArthur 1979) for 1-4 d prior to testing. Each muskrat was 

tested ody once (PZ = 32 muskrats in total). To minimize disturbances to digestive 

physiology, including rnicrobial function, mushts were fed vegetation appmximating 

their naniral diet in each test pend. Accordingiy, during May and luly, muskrats were 

fed k s h  aquatic vegetation, consisthg predominately of cattaii shoots and leaves ad 

libitum. Musicrats in the October trials were maintained exclusively on fresh canail 

rhizomes uà libitum. In Januazy, muskrats were fed cattaü rhizomes coilected just prior 

to fkeze-up and stored at SOC. Muskrats were not fasted prior to metabolic testing. 

To test for the occurrence and evaluate the intensity of m a  hydcolysis, each 

muskrat was lightly anesthetized with Halothane (M.T.C. Phannaceuticals) and injected 

intraperitoneaiiy with 5 pCi of 14c-urea (8.92 X IO-' mmol*L-') diluted in 0.5 mL sterile 
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physiologid saiine (Harlow and Bus& 1991). The dosage was measured to the nearest 

O. 1 mg by weighing the sample syringe (la: Tuberculin) on an analytical balance (Mettlet 

mode1 AJ100) before and aAu injection. The animal was thea transferred to a darJtened, 

11.5-L g las  box fitted with a heavy plexiglas iid and a removable wire saeen floor, 

where it remained for a period of 8 h. The metabolic chamber was installeci in a 

controiled-tempemîwe cabinet held at 22tl0C and dry, COZ-fke air was pumped tfirough 

the chamber at a rate of 2  min*' (Eg. 4-1). Flow rate was monitored with a Matheson 

rotameter ch'brated agaiast a mode1 1057 Brooks Vol-U-Meter. A small ftaction (5%) 

of the exhaust gas h m  the chamber was muted to a Beckman F-3 paramagnetic 4 

analyzer connected to a stripchart recorder (SE-120, BBC Goerz Metrawatt). The 

remaining exhaust ges was passed sequentially through two organic CO, traps, each 

containiog 250 mL of ethylene glycol monomethylether and ethanolamine in a 2: 1 volume 

ratio (Jaffay and Alvarez 1961). As a precautionary measure, exhaust gas h m  the 

chamber was routed through a final CO, trap of soda Lime before exiting to the 

atmosphere. 

Upon completion of a trial. two 0.6-mL aliquots of fluid were removed tkom each 

organic CO, trap and placed hto separate scintillation vials, each containhg 15 mL of 

Beckman Ready Safe scintillation cocktail. Each via1 was assesseci for 14C activity using 

a Beckman LS 6000TA iiquid scintillation counter, and the values were summed to give 

total activity of expîred L4C. To correct for between-animal variation in metaboiic rate, 

the production of 14c02 was expressed as disintegrations per minute (dpm) of l4co2 

expired-mL-' O2 consumed. The total oxygen consumed during the 8-h experiment was 



Fig. 4-1. Diagram of the apparatus used to monitor rates of oxygen consumption and 

 CO^ production by muskrats, Juiy 27, 1994 - May 26, 1995. 
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determined using a Jaadel Digitking Tablet and Sigma-Scan software to integrate area 

beneath the 4 tracing (Dyck and MacArthur 1993). 

To test for seasonai changes in the ratio of semm urea to senun creatinine, blood 

samples were coUect#i M m  a separate group of 59 muskrats livetrapped in Oak 

Hammock Marsh from May 1991 to April 1992 (see Part Lt; Appendu II). Senun urea 

and c~atinine concentrations were detenniLIed with a Coulter Discrete Chernical Analyzer 

(Manitoba Agriculture Veterinary Services, Winnipeg, Manitoba). 

To document seasonal changes in the cm& protein content of cattail in Oak 

Hammock Marsh, I periodicaily collecteci randorn plant samples in 1991. Cattail rhizome 

samples were also obtained b r n  two separate food caches found inside winter feeding 

Lodges in early-December 1995. Plant samples were separateci into stem, leaf and 

rhizome components, oven-dried at 700C. and ground thugh a 1-mm mesh screen in a 

Wiley miil. A portion of each p u n d  sample was sent to a feed analysis Iaboratory 

(Department of Animal Science, University of Manitoba) for determination of crude 

protein content (Kjeldahl N x 6.25). 

To test for possible seasonal changes in protein quality of the diet, samples of the 

natural mixed forages fed to muskrats in a previous study (see Part II) were evaluated for 

their amino acid composition. The spring diet tested consisted of 50% cattail shoot, 2 5 5  

cattail rhizome, 20% bladderwort, and 5% sedge shoot. The summer diet consisted of 

70% cattail shoot, 10% cattaii rhizome, and 5% each of sedge shoot, soft-stem buirush 

shoot, whitetop shoot, and duckweed. The f d  diet consisted of cattaii rhizomes (60%), 

canail shoots (30%) and white-top shoots (10%). The winter diet was comprised entiFely 
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of cattaü rhizomes. Foiiowing a modifieci procedure of M . ,  Rotter and Marquardt 

(1989). a 1Wmg portion of each forage sample was combïined with 4 mL of 6 N HCl 

and 0.1 mL 2-Octanol, evacuated for 1 min, then hydrolysed at 1 l(PC for 24 h. The 

hydmlysate was neutraiized with 4.1 mL of 25% (dv01) NaOH, and made up to 50 mL 

with a sodium citrate bu&r (pH 2.2). The amino acid content of each sample was 

determinecl using ion exchange chmatography with niahydcin detection on a LKB 415 1 

Alpha PLUS* Amino Acid Analyzer (Department of Animal Science, University of 

Manitoba). 

Treatment effects were initially evaluated for merences due to season, sex. and 

sex x season, using a 2-way ANOVA. Since no sex-related ciifferences were apparent (P 

s O.OS), data for both sexes were pooled in al l  subsequent analyses. Mean seasonal 

values for pooled data were compand with 1-way ANOVA and Tukey's studentized 

range test (SAS Institute 1990). Sipnincauce was set at the 5% level, and means are 

presented with 1 standard enor (SE). Upon completion of testing, muskrats were held 

for a minimum of 48 h before being released at their site of capture. 

The occurrence of ' 4 C - ~ a  hydrolysis was documented in ai l  muskrats tested in 

this study, with peak leveïs ~corded in October and January (F,, = 23.58, P < 0.0001; 

Fig. 4%). The percentage of injecteci 14C-urea that was hydrolyzed during the 8-h trial 

increased h m  an average of 6-7-7.496 in May and Jdy, to 23.7-28.7s in October and 



Fig. 4-2. Seasonai changes in the proportion of urea hydrolysed by 32 field-acclimatized 

muskrats (n = 8 per month). (A) Percentage of injected 14~-urea collected as "CO, in 

expired air. (B) Disintegrations per minute (am) of "CO, expkd-ml,-' 4 consumed. 

Vertical h e s  denote 1 SEM. Means sharing the same letter are not signincantly different 

(P > 0.0s). 





75 

January (P c 0.05). The l4coZ production (dpm of 14c02 expired-ml-' 4 consumed) of 

fail- and winter-acchatized muskrars was 4 tims hi* than values recoded h m  

animais caught in s p ~ g  and summer (Fpm = 16.13, P c 0.0001; Fig. 4-26). 

The semm uredcreah'nine ratio of muskrats demonstrated strong seasonal variation, 

and was significantly lower nMn September to April than during May and Juiy (F,,, = 

1 1.36, P < 0.0001; Fig. 4-3). Though m e a s d  in a different group of muskrats collected 

in a different year, senun wea(creatinine ratios (Fig. 4-3) appared to Vary inversely with 

the rate of '4Cyrea hydrolysis (Fig. 4-2). M u s u  sampled in both years exhiiited 

similar seasonal patterns in body composition (Fig. 6-2; Fig. 63) .  and measurements of 

diet quality and vegetatiou structure were consistent within the two collection periods 

(KL. Campbell, unpublished data; see also Table 5-1 and Table Al-1). 

The crude protein content of caitail shoots and leaves underwent dramatic seasonal 

changes, with shoot Ievels decIining h m  14.1% in June, to only 2.2% by lateaeptember 

(FR,, = 55.91. P < 0 .01 ;  Fig. 4-4). Over th is  same period, the protein content of 

cattail rhizomes exhibited the opposite trend (FlSp1 = 3.89, P = 0.01 12; Fig. 44). with 

the highest recorded value (9.1%) obsmred in the rhizome sampies remvered h m  two 

food caches in December. Nonetheless, this peak value for rhizomes is generally lower 

than the protein content of cattaii shoots and leaves during the sumrner months (Fig. 44). 

No discemable seasonal changes were apparent in the protein quality of the mixed 

diets approximating those consumed by fke-ranging muskrats (Table 4-1). Whüe the 

Ievels of individual amino acids varied seasondy, the totai fiaction of essential amino 

acids in each diet remained close to 42%. 



Fig. 4-3. Seasonal changes in the ratio of serum m a  nitmgen to senun creatinine in 59 

field-acclimatized muskrats tested between May 199 1 and April1992 (see Appendix A2-1 

for individuai senun values). Verticai Lines denote 1 SEM. Means sharing the same 

letter are not significantly ciifFetent (P > 0.05). Values in parentheses indicate number 

of muskrats sampled in each moath. 





Fig. 4-4. Seasonal changes in the crude protein content (dry mass basis) of the rhizomes, 

shoots and leaves of catiail collected at Oak Hammock Marsh, Manitoba, h m  May to 

October 199 1. The December value is based on samples collected h m  two muskrat food 

caches on December 2 and December 13, 1995, respectively. Each monthly mean is 

based on plant samples collected ftom six randomly selected sites, except for October. 

when only 2 sites were sampled. Vertical lines denote 1 SEM., 





Table 4-1. Seasonal cbanges in the m d e  protein, amho acid and arnmonia content (dry 
mass bais) of naturai mixed forages appm xhathg those coasmmi by k-ranging 
musktats. 

Component May J ~ Y  Septembet December 

% Amino Acid: 
Essential: 

Arginine 
Histidine 
Isoleucine 
Leucine 
Tbreonine 
Lysine 
Methionine 
Phenylalanine 
Valine 
Total: 

Non-Essential: 
Aspartate 
Glutamate 
Serine 
Proiine 
Glycine 
Alanine 
Tyrosine 
Total: 

Note: In May, the diet consisted of 50% caaail shoot, 25% cattail rhizome. 20% 
bladdemort (Utn'cuIaria vulgaris), and 5% sedge ( C a m  utherodes) shoot. In M y ,  the 
diet consisted of 70% cattail shoot, 10% cattail rhizome, and 5% each of sedge shoot, 
soft-stem bulnish (Scirpus validus) shoot, whitetop (Scolocholoa festucacea) shoot, and 
duckweed (Lemna: minor). The September diet consisted of cattail rhizomes (a%), canail 
shoots (3096) and whitetop shoots (10%). The December diet consisted exclusively of 
cattail rhizomes. 



These d t s  strongly saggest that urea rscycling occurs thfoughout the year in 

muskrats, and that this nitrogen-conseming tactic is most prevalent in fall and winter (Fig. 

4-2). Anirnals on low protein diets typicaiiy exhibit reduced plasma m a  concentrations 

(Robbhs 1993) auci, in h m  at least, the rate of u ~ a  hydrolysis is proporcional to the 

concentration of urea in body fluids (Richards 1972). These observations have led to 

speculation (Harlow 1987) that protein-deficient die& aze associated with a reduced rate 

of urea hydrolysis in non-nuninant herbivores. However, muskrats demonstrated 

increased rates of m a  hydrolysis in f d  and winter (Fig. 4-2) when dietary protein (Table 

4-1) and the senun urea/creatinine ratio (Fig. 4-3) were lowest. Low semm 

urea/creatinine values have been associated with the recyciing of nitrogenous wastes and 

the conservation of lean body mass in polar bears (Ursus maritirnus) (Ramsay, Nelson and 

Stirling 199 1). The low dcrea t in ine  values observed in muskrats from late-fd to early 

spring are consistent with the relatively high level of urea hydrolysis obsemed during fa11 

and winter, and may be indicative of a reduced rate of totai protein cataboiism (Harlow 

and Buskirk 1991). 

The observed seasonai trend in the rate of urea hydrolysis might be due, at least 

in part, to ciifferences in '4Ciirea dilution arising fiam monthly variation in blood urea 

pool sue. To address this possibiiity, 1 estimated the total blood urea content of muskrats 

in each season, using senun urwi concentrations and previous measurements of blood 

volume ia field-acclimattized muskrats (MacArthur 1990). Senun urea values coiiected 
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on dates closest to those of the m a  hydrolysis triais were used in calcuiations. My 

estimates of blood urea pool site foltowed a simiIar seasonal pattern to senun urea 

concentration, reaching minimal values in f d  and winter (Fige &Sa). However, when the 

totai blood m a  pool was multipiied by the activity of exphxi 14C02 (dpm of I4CO2 

expired-ml" 4 consume!d) to compensate for variation in initiai 14C-urra dilution, a 

strong seasonal trend in the rate of urea hydrolysis was still apparent (Fig. 4-56). The 

adjusted rate of m a  hydrolysis was 67% greater in October-January than in May-July. 

Thus, the seasonal patterns reponed herein cannot be atoibuted to monthly variation in 

blood m a  pool size or metabolic rate, but appear to reflet adaptive responses to 

temporal changes in diet quaüty. It is important to note that muskrats in this study were 

fed natufal diets that varied seasonaiiy, in order to minimk disturbances in digestive 

function. 'ïherefore, at this stage 1 cannot conclusively separate the effects of diet quality 

from other factors that might account for the observed seasonal trends in the rate of urea 

hydroly sis. 

The digestive tract of muskrats undergoes pronounced seasonal changes. attaining 

maximal size in fkli and winter (Virgl and Messies 1992~; Fig. 2-1). Animals with a 

larger gut capacity shouid theoreticaiiy possess higher levels of bacterial urease, and thus 

shouid demonstrate higher rates of urea hydrolysis. My resuits support this hypothesis, 

since seasonai changes in the adjusted rate of urea hydrolysis (Fig. 4-5) folîowed a similar 

trend to cecum size in rnuskrats (Fig. 2-1). 

Free-ranging muskrats rdy on die& that undergo significant reductions in crude 

protein content between spriag and f d  (Table 4-1; Fig 4-4). During this penod, muskrats 



Fig. 4-5. Seasonal changes in (A) the estimateci blood urea pool size (mm01 ma). and 

(B) the rate of ' 4~ -una  hydcolysis in musbats adjusted for initial 14C-urea dilution (see 

text for details). 
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show a pronound deche in nitmgen exmetion (Table 2-4). Two factors could 

contriiute to this decline. F i  the average energy content of the fall and -ter diet 

(17.01 Wg-') was, relative to the crude protein content (7.98%). higher tban in spring and 

summer (16.87 H-g-' and 10.13% csude protein). This ciifference in the proportion of 

energy to protein in the diet may have nsulted in more efficient uiilization of dietary 

protein in fall and winter, and hence less nitrogen excmtion in the urine (Robbins et al. 

1974). Second, since reabsorption of urea by the kidneys is passive, and closely linked 

to the reabsorption of water, the amount of urea excreted increases with urine output 

(West 1985). Thus, the f d  decline in nitmgen excretion could also reflect the marked 

seasonal changes in the water content of aquatic vegetation, and hence urine production, 

between spring/summer (2 = 252 rd,-day*') and falvwinter (3 = 39 mL*day-l; IU. 

Campbell, unpublished data). Furthemore, m a  resorption h m  the bladder is known to 

increase during periods of low urine output in several mammalian species (Nelson et al. 

1975; Harlow 1987), and it is possible that during f d  and winter mus- also reduce 

urea excretion in this manner. 

Ammonium ions derived h m  urea in the digestive tract have two potentiai fates. 

They can be utilized by cecal and colonic bacteria for protein synthesis, or transported to 

the liver where they are incorporated into proteins or reconverted into urea. Nitmgen is 

thus f k e  to circulate from the gut to the liver as ammonium ions, and from the liver to 

the gut as urea, until its eventual loss in urine, feces, sweat, or sloughed cells (Robbins 

1993). The observed incnase in the rate of hydrolysis h m  May-July to October-January 

(Figs. 4-2 and 4-56), combined with the decrease in urea excretion, suggests that 
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ammonium ions have a p a t e r  potential to menter this cycle in fall and *ter, cornpanxi 

to spring and summer mg. 66). Thus, assuming adequate energy is available to the 

hindgut rnimflora, muskcats should k capable of substantially increasing the total 

amount of urea recycled during fall and winter. These are periods when forage diversity 

and dietary protein levels are lowest, and when the thermoreguiatory costs of aquatic 

foraging are gneatest. A similar ûuding has been obsmed in ruminants, in which a 

greater proportion of the urea synthesized in the iiver is recycied when dieiary protein and 

plasma unxi concentrations are lowest (Robbins et al. 1974; Modd and Robbins 1981). 

Although the nitrogen recoverrd by ma recycling in simple-stornached animais can be 

incorporated into at lest three essential amino acids in the iiver if theû a-keto a d  

analogs are present, the extent of this conversion is believed to be nutritiondiy 

insignifïcant (Richards 1972). 

Musicrats maintained exclusively on aquatic plant diets demonstrate a tme pmtein 

digestibility of 96.5% (see Part 1). Thus, almost ai l  ingesteci protein is absorbed prior to 

reaching the cecum. The proportion of recycled urea which is utüwd by microbes in the 

gut of non-ruminants ranges h m  44% in domestic rabbits (Regoeczi et al. 1965), to 53- 

5946 in rock h m  Pracuvia hubessOica (Hume. Rübasmen and Engelhardt 1980). My 

finding thai "C-urea hydrolysis occurred during ali  four sampling periods suggests that 

nitrogen derived h m  this source may be critical to supporthg large hindgut microbe 

populations that enable this rodent to exploit the appreciable fiber content of its aquatic 

plant diet (4362%; Table 1-1; Table 2-1) throughout the year. A similar advantage bas 

been suggested for the ringtail possum, Pseudocheiinr peregrinus, which consumes high- 



Fig. 46. Possible pathways involved in urea recycling of seasonaiiy acclimatized 

muskrats. Thick bars repmsent pnferential pathways in different seasons. 
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&r, low-nitrogen forage and telies strongly upon microbial fermentation to meet h 

daily energy nquirements (Chilcott and Hume 1984). 

Ruminants and other foregut fennen~rs can absorb amino acids of bacterial origin 

directly k m  the small intestine (Robbins 1993). However, no active transport 

mechanism for amino acids has been demonstrated in the lower digestive tract of 

mammals (Chilcott and H u m  1984). Thus, in hindgut fermenters, bacterial proteins 

produced in the lower gut are presumably lost to the host, uniess consumed and digested 

in the stomach and small intestine (Alexander 1993). Coprophagy is recognized as an 

important nitmgen-consewing tactic in animais that exhibit this behavior (Alexander 

1993; Robbins 1993). Muskrats in this study were observed to practice coprophagy 

before metabolic triais in bah summer and winter. However, no attempt was made to 

quanafy seasonal changes in the fhquency of this behavior. 

Muskrats nom Oak Harnmock Marsh do not appear to lose lean tissue mass during 

faii and winter (see Part VI). Furthemore, during these seasons, mushts can meet their 

maintenance nitrogen requirements on die& containing only 10.7 mg nitrogen-g" dry 

matter (assuming a dry matter intake of 75.7 g-kg4-'%'). This value is close to the 

minimum nitrogen content of plant die& required for ruminants to remain in oitrogen 

balance (8 mg nitmgen-g-l dry matter, Robbias 1993). and is A896 below the minimum 

requirernent predicted for white-tailed antelope squirrels, Ammospennophilus leucum 

(Karasov 1982). 

The question remains, then, how do muskrats meet their essential amino acid 

requirements in fall and winter on diets containing so Little protein? One possibility is 
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approach of Robbias et ai. (1974). and assuming a tme nitmgen digestiiility of 96.5% and 

an endogenous urinary nitmgen loss of 0.û41 (Table 14), 1 estimakd the mean 

(ISE) biologicai value of the aquaiic plant diets consumd by muskrats. This value 

increased firom 52.7&7.2% (n = 16) in s p ~ g  and summer to 96.5d.996 (n = 15) in fa11 

and winter (F,,,, = 34.75. P < 0.0001). The gain in biologicai vahe canwt k ami'buted 

to seasonai changes in either dietary protein quality (Table 4-1) or daily nitmgen intake 

(0.97 g*kg"*75 in spring and summer; 0.95 g*kga7' in fidl and winter; Table 24). This 

difference couid reflect increased catabolism of dietary protein for energy in summer. with 

increased production and excretion of urea (Robbins et al. 1974). However, my eariier 

studies indicated that muskrats can mect their daily maintenance energy requirements 

from non-protein sources in ai i  seasons. 1 suggest that the increased levels of urea 

recycling in f a  and winter-acclimatized muskrats, together with adaptive mechanisms 

for reducing nitrogen excretion and possibly conserving carbon skeletons of essential 

amino acids, may permit muskrats to increase the biologicd value of aquatic vegetation. 

Such responses would enable these aaimals to lower both their daily maintenance nitrogen 

and essential amino acid requirements during those penods of the year when they are 

nuaitionaily challengeci. 



PART V 

S U O N A L  CHANGES IN WATER FLUX, FORAGE LNTAgE AND 

ASSIMILATED -GY OF FREE-RANGLNG MüSKRATS 



Knowledge of the seasonal energy and forage rrquirements of fiee-mghg 

muskrats is essentiai for evaluating the habitat requirements and potential impact of this 

species on aquatic vegetation. 1 obtained 33 seasonal estimaies of the daüy intake of 

water, b h  vegetation. dry matter and assimilateci energy of 27 k-ranging muskrats. 

Water influx and consumption of fnsh vegetation were highest h m  spring through f d .  

However, owing to the lower water content and higher digest'bility of the winter diet, 

daily intake of DM and AE were signincantly bigher (P c 0.05) in winter (76.9 g*kg4.7s; 

7 13.1 l ~ J - k g ~ ' ~ )  than during mid-summer (54.9 g 4 ~ g ~ ' ~ ;  438.6 ~ k ~ ~ - ~ ' ) .  If corrections 

are made for wastage and use of vegetation for house constmctioa. these fimi 

consumption estimates c m  be utilized to assess the potentiai impact of muskrats on the 

primary productivity of prairie marsh ecosystems. 
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Introduction 

It is weli established that the foraging and lodge construction activities of muskrats 

c m  substantially alter the vegetation stmctwe ofmash ecosystems (Pelikan, Svoboda and 

Kv8t 1970; Danell 1978, 1979). Consequently, severai researchers have attempted to 

estimate the daily food consumption (Butler 1940; Ching and Chih-Tang 1965; 

Akkermam 1975) and resulting impact of muskrats on mmh vegetation (Pelikan, 

Svoboda and Kvét 1970; Clark, personal communication). However, pndictions baxd 

on studies of captive muskrats may not accmtely reflect the forage nquirements of wild 

populations, especiaUy when these studies fail to allow for annual variation in plant 

phenology, diet composition, and the energy costs of fiee existence. In an earlier study 

of acclimattized muskrats fed n a t d  mixed die& (Part II), 1 observed bat the D M  of 

these rodents was ~26% higher in f d  and winter than during spring and summer (Table 

2-2). However, this was a laboratory study of pemed animais, and it is not known if 

sïrniiar patterns in food consumption occur in wild populations of muskrats. 

A promising technique for estMating food intake of unrestrained animals involves 

the use of the biological water tracers deuterium and tritium (Robbins 1993). Dwterated 

water is particularly suited to field studies because it is inexpensive, non-radioactive, and 

relatively easy to analyze (Costa 1987; Robbins 1993). In principle, the rate of 

disappemce of this tracer h m  the body water pool can be used to estimate the water 

influx of animas (Lifson and McClintock 1966; Shoemaker, Nagy and Costa 1976; Nagy 

and Costa 1980). If the metabolic water production of the animal and the moisture and 
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energy content of consumeci vegetation are known, and remain constant during the 

measmement period, then the intake of DM and AE can be estimated h m  measurements 

of water influx (Shoemaker, Nagy and Costa 1976; Pew et d. 1993). This technique 

is most accurate when applied to species that meet a i i  of their water reqWnments h m  

the consumption of diets with high moisme contents (Shoemaker, Nagy and Costa 1976; 

Costa 1987). The semi-aquatic m u s h t  is i&aLiy suited for application of the D20 

technique. Given the water-reresistant quaiities of the musicrat's pelage and the high water 

content (>80%) of ingested forage, any error associated with water exchange across the 

skin and lungs shouid be relatively minor. 

The objective of this study was to obtain diable measuns of water inf!îux fiom 

which 1 could estimate the daily intake of vegetation and AE of free-ranging musicrats in 

different seasons. Ultimaiely. such data shodd enable reseanihers to r h e  estimates of 

the seasonal forage and energy quirements of muskrats, which is essential to developing 

a better understanding of the d e  of these animais in m-g marsh ecosystem 

(McCabe 1982; Clark, personal communication). This somation is also vital to the 

interpretation of seasonal dynamics in pmteiD and iipid reserves of wiid populations 

(Virgl and Messier 1992a). 

Materiais and Methods 

A total of 58 muskrats were live-trapped at Oak Hammock Marsh, injected with 

D,O, and deased. Recapture success was 45%. providing 33 estirnates of water flux 
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h m  27 animais during five sampling periods: 12-15 Iuly 1994 (5 males, 4 fernales), 13- 

28 September 1994 (5 males, 2 fedes). 6-15 December 1994 (6 males, 5 femaies). 20- 

24 Febmary 1995 (2 males, 3 fernales), and 9-12 May 1995 (1 male). 

hiring each sampling period, live traps were set twice ddy, and captureâ 

musluats were transported by came or covered sled to a nearby laboratory at the Institute 

for Wetland and Waterfowl Research, Oak Hammock Marsh Conservation Center. Here, 

muskrats were weighed, Lightly anesthetized with Halothane (M.T.C. Phannaceuticals), 

and adrninistered a preweighed, intraperitoneal injection of D,O (99.9% purïty, ICN 

Biochemicals) at a dosage of 3 gkg-' body mass. The dosage was measured to the 

nearest 0.1 mg by weigbhg the D20 injection s y ~ g e  before and after ejection. 

Following injection. each animal was madred with #l monel ear tags and a subcutaneous 

microchip ttansponder (Avid Marketing Inc.) iaserted near the base of the tail. After a 

3-h equiliiration period. the animal was again anesthetized, weighed, and a 3-mL blood 

sample obtained by cardiac puncture. This step was performed to estimate the animal's 

TBW content and to obtain the initial senun concentration of D,O. Tagged muskrats 

were released at their sites of capture and an attempt was made to re-trap them 48-72 

hours Iater. Recaphued muskrats were weighed, anesthetized, and a second blood sample 

taken. 

Blood samples were allowed to dot at 4OC, centrifhged, and the senun removed 

and stored at -20°C. S e m  samples were distilleci by vacuum sublimation using an 

apparatus modeled after that of StanseU and Mojica (1968). The peTcent ammittance 

of the purified water distillate was measured at 2510.0 cm1 (wavelength = 3.8 p) 



Fig. 5-1. Calibration cuve constructeci h m  thme deutenum stock solutions ülusWaiog 

the relationship between deuterium concentration ID,O] and the percent transmittance of 

the spectrophotometer. The regression performed yielded the equation: n o ]  = Ln 

(read195.315)/-132.846 (8 = 0.9998, df = 15). 
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using a Mode1 881 Perkin-Elmer dual-beam hfkared spectrophotometer and standard 

calcium fluoride ce&. The @O concentration of each sample was &terminai h m  a 

caiibration c w e  which accounted for background levels of D20 in body fluids 5-1). 

The composition. dry matter, and energy content were determined foilowing the 

procedures outlined in Part 1, and digesh'bility coefficients of natural diets were taken 

b r n  Part II. 

Caiculations 

To evaluate the accuracy of the D20 technique for estimating TBW, 15 additionai 

animais were trapped and sac0nced after b l d  sampling at 3-h pst-injection. Carcasses 

were skinned, eviscerated, and ûeeze-dried to constant mass to determine their tme TBW 

content (a). The D20 teclmique overestimated the TBW content of muskraa by an 

average of 7.W.996. Therefore, aIl estimates of TBW derived by this method were 

multiplieci by a correction factor of 0.929. A 

Because my calibration curve comcted for background deuterium levels, 1 

calculated TBW from the initial dilution of D20, using a modined equaîion of Peppard 

et al. (1993): 

[il TBW(mL)= D,O iniected (a) x 0.929 
S e m  D20 concentration (g D~O+' &O) 

Equations provided in Nagy and Costa (1980) were used to calculate water eftlux 

and influx bas& on the progressive dilution of D,O in body fiuids. Because animal mass 

varied during every triai, the equations used were those derived for calculabg water 



95 

efnux [eqn. 41 and influx [qn. when TBW content inczeases or decreases iinearly with 

t h e  (Nagy and Costa 1980, pg. R455). Finai TBW estimates were determineci nOm the 

Dry matter intake was calcuiated b m  the equation of Shoemaker, Nagy and Costa 

(1976) for a nondrhking animal in steady state: 

@] intake of dry matter @kg-' body mass-day") = 

m .  H,O inflwt'k~-' body massday-' 
mL H20-g-' DM + (ME coeff. x Wg-' DM x 0.030 mL H20W1 ME) 

where ME = metaboiizable energy. The coefficients of ME and DM and the energy 

content of vegetation consumed by mush are presented in Table 5- 1. Metabolic water 

production was estimateci by assuming a conversion factor of 0.030 mL H20*ld'' ME 

(Schmidt-Nielsen 1983). The amount of fresh vegetation consumed by muskrats was 

determineci by dividing DM1 by the DM content of the diet in each test period. Seasonal 

estimates of the daily intalie of AE (l~J=kg~'~) were derived h m  equation 151 of 

Shoemaker, Nagy and Costa (1976. pg. 365). 

Statistics 

Treatment effects were evaiuated initidly for ciifferences due to season. sex, and 

sex x season, using a 2-way ANOVA (SAS Lnstitute 1990). Since no sex-related 

ciifferences were apparent (P > 0.05). data for both sexes were pded.  Sisnificame was 



Table 5-1. Values used to estirnote th mean daily water innux and intake of vegetati~n~ 
dry mattetT and assimilated energy of captive and fiee-ranghg muskrats, Oak Hammock 
Marsh, Manitoba, 1994-1995. 

DV Ilmkr Metaboljzable energy Energy content of 
(%) digestiiditf forage 

(96) (id.%' dry matter) 

J ~ Y  6.43 

sept 10.6 1 

Dec-Feb 16.97 

May 7.83 

a Vaiues h m  Table 2-2. 
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set at the 5% level and means are presented 11 standard error (SE). 

In a i l  but 3 cases, mushats Iost body m a s  over the 48 - 72 h meastuement 

interval (Table 5-2). However, mass loss was not significautiy Werent among month 

(F,, = 1.51, P = 0.233). Water influx varied seasonally (Fpm = 17.8 1, P < 0.0001), 

ranghg h m  423 io 915 mL H,O*kg%ay-L (Table 5-2). The calculated intake of fresh 

vegetation also vaned seasonaiiy (F,, = 14.19, P c O.ûûûl), with the highest values 

recorded in spring and summer (Table 5-2). Dry matter intake (g-kg''-&y-L and gokg- 

0-75*day-') peaked in December aud February when water influx and intake (wet mas)  of 

fresh vegetation were lowest (Tabie 5-2). Similarly, the daily intake of AE (kJ-kgu-"- 

day") was highest in winter (P c 0 . 0 ,  when it was 62.6% and 25.9% pater than in 

iuly and September, respectively. These trends are consistent with the reduced water 

content and higher ME digestibility of winter forage (Table 5-1). The DM content of 

forage (Table 5-1) was a reasonable predictor of both daily water influx and intake of 

fresh vegetation: water infiux (m. H20*kg-'-day-') = 1086.9 - [38.5 x %DMJ (9 = 0.662, 

df = 32, P < 0.0001); vegetation intake (g wet mass-kg-'-day-') = 1123.8 - D7.0 x %DM] 

(>.1 = 0.612, df = 32, P < 0.0001). Although no signincant clifferences were detected 

between sexes for aoy of the variables measured, females tended to exhibit the highest 

intake of vegetation and AE wiihia each sampling p e n d  





Free-living rodents have ban shown to lose mas with repeated captures 

(Kaufinan and Kaunluui 1994). On average, musknits lost 7.4% of body mass between 

the h t  and second capturw, which is quivalent to appmximately 50% of a typical gut 

fiU (KL. Campbell, uapubiished data). Nonetheless, monthly estimates of DM1 and AE 

obtained by the D,O method (54.9 - 78.1 g=kg4-75-day'' and 438.6 - 724.0 k~-kg"-~~*day-~) 

were nearly identical (two-sample t-tests, df = 13 - 16, t = 0.241 - 1.589, P = 0.133 - 

0.813) to those denved fkom total balance digestion trials (59.7 - 75.9 g=kg4-7s*day-' and 

406.0 - 706.9 k~-kg~-"*da~*') involving field~acclimatized muskrats (Table 2-2). Resuits 

of both studies indicate that muskrats increase their intake of DM and AE during fall and 

winter, and are consistent with the îïnding that muskrats maintain the largest amount of 

gut tissue during these priods (Virgl and Messier 19920; Fig. 2-1). An inc~ased intake 

of forage combined with enbanceci energy and autrient digestibility during these seasons 

may ais0 account for the substantial fat accumulation beginning in fa11 and continuhg 

throughout winter (Virgl and Messier 1992~; Fig. 6-2). 

In wioter, cattail rhizomes have a high DM content (Table 5-1), are rich in energy 

and soluble carbohydrates, and are highly digestible (Table 1-3; Table 2-2). Consumption 

of a diet consisting primarily of cattail rhizomes apparently ailows rnuskrats to increase 

their intake of DM and AE while actuaily reducing theu gross intake of wet vegetation. 

Because individual tubers can anain a mass of several hundred grams (K.L. Campbell, 

personal observation), it is possible thaî muskrats in winter can meet their maintenance 
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energy requiremnts with fewer daiiy excursions than in summer, when they feed 

predominstely on the basal stems of emergent piants. This winier diet rnay be adaptive, 

given that the low water temperatare and translocation of nutrients plant shoots to 

underground mot structures should, in theory, inmase the energetic cost of aquatic 

foraging in this species. 

Muskrats should preferentidy select habitats that enbance survival and 

reproduction (Messiex, Virgl and MarineIli 1990; Messier and Vu@ 1W2). It is well 

known that cattail is a preferred food of mus- (Pelikan, Svoboda and Kvét 1970; 

h k i  et ai. 1990) aud Qark (1994) recently demonstrated that cattaii stands are favored 

locations for construction of winter lodges. Mo~over, muskrats overwintering in stands 

of cattail exhibited the highest survivai rates and greatest gains in body mass (Clark and 

Kroeker 1993; Clark 1994). These obsennîions are consistent with my previous findings 

that coefficients of DM and ME digesti'biiity are highest on die& of cattail rhizomes 

(Table 1-3; Table 2-2). 

Management Irnpiications 

M y  field trials indicate that musluats consume 750-1000 g fresh vegetatiotrkg" 

body massday" h m  spring until laie fail. Tbis estimate is slightly above the daily 

spring and f d  food requirement (734 g-kg-') reported by Ching and Cbih-Tang (1965) for 

muskrats held in outdoor enclosures, but is lower than the average daily intake of 1250 

gkg" (range = 875-1800 g-kg-') reported by Akkermana (1975) for captive rnuskrats in 

summer. However, the range 1 estimated for ftee-living muskrats is similar to that (894 
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g-kg-' body mass) calculateâ h m  the mean daily f d  coasumption of lab-acclimated 

muskrats (577 t 26 gkg-' body mass; Part 1) assuming a daiiy energy expendinire in t&e 

field equivalent to 1.55 timcS basai mtaboiic rate (see Part VI). Pei&&, Svoboda and 

KvEt (1970) eshated that the quautity of vegetation that was harvested by muskrats, 

accounting for wastage of plants used for ldge construction, was at least 2-3 times the 

amount actually consumd by ihese todents. Assumuig musktats batvat twice as much 

vegetation as they consume, 1 estimak that these rodents would remove 2.3-3.0 kg k s h  

vegetation-kg*' body mass-&y-' during the growing season. 

My field eshate of winter food consumptioa (550600 g vegetation-kgg1 body 

massday-') is close to the mean intake (513 g*kg%ay-') 1 measwed for captive, winter- 

acclimatized muskrats fed cattaiI rhizomes (unpublished data). However, it is weli below 

the 1200 g-kg-'-&y-' reported by Akkennann (1975) for captive muskrats fed a cattail 

rhizome diet in wiater. Although wastage of vegetation during winter has never been 

quantified, obsemations h m  laboratory feeding triais (LCL. Campbeiî, unpublished data) 

suggest that it may be equivalent to 50-10096 of the animal's intake. At these levels of 

wastage, muskrats wouid remove 775-1200 g vegetation-kg-'day" in wiater. Assuming 

a 5 month p e n d  of ice cover, 1 estimate that each adult musicrat would harvest between 

597 and 821 kg fies& vegetatiomkg-'*y&, or 59-83 kg dry matter~g-~=yeaf'. These 

predictions are based upon cnide estimates of forage removal, and may vary according 

to habitat type. To renne these estimates and more accurately predict the impact of 

muskrats on wetland habitat, M e r  riesearch is required to qua- the wastage of 

vegetation by foraging muskrats. 
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This study provides a finit, essentiai step in quantiQing the forage requirements 

and energy exchange of fiee-ranging muskraîs. Since musknts can digest several 

ernergent plant species e@y weU, my suwnal values for intake of DM and AE (Table 

5-2) can be used to estimate the consumption of vegetation by muskcats oxupyiag a wide 

range of emergent plant communities. When combined with diable estimates of the 

amount of vegetation wasted or used in house constniction, these data cm be utilipd to 

assess the impact of muskrats on the primary productivity of a varïety of wetland habitats. 



PART VI 

NüTRlTION AND THE ENE3kGETIC TACTICS OF MüSKRATS: 

MORPHOLOGICAL AND METABOLIC ADJUSTMENTS TO SEASONAL 

SHIFIS IN DIET QUALITY 



Basal metaboiic rate, serum T, level, lean organ mass and body composition were 

rneasuted in 94 captive, seasonaliy-acchatized muslrrats between May 1991 and April 

1992. Seasonal measmments of oxygen consumption, body watw content and mass were 

obtained h m  an additional 124 captive or ke-ranging animals in 199495. Mas- 

independent basal metabolic rate (Icl-~g~~-h-')  d senun T, level (nrn~l*~') varïed 

signifïcantly over the year (P < O~Oûûl) ,  with mean values in February that exceeded July 

values by 31.1% and 77.2%. respectively. These variables tracked seasmai changes in 

the neutrai detergent soluble content of broadieaf cattail. the dominant food source of 

musicrats in the study population. From July through February, masses of the alimentary 

tract. liver, spleen, and heart increased, whiie kidney mass deched. Body fat stores 

varied sigaincantly over both years, with peak values measufed in February. However, 

lean body and pelt mass exhibiteci little seasonal variation (P > 0.05). Stepwise multiple 

regression and principal component anaiyses suggested that variation in BMR was 

associated most closely with changes in the mass of the heart and alimentary tract. 

Annual variation in basal energy expenditure, seniai T, level and organ masses of wild 

muskrats appear to be iinked to seasonal shifts in forage NDS content and energy intake. 

and may be important factors relaoing to the annual paneni of fat accretion and 

mobilization in this semiaquatic rodent. 



Muskrats are the largest mernbers of the subfamily Mcolidae, an attriibute 

possibly Linlred to the species' long semiaquatic history (2akrzewsk.i 1974; MacArthur 

1989). Exploitation of wetland e n v u O ~ n t s  by musicrats has selected for a number of 

physiologicai adaptations to mimitigate thermoregulatory stresses, especially in winter (Fiïh 

1979; MacArthur 1979, 1984). Duriag this season, ice cover and low water temperanires 

restrict daily movements, increase thermoregulatory costs (Macarthut 1979, 1984, 1986), 

and d u c e  the diversity of aquatic vegetation upon which the anirnals feed. Unlike most 

non-hiimating rodents, muskrats accrue substantial lipid stores during Iate fdi and winter 

(lelinski 1988; Virgl and Messier 1992a, 1992b). fi has been suggested that fat storage 

in this rodent may be facilitated by winter nductions in thyroid activity and lean body 

mass, and hence reduced basal metabolic costs (Aleksiuk and Frohiinger 197 1 ; Virgl and 

Messier 19921, 1995). However, 1 fowd that the intake of assimilated energy was 

substantiaüy higher (%O%) in winter than in summr (Table 5-2). Coasequentiy, it is 

stU not clear whether lipid deposition in musicrats during wintet resuits fkom an increase 

in energy intake, a reduction in metabolic activity, or perhaps some combination of both 

these factors (Salsbury and Annitage 1994). 

Annual variation in the availability of energy and other nutrients has also beeo 

implicated as a major factor inûuencing body mass (Memtt 1986; Nagy, Grower and 

Stetson 1995). gut and organ morphology (AleksiuL and Frohlinger 197 1; Virgl and 

Messier 19924 1992b), blood chemistry (Morton and Lewis 1980; DelGiudice, Mech and 
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Seai 19!3û), and basal mtaôolic rate, BMR (Wunder, Doblun and Gettiager 1977; Wunàer 

1978; Me~i t t  1984, 1986) of ficee-ranging animais. However, to date, few studies hnvc 

adequateiy integtated seasonal changes in nutrient availability with physio10gical 

adjustments in energy expenditure and allocation. Recent studies (Konarzewski and 

Diamond 1994; Speakman and McQueenie 1996) have suggested that the masses of 

organs associateci with the absorption, metabohm, transport and excretion of ingested 

nutrieats may be regulated by cumnt energetic demands. These ocgans exhibit high 

ws-spec inc  rates of metabolism, and their relative masses may account for sipikant 

variation in BMR (Gross, Wang and Wunder 1985; Daan. Masmaa and Groenewold 1990) 

and daily energy expeudiain (Hammond and Diamoad 1992,1994; Hammond et al. 1994; 

Konanewski and Diamond 1994). Although a causal link betwecn BMR, energy intake, 

and organ morphology has been documenteci in laboratory mice (Konanewski and 

Diamond 1994; Speakman and McQueenie 19%), it is not lmown if a similar relationship 

applies ais0 to wild populations (Daan, Masman and Groenewold 1990). 

To address these issues, 1 initiated a study to fhst detemine if seasonal changes 

in the energy and nutrient profile of broadleaf cattaü, the dominant food source of 

muskrats in prakie marshes, is accompanied by modincations in BMR, thyroid activity, 

organ morphology, lean body mass and proXimate composition of muskrats. 1 also 

applied ngression analyses to measunments of daily energy intake, BMR and organ and 

tissue masses of muskrats, to assess the interrelationships among these traits within 

individuais. Although seasonal adjustments in body size and endogenous energy reserves 

have been demonstrateci in several species (Iverson and Tumer 1974; Nagy, Gmwer and 
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Stetson 1999, few longitudiad data erist for individuais in wiid populations (Memtt 

19â4, 1986). Thenfore, my h a 1  objective was to monitor temporai changes in the mass 

and iipid content of individuaUy marked, he-living musicrats using the deuterium oxide 

@,O) dilution technique. Knowiedge of the seasonai dynamics of fat and protein reserves 

is necessary to establish whether somaiic gmwth continues throughout whter in this 

species. Such iaformation is vital to defming the seasonai energetic and nutritional 

constraints that a northem wetland enviromnt imposes on these amphihious rodents. 

Materials and Methods 

Vegetation analyses 

To evaluate seasonal changes in the energy content and nutrient composition of 

cattail at Oak Hammock Marsh, Manitoba (50°û6'N, 97°07'W), 1 periodicdy coilected 

plant samples at randomly selected sites fimm May through October 1991. Samples of 

cattaü rhizome were also obtained h m  two separate food caches found inside winter 

feeding dens in early December 1995. Plant samples were separated into stem, Ieaf and 

rhizome components, oven-dried at 70"C, and ground through a 1-mm mesh screen in a 

Wiley mill. The gross energy content of each sample was obtahed by duplicate 

measurements in an adiabatic oxygen bomb calorimeter (Pan 1241 Caiorimeter, Parr 

Instrument Co., Moline, W.). Ash content was determined following combusion of 

duplicate 2-g samples at 600°C for 2 h. A portion of each p u n d  sample was also sent 

to a feed analysis laboristory (Department of Animai Science, University of Manitoba) for 

neutral detergent f i k r  determinations using a modifieci Van Soest technique (Goering and 



108 

Van Socst 1970) that employed Tefmamyl 120L (hm and Hesselman 1984). For the 

purposes of this study, forage quality is defined by the Ievel of neutrai detergent solubles, 

and is equivalent to 1ûû% - NDF. 

Metabolic trials 

Resting rates of oxygen consumption (009 were measured on a total of 125 

seasonally acclimatized adult and subaduit muskrats iive-trapped at Oak Hammock Marsh 

in 199 1-92 (n = 92) and 1 W 9 5  (n = 33). Irnmediately following capture, muskrats were 

transported to the ADimal Holding Facility, University of Manitoba, and were housed 

individudy at 14t1°C with a 12L: 12D photoperioci (MacArthur 1979). 

In 199 1-92, experiments were performed during eac h of SM test periods (n = 1 1-1 8 

animais per period): May 10-June 2, July 4-21, September 13-25, November 22-December 

6, January 29-February 16, and April 10-16. Within 48 h of capture, metabolic 

measurements were obtained foUowing a 16- to 24-h fast to ensure muskrats were post- 

absorptive. During metabolic tests, animals were heid at 1510.S°C in a darkened, 1 1.5-L 

glass chamber fitted 6th  a heavy plexiglass lid and a removable wire screen floor. A 

positive-pnssure, open-circuit nspirometry system (MacArthur 1984) was used, in which 

the inlet flow rate of dry, CO,-free air was maintained at 3.5 bmin'l with a Matheson 

rotameter calibrated against a mode1 1057 Brooks Vol-U-Meter. Exhaust gas fiom the 

chamber was split into two streams. One Stream was muted through cirierite foiiowed by 

soda limekirierite, and then through either a Bechnan F-3 paramagnetic or an Applied 

Electrochemistry S3-A oxygen analyzer connected to a two-channel chart recorder (SE- 
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120, BBC Gœrz Meaiwatt). The second stream was muted t h u g &  drierite and then 

through an Applied Electmchemistry CD-3A carbon dioùde analyzer comected to the 

second channe1 of the ncorder. Muskrats were aïlowed 1 h to adjust to the rnetaboüc 

chamber, foiiowed by an additionai 2-3 h for data co1lection. Minimum steady-state rates 

of oxygen consumption and CO, pmduction were calcdated for three pedods, each of at 

lest  5-min duration (Wang and Peter 1975). The respiratory quotient derived fiam these 

measuements was used to convert VO, to uni& of heat production (Stanier, Mount and 

Biigh 1984). 

As part of another study (see Part IV), additional measurements of VO, were 

obtained h m  33 muskrats that were coilected oves four test periods in L994-95 (n = 8-9 

animais per period): July 27-August 10, ûctober 11-20, January 4-24 and May 1626. 

These animals were not fasted prior to testing and metabolic triais were completed within 

1-5 days of capture. In each case, the animal was lightly anaesthetized and injected with 

a small dose of '4C-urea 15 minutes before the start of an 8-h metaboiic trial. in the 

1994-95 trials, chamber temperature was kept at 22Otl0C, inlet flow rate was held at 2 

L-min-', and only Vo2 was recorded h most of these metabolic trials, minimum V O ~  

was determined during the final 2-3 h of each mn. In both studies, muskrats were 

weighed before and after each trial and the average mass for each trial calculated. Each 

animal was tested only once. 

ProKimate d y =  of cPrrrPscs 

On the day following metabolic testing, 62 of the muskrats studied in 1991-92 
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were euthanizcd with an ovedose of Halothane anesthetic (M-TC. Pharmaceuticats). The 

remainuig 32 animais were used in 1O-d digestibility trials and then sacrificed in a liLe 

manner (see Part II). Blood samples were obtained fkom 89 of these muslrnus and 

allowed to dot (see Appeadix II). Following centtifiigaiion, senim was extracted and 

stored on ice. Senun thyroxine fl,) levels were determined with a fluorescence 

poiarization immunoassay technique utilizing cornpetitive antigen biading methodology 

(Levinson, Goldman and Burch 1992)- 

Standard body measurements were obtained from h h l y  killed animals, and the 

hem, kidneys, iiver, adrenals, spleen and gastrointestinal tract excised. Foiiowing the 

method of Elder and Shanks (1962), the bath was removed h m  each male, hzen, 

and subsequently used to distinguish brrediag adults el0 maths) h m  pre-breeding 

subadults (40 months). Beer and Meyer (1951) and Aleksiuk and Frohünger (1971) 

reported a stroag relationship between age and adrenal mass of muskrats. 1 found that 

age estimated h m  adrend mass was identical to that predicted h m  baculum 

morphoiogy (r = 1.0, n = 72, P < 0.0001), and therefore used adrenal mass to age 

fernales. Organ-ftee carcasses were slcimed and passed repeatedly through a Krefft meat 

grinder until the homogenate was a consistent color and texture. The homogenate was 

re-weighed and stored at -20°C. The pelt, intemai organs and a representative sample 

(20-3095) of each carcass homogenate were freeze-dried to constant mass (minimum 72 

h) to determine their respective water contenu. Each of these components was then fbely 

ground, sepanitely, in a Black and Decker Mode1 CBM100 coffee bean grinder. Ground 

organs were subsequently added back to the ground carcass samples in proportion to their 
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conttiiution to catcass dry matter- Canriss and pelt samples were sent to a commercial 

laboratory (Nomest Labs, WiMpeg, MB) und a n d .  separately for lipid and protein 

content Neutral lipid content was detetmjIIed by nfiuxing each sampIe with petroleum 

ether in a Soxhlet apparatus (Method 954.02, AOAC 1990). and t&e m d e  protein content 

of each sample was estimated as Kjeldahl nitmgen x 6.25 wethod 979.09, AOAC 1990). 

The ash content of each carcass and pelt was determinai by combusting duplicate 2-g 

samples at 600°C for 2 h. For each animal, fat* pelt mass was calculateci by 

subtracting pelt lipid content h m  dry pelt mass after lyophilization. Mass of skeletai 

muscles was estimated by subtractiag the dry-masses of the pelt, total lipids, ash and a i l  

intemal organs fîorn the ingesta-fiee body mass (IFBM) of each carcass. The mean (tSE) 

muscle mass denved by this method (47.73t0.50% of W M )  was consistent with that 

reporteâ for other mnmmais (44.4 - 49.5%; Calder 1984, p20). 

Deuterium oxide saidies 

A total of 129 estimates of total body water were obtained h m  91 

muskrats over five samphg penods: July 12-15, 1994 (n = 19), September 13-28, 1994 

(n = 34). December 6-16. 1994 (n = 34). Febmsry 14-24, 1995 (n = 19). and May 9-12, 

1995 (n = 23). Oniy animals 2400 g were tested, as the water content of muskrats 400 

g may not provide an accurate estimate of body fat content (Virgl and Messier 1993). 

Live-traps were set twice daily and captured musicrats were transported by came or 

covered toboggan to the Institute for Wetland and Waierfowl Research at Oak Hammock 

Marsh. Here, animals were lightly anaesthetized, weighed, sexeà, and administered a 
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Oxygen consumption md thymid acrivity 

Owing to the considerable variaîion in body mass (raage = 461-1241 g), it was 

essential to correct for the effects of size variation before attempting to inteqret seasonal 

clifferences in \fo, (Wuder, Dobkin and Gettinger lm. Unfo~a îe ly ,  the intrappecific 

scaling of 00, to body mass has been feported in few wild species, and no published data 

are available for muslrrats (McNab 1988). Therefore, 1 pwled aU of my basal data 

for the two y e m  of study, and repsed log basal V O ~  (m. 0,-h-') on log body mass 

(kg). This procedure yielded the aiiometric equation: 00, = 700 (9 = 0.43 1, df 

= 124, P = 0.0001). 1 therefore calculaied mass-independent VO, and BMR using body 

massam, as recommended by Heusner (1982). Basal V O ~  data for 1991-92 and 1994-95 

animals were analyzed separately. Mean basal VO2 for each month was compared by sex 

by age class and their interaction ternis, ushg two-way ANOVA (SAS Institute 1990). 

A similar test was used to compare monthiy senun T, concentrations. To avoid any 

possible bias associated with expressing metabolic rate as a ratio of body mass (Packard 

and Boardman 1988). 1 also evaluated seasonal variation in VO, (mL 02-WL) and BMR 

(Id.kg-'-hf1) with a 2-way ANCOVA, using average body mass as the covariate. 

ProXimate analyses of curcusses 

Preliminary tests indicated that IFBM accounted for more of the variation in body 

composition thaa did a principal component analysis using estimates of stnichiral size. 

1 therefore compared body composition variables (water, ash, protein and total lipids) and 

organ masses for maies versus fernales, adults versus subaddts, and pst-digestiiility trial 
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(1 1 d in captivity) versus recent capture (4 d in captivity), using two-way ANCOVAs 

with IFBM as the covariate. 

Deuterr'tm oxiCie d i e s  

Body fat estimates determined h m  the D20 method were anaiyzed using (a) only 

the initial fat estimate for each m u s h t  (n = 91) and (b) the initiai and reçapture estimaies 

combined (n = 129), with pzedicted W M  as the covariate. As both seasonal models 

were higbiy sigaincant (P c 0.0001). ody  the resuits for all 129 measurements combined 

are presented. 

Changes in mass and TBW space were assessed h m  measurements of individuals 

captured over successive trapping periods. 

Inàividual variation in energy in-, BMR and organ masses 

One of my primary objectives was to examine individual and seasonal variabiiity 

in BMR in relation to changes in organ and tissue morphology. I entered these variables 

into a stepwise muitip1e regnssion mode1 using BMR as the dependent variable and the 

masses of each organ ami tissue as independent predictor variables (McDevin and 

Speakman 1994). However. given the potentiai for autoconelation among organ and 

tissue masses. I also conducted a priacipal component factor extraction analysis on the 

masses of these organs and tissues (n = 10 pet animal) to derive uncorrelateci orthogonal 

axes. As independent p d c t o r s  of BMR, scores for al l  morphological axes were then 

entered into a stepwise multiple regression anaiysis for each individual (Speakman and 
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McQueenie 19%). Relatiomhips between energy intake and BMR, and between energy 

in& and oqan rnorphoIogy were assessed wiog simple conelation anaiysis. 

In a i l  comparisons, siguüicance was set at the 5% level and means are presented 

with 11 standard enor. 

Forage qaaiity 

Monthly variation in ND6 content of cattaii shoots and leaves ranged h m  36.0 

to 40.5% (Fig. 61; Table Al-1), and was signincaat only for leaves (FRw = 4.09. P = 

0.0382). The mean energy content of cattail shoots was highest in June ( l 7 S W .  19 kFg* 

L, and Septemkr (17.64I0.05 w-~-') and lowest in Iuly (l6.32H. 1 1 lcJ=g-'). This trend 

reflected changes in the ash content of cattaii shoots, which was lowest in September 

(6.15M.2446) and highest in July (1 l.98I0.58%; Table Al-1). The leaf component of 

cattaii consistently had the highest energy content, ranging h m  17.88d.15 kJ-g-' k Iune 

to 18.81M.08 ~ g - '  in September (F,,, = 9.62, P = 0.0021). The mean NDS content 

of cattail rhizomes also vacied rasondy (FlSz, = 27.12. P c 0.0001); it was lowest in 

Juiy (36.3&.4%), incnased to 64811.5% by September, and remained near this value 

through early wiater (Fig. 61).  Over tbis s a m  period, the gross energy content of cattail 

rhizomes varied only from 16.26 26gg' to 16.86 kl-g-' (Fm = 1.54, P = 0.2198). 

Seasonaliy, the gross energy content of cattail leaves and rhizomes varied inversely with 

their respective ash contents (5.45a.2246 - L3.I7dMS%; Table A 1 - 1). 



Fig. 6-1. Seasonai changes in the neutral detergent soluble (IWS) content of the rhizomes, 

shoots and leaves of cattaii (Typhn ktifolk) coiiected at Oak Hammock Marsh, Manitoba, 

fiom May through October 1991. The December value is based on samples coiiected 

h m  two muskrat food caches in December 1995. Each monthly mean is based on plant 

samples collecteci h m  six randornly selected sites, except for October, when only two 

sites were sampled. Vertical lines demte 1 SEM. 
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Metabouc triais 

ûn a mass-specific (pet gram) basis, subaduits genetally exhi'bited higher rates of 

oxygen consumption than aduits in both 1991-92 and 1994-95 (T'able 61). However, as 

winter progresseci, differences between these age groups diminished. When mtabolic 

data were coaected for intraspecific size variation using massab7 or ANCOVA, 1 o b d  

no effect of age cl=, sex, or their interaction tenns (P > 0.05; range = 0.0709-0.93 14). 

Consequently, aduit and subgdult musIrrats of both sexes were pooled in ail subsequent 

analyses. Ih both years, 1 observed signincant seasonal changes in basal VO, (199 1-92: 

F,, = 693, P < 0.0001; 1994-95: F,, = 3.03, P = O.OQSO), with lowest rates observed 

fkom Apd through September, and bighest rates fkom October through February. Mass- 

independent BMR od.kg4%r-') varied signincantiy nom May 1991 through April 1992 

(F[5,a1 = 8.34, P < 0.0001); mean values obtained in Febmary 1992 were >3 1% higher 

than those recorded in Juiy 1991 (Fig. 6-2). 

The concentration of semm T, also varied seasonaiiy (Fc5,m1 = 15.18, P z 0.000 l), 

ranghg h m  25.2511.63 nm~l-L'~ in Jdy to 44.73t2.29 m0I.L-' in Febmary (Fig. 6-2). 

Semm T, level generaliy backed seasonal changes in forage quality, organ masses, 

percent body fat and BMR (Fig. 6 1 ;  Fig. 6-2). 

ProXimate maiyses of carcasses 

Total body protein content was relatively constant, accounting for about 21% of 

W M  in aü sampling periods (F[5,M1 = 1.098, P = 0.368; Fig. 62) .  Consequently, body 

protein content (g) was strongiy predicted by W M  (g): protein = -9.71 + 0.22 x W M  



Table 61. Seasonal vatiation in mean (+SE) body mass and basai rate of oxygen 
conswnption #0a of 125 acclùnaiizcd muslrrats iive-trapped at Oak Harnmock M&h, 
Manitoba, in 1991-92 and 1994-95. 
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Fig. 6 2 .  Seasonal changes in (a) body composition, @) dry organ masses, and (c) senun 

thyroxine levels and basal metabolic rate (BMR) of acclimatized muskrats, Means 

sharing the same lettes are not significautly different (P > 0.05). Vertical iines denote 

1 SEM; sample sizes are given in parentheses. AU organ values are adjusteci means with 

ingesta-fiee body m a s  (2 = 772 g) as the covariate. 
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(3 = 0.957, df = 93, P < 0.0001) and TBW (g): -0.145 + 0.305 x TBW (8 = 0.900, df 

= 93, P c 0.0001). The ash content of musicrats varieci with sampling pend (Flsm = 

14.739, P c 0 . 0 1 ) .  and was highest in Iuiy and lowest fkom December to ApriL Body 

lipid stores were lowest (Q% of IFBM) h m  May to September. Lipid -mes 

increased in winter, reacbing a peak value of 9.24HI.4796 in Febniary, and were rapidy 

depleted in eariy spriag (FtSm = 48.894, P c 0.0001; Fig. 6-2). As expectod, body water 

content also exhibited strong seasonal variation (FI,m = 35.350, P < 0.0001). varyiag 

inversely with body fat content: %fat = 77.08 - 1.06 x ingesta-free %TBW (9 = 0.8649, 

df = 93, P < 0.0001). Subadults had lower water content but higher lipid reserves than 

adults (P c 0.05). 

Deuterium &de studies 

Total body water (96) estimated h m  D,O dilution shidies of live muskrats in 

1994-95 followed a simiiar seasonal trend to the 1991-92 results based on carcass 

analyses. The average iipid content of fiée-ranghg muslaats (Fig. 6-3) ranged from a 

low of 0.8a.496 in July, to a maximum of 7.5@9% in Febmary (Fc,,w = 35.534, P < 

O.ooo1). 

A total of 50 tecaptures were obtained ficm 34 tagged muskrats that had been 

previously caught and sampled. Recapture data indicated that al1 muskrats gained m a s  

during the July-September trapping intemals (n = 12). Fmm September thtough May, 

muskrats >800 g lost mass in 86% of ail cases (n = 7), while 87% of animals c8ûû g (n 

= 3 1) maintained or increased mass (2 increase = 10.6d2.596). For the latter cohort, TBW 



Fig. 6-3. Seasonal changes in the body fat content of wild muskrats measund via the 

deuterium oxide dilution technique (see iext for de-). A total of 124 measurements 

were obtaiaed from 9 1 animals capnired at Oak Hamrnock Marsh, Manitoba, between July 

12, 1994 and May 12,1995. Means shacing the same letiers are not signincantly Merent 

(P  r 0.05). Vertical Lines deno& 1 SEM; numbers within bars iadicate sample sizes for 

each month. 





Fig. 6-4. Temporal changes in body mass (*), total body water (A) and nit content ( O )  

of represeritative mushts that were recaptured over consecutive trapping periods. Total 

body water (g) and perwntage body fat content of each animal was estimated using the 

deuterium oxïde dilution technique (see text for details). Asterisla denote cases when 

body fat dcuiations yielded negative vaiues. 
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increased by an average of 6.6&.5%, with the greatest increases occurring during the 

September-December (+85%) and Febmary-May (+16.9%) trapping interval (Fg. 6-4). 

OrgaIlmr~~csandtbeitCelationship~BMR 

The masses of most individual organs inncased frwi surnmer to late-winter, a 

pattern clearly reflected in total organ mass (Fig. 6-2; = 20.20, P c 0.0001). hdeed, 

muskrats exbi'bited hypertrophy of the aiimentary tract (+179%; Fig. 2-1). heart 

(+12.7%), liver (+68.2%) and spleen (+51.0%) from July through February mg. 6-2; 

F-, = 3.79 - 32.37, P < 0.005). However, over this s a m  period, kidney mass deciined 

by 19.1 %. Although values were generally highest in February, 1 observcd no signincant 

seasonal variation in the fat-- mass of either siceletai muscle (FI,,, = 1.4 1. P = 0.230) 

or peit (FlSqw = 1.74, P = 0.134). 

For the 89 muskrats for which I had measurements of both organ masses and 

BMR, I performed a stepwise multiple regression (with both forward selection and 

backward elimination) using BMR (kFbL) as the dependent variable, and the masses of 

selected organs and tissues as independent predictor variables (McDevitt and Speakman 

1994). In a stepwise multiple regression with forward selection, heart, alimentary tract 

and fat mass entered as signincant predictors, explaining 33.0% of the variation in BMR 

(Table 6-3). However, with backward elimination, four variables meart, alimentary tract, 

pelt and ash) entered as significant predictors, explainhg 33.1% of the variation in BMR 

(Table 6-3). 

Given the potential for autocorrelation among these variables, 1 also employed a 





Table 6-3. Output of stepwise multiple regriession analysis with BMR set as the dependent 
variable and eitber (a) dry masses of al l  10 ocgans and tissues or (b) scores on ail 10 
p ~ c i p a l  components descn'bing variability in osgan dry masses entered as the 
independent variables. Measurements are based on 89 seasonaüy acclimatized muskrats 
live-trapped at Oak Hammock Marsti, Manitoba, between May 8, 1991 and April 17, 
1992. 

Predictor Coefficient SE 9 P Value 

He& ................... 
Fat ....................... 
ALUnentary tract ... 

Head .................. 
Ash ......*...*.*......... 
Aiimentary tract ... 
Pelt ...................... 

"Fornard selection procedure: BMR (k,J-bL) = 172.32 + 192.37 heart (g) + 0.472 fat (g) 
+ 10.28 alimntary tract (g); 3 = 0.3296, df = 3, F = 13.77, P < 0.001. 

bBackward elimination procedure: BMR (kJ.6') = 159.53 + 242.09 heart (g) - 2.218 ash 
(g) + 10.18 alimentary tract (g) + 1.924 pelt (g); 9 = 0.33 1 1, df = 4, F = 10.5 16, P c 
0.000 1. 

'Backward elimination procedure: BMR (kJ-6') = 337.54 + 22.73 (PC1) + 14.24 (PC2) - 
7.74 (PC6); 3 = 0.3042, df = 3, F = 12.24, P < 0.0001. 



126 

principal component analysis to entract orthogonal axes of variability in organ and tissue 

masses of m u s b  (?'able 6-2). From this actalysis, two dominant principal components 

(PC1 and Pa) eiserged (eigenvalues > 1.0). Th first principai component was 

influenced primarily by the masses of siceletal musde, pelt, he= ash content, Lidneys, 

and alimntary tract. The second principal component was strongiy dominated by the 

mass of body lipid stores. The scores of dI 10 principal components were entered as 

independent predictor variables into a stepwise multiple regression with BMR treated as 

the dependent variable (Spealunan and McQueenie 1996). With the forward selection 

procediire, two p ~ c i p a l  components (PC1 and PC2) pmved to be significant predictors 

of BMR, explainhg 28.2% of the variation in BMR. However, with backward 

elimination, the sixth p ~ c i p a l  component also entered as a significant precüctor of BMR 

(Table 6-3). The regression equation was dominateci by the nrSt principal component 

which, slow, explained 20.5% of the variation in BMR. The second (body fat content) 

and sixth (alimentary tract, adnnals, and heart) principal components explained a further 

7.7 and 2.3% of the variance. respctively. 

Relatioasàip of M y  energy intake to BMR and orgra mrpscs 

I obtahed estimates of both BMR (this study) and M y  gross energy intake, GE1 

(Table 2-2) for 32 seasonaily-acchnatizd muskcats (n = 8 in each of May, July, 

September and Decemùer). These variables were signincantly conelated (r = 0.38; df = 

3 1, P = 0.03 1 ; Table 6-4), indicating that animals with bigher basal metabolic rates tended 

also to have higher rates of energy intake. For these same 32 animals, daily GE1 varied 



Table 6-4. Comlation cœ5cients relathg the gros energy intake wdayyL) to orgaa 
mass (g) in seasonally accbathed mudcrats. 

Stomach 

SmaU Intestine 

Caecum 

Large Intestine 

Alimentary Tract 

Heart 

Lîver 

Adrenals 

Spleen 

Kidneys 

"df = 31 in aii cases. 



128 

positively with the dry masses of the stomach, caecum and large intestine, but not the 

srnail intestine (Table 6 4 ) .  Furthermoz, GEI comlated sipificantly with heart mass. 

marginally with adrenal and iiver mass, and not at dl with either splenic or kidney mass. 

Nutrition has been descn'bed as the "mechanistic thread iinking wildlife 

populations to their environment (DelGiudice, Mech and Seal 1990; Robbins 1993). 

Variation in the energy and nutrient content of forage has been associated with changes 

in body mass and composition (Batzii and EsseLs 1992), senun levels of thyroid hormone 

(Eaies 1988) and BMR (Veloso and Bozinovic 1993). Not surprisingiy, 1 found that 

annual changes in forage qiiaIity (Fig. 6-1) and energy intake (Table 2-2; Table 5-2) were 

accompanied by changes in basal energy expenditure, senun T, concentration. body lipid 

stores and organ s k  of seasonaily acclimatized musluats (Fig. 6-2). Since L was 

studying seasonally acciimaüzed animais, 1 cannot conclusively isolate the effects of diet 

quality and energy intake h m  temperature, photoperiod and other factors that may have 

contributed to the observed seasonal trends. Additionaily, as no females were coilected 

during the breeding season, these resuits exciude the energetic costs associated with 

pregnancy and lactation. 

Recently, considerable research effort has focused on the association between the 

energy requirements of rodents and morphological changes in the organs principaily 

involved with energy uptake, metabolism, transport and excretion (Konarzewski and 
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Diamond 1994; McDevitt and SpeaLmaD 1994; Spealmuui and McQueenie 1996). These 

studies suggest that the sizes of the Pümntary tract, beart. liver and kidacys iacrease or 

decrease in concert with energetic &man& of the animai. As these organs have 

intriasicaiiy high rates of metabolïsm (EGonarzewskï and Diamond 1994; Speakman and 

McQueenie 1996). their relative masses should strongly infiuence BMR (Daan, Masman 

and Gmenewold 1990). Consequentiy, to accommodate a higher rate of food intake 

without compromishg digestive etnciency, organs involved with nutrient uptake and 

metaboihm should exhiiat hypertrophy, resdting in an elevated BMR (Konanewski and 

Diamoad 1994; Speakman and McQueenie 1996). These same orgw shouid exhibit 

atrophy when food availability is low, reducing basal energetic costs (Weiner 1992). As 

will be seen below, my ~ s u l t s  genedy  support these predictions. Moreover, the timing 

of these physiologicai adjustments appears to have an important bearing on îhe seasonal 

patterns of lïpid deposition and utilization of muskrats. 

Relationships ktween organ masses, BMR and daiiy energy intake 

My hdùig that seasonai changes in GE1 tracked changes in stomach, caecum, 

large intestine, heart aad liver mass (Fig. 6-2) is consistent with the hypothesis that 

enlargement of these organs is associated with the need to absorb. metaboihe and 

transport additionai nutrients ingesteci (Hammond and Diamond 1994, Konanewski and 

Diamond 1994). The best predictors of BMR of muslûats were the sues of the heart and 

alimentary tract, as evidenced by their dominant effect in multiple regression models. 

Masses of these organs, as weil as those of the kidneys, skeletal muscle, pelt and body 
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ash, also dominatecl the first principal component. These findings support the view 

(Konanewski and Diamond 1994) that the alimentary tract and heart, whüe constituting 

a smaü percentage of IFBM (3.25M.0696). also incur high maintenance costs. Body fat 

was also a significant p d c t o r  of BMR in both multiple regression and principal 

component (PC2) analyses flabIe 6-2; Table 63).  WhiIe brown adipose tissue was wt 

m e a s d  in this study. seasonal changes in the mass of this tissue reported by Aleksiuk 

and Fmlinger (1971) foilowed a similar pattern to the observed body fat and BMR 

measurements (Fig. 6-2). It is conceivable that the relatiomhip I observed between BMR 

and total body fat is Iuiked to seasonai changes in brown adipose tissue and. therefore, 

thermogenic capacity (McDevitt and SpeaLman 1994) of muskrats. Thus, seasonal 

adjustmeats in the masses of these highly metabobody active tissues may have 

contributed to the substantial variation in BMR (31%) observed lkom July through 

Febmary (Fig. 6-2). 

The observation that kidney mass of muskrats decliwd in winter was reportecl also 

by Aieksiuk and F r o b g e r  (1971). Kidney mass has been sbown to increase in cold- 

stressed laboratory mice, presumably to dispose of the additional metabolic wastes 

associated with an increased rate of metabolism (Hammond et al. 1994; Kooarzewski and 

Diamond 1994). However, this fiading suggests that energy intake may not be the 

primary factor regulating kidney mass of wild muskrats. Rather, the seasonal trend in 

kidney mass is consistent with the observation that muskrats exhibit substantially higher 

rates of urine output and water flux in summer than in winter (Part Table 5-2). 

If the masses of orgam associateci with nutrient assimilation are important 
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determinants of both BMR and rate of food intake, then these latter variables should be 

strongly comlated. In fact, several studies have mggesteci a Iink between BMR and field 

metabolic rate of free-mging anïmah (Peterson, Nagy and Diamoad 1990; Weiner 1992). 

However, few attempts have been made to collect both BMR and daily energy intake 

from the same individuals, or to test for this relationship on a seasonal basis in either 

captive or h-mging animals (Weiner 1992; Salsbury and Armitage 1994). My results 

clearly indiçate that seasonal changes in ME1 of both captive and fi.ee-living muskrats 

(Table 2-2; Table 5-2) closely foilow seasonaï adjustments in BMR (Fig. 6-5). 

Furthemore, in the 32 animals for which 1 had rneasurements of both BMR and GEI, 1 

found that these variables were closely comlated (P = 0.031). 

1 previously found that the daily intake of dry matter by captive (Table 2-2) and 

free-ranghg (Table 5-2) muskrats is substantially higher in winter (74.4 - 78.1 g.kg-O-~~~) 

than in summer (54.9 - 59.7 g-kgQ-75). Results of the present study indicate that forage 

NDS content is dso highest in winter (Fig. 61). This factor, together with the high 

digestibility of cattail rhizomes cable 1-3; Table 2-2). may at least partiaiiy explain why 

the total metabolizable energy intalce (MEI) of b i i v ï n g  muskrats is 64% greater in 

wizter than in summr (Table 5-2). The alimentary tract, presumably responding to the 

additional energy intake. underg-s substantiai enlargement over tbis same period, 

enabling muskrats to maintain and even increase digestive efficiency (Table 2-2). The 

masses of the stomach, caecum, large intestine, but not srnall intestine, were positively 

correlated with the level of energy intake. The correspondence between size of the lower 

digestive tract and daily GE1 is mt surprising, given that muskrats obtain up to 62% of 
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their daily ME1 h m  the fermentation of fiber (Part 1; Table 2-2). 

Food quaüty and energy intake mny also k directly involved in the regdation of 

BMR via T,, the primary honnone of the thyroid gland. Enetgy-induced kcreases in the 

availabiiity of ciiçulating T, and its conversion to triiodothyronine wodd be expected 

to elevate BMR (Eales 1988; McNabb 1992). Furthemore, cbnicaiiy elevated T4 and 

T, levels may induce hypertmphy of metabolically active orgam (Konarzewski and 

Diamond 1994). My fiodings m consistent with these arguments and, in fact, variation 

in serum T4 Ievels of muskrats (Fig. 6-2) followed a similar trend to seasonal changes in 

forage quality (Fig. 6-1). energy intaLe VabIe 2-2; Table 5-2), organ masses and BMR 

(Fig. 6-2). 

S ~ ~ S O M I  adjmtments in body mrss and BMR 

For most arvicolid rodents, *ter is characterized by low ambient temperat- 

coupled with reduced availability and quality of forage (Wunder 1984). In response to 

the high thennoregdatory demands imposed by Mnter foraging, many arvicoiid species 

are thought to undergo adaptive reductions in body mass (Iverson and Turner 1974; 

Wunder, Dobkui and Gettinger 1977). This tactic confers two potential advantages: (1) 

î t  reduces absolute metabolic costs in winter when energy availability is assumed to be 

lowest (Wunder 1984). and (2) it pennits a pater  mas-specific themogenic response 

to acute cold exposure (Wunder, Dobkin and Gettinger 1977). 

Mushts  do not appear to conform to this mode1 since they often increased body 

m a s  (Fig. W), yet exhibited higher mass-specinc VoZ and mass-independent BMR, 
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beginning in late fall and continuhg throughout winter (Table 61; Fig. 62). While a 

reduction in mass shouid theoretidy lower basal energy requirements. it may also 

facilitate heat los,  owing to an increased body surface area:mass ratio (Memtt 1986). 

Givcn the low tolerance of muskmts to immersion hypothermia (Fiih 1979; MacArthur 

1984). then may be little. if any, energetic advantage to reduchg lean body mass in 

winter. 

A high BMR has been linked to an uprrgulation in maximal metabolic rate 

(Wunder, Dobkin and Gettinger 1977; Wunder 1984). Whüe maximal VO* was not 

examined in tbis study, the BMR of muskrats was highest in winter, a period when 

muskrats are foraging in near-fkezing water and when daily energy expenditure appears 

to be greatest (Fig. 65) .  An carlier sîudy (MacArthur 1979) established that h-living 

muskrats elevate body temperature by up to l.Z°C prior to initiating major foraging bouts 

in winter. Conceivably. an elevated BMR could facilitate this predive storage of body 

heat and thus contribute to delaying the omet of immersion hypothermia (MacArthur 

1984). An elevated BMR might also expedite rewarming between foraging bouts 

(MacArthur 1984,1986) and. in conjunction with communal nesting. couid also contribute 

to maintainhg a buffered microenvironment in winter d w e h g  lodges (MacArthur and 

Aleksiuk 1979). 

Seasonal patteras of fat accretion ami mobiîization 

My hdings c0ub.1  earlier studies indicating that musktau accrue substantiai 

lipid stores during winter (Aleksiuk and Frohlinger 197 1: Jelinski 1988; Virgl and Messier 



Fig. 6-5. Seasonal changes in basal metabolic rate of acclimatized muskrats (solid 

bars; this study) and the metaboliZable energy in& of captive (hatched bars; 

Table 2-2) and the-ranging (open bars; Table 5-2) muskrats. Numbets indicate the mean 

MU:BMR ratio and the sample sizes (h parenthesis) for each month. Vertical Lines 

denote 1 SEM- 
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1992a, 19926). This is somewhat Surprising, given that low temperatures and ice-cover 

restrict M y  movemnts, impose high thermoreguiatory cos& during swimming, and 

reduce the diversity of aquatic plants avaiiable to foraging muslraa. It has been 

suggested that the positive energy balance achieved by musktats in winter is facilitatecl 

by reductions in motor activity, lean body mass and BMR (Aleksiuk and Fmhiinger 1971; 

Virgl and Messier 1992a. 1995). My findings are not e n h i y  consistent with this 

hypothesis. 1 found, for instance, that muskrats maintaineci lean muscle mass mg. 6-2) 

while increasing BMR and MET h m  mid-summer through late-winter (Fig. 6-5). 

Moreover, most subaddts for which 1 obtained recapture data in winter gained mass and 

exaiiited increases in TBW h m  September through May. As the absolute protein mass 

of muskrats is closely tied to water space (this study; Vira  and Messier 1993). these data 

strongly suggest that somatic growth continues during the winter months in my study 

popuiation. Nagy and associates (1995) and Me& (1986) reported similar pattern in 

seasonal body mas of collmd lemmings (Dicrostonyx gromlandicus) and short-tailed 

shrews (Blurina brevicauda), respectively. Like the muskrat, these species aiso have been 

shown to have access to abundaut, highquality fOOdSOurces and buffered subnivean 

microclimates during winter. 

Recently, interest has been expressed in the energy turnover rates of free-living 

animals, measured as the ratio of daiiy energy expenditure (field metabolic rate or MET) 

to BMR (Daan, Masman and Groenewold 1990; Peterson, Nagy and Diamond 1990; 

Weiner 1992). In terrestrial mammals, this ratio typicdy varies from 1.30 to 5.25 

(Kanisov 1992). The MEkBMR ratios derived for pemed, seasonaily-acclimatized and 
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this study) suggests that tissue reserves may contriute to the reproductive success of fkee- 

living muskrats. However, d e s  and feniales appear to exploit dinerent energetic tactics 

during this p e n d  Measunments 00iIeded durhg the breeding season (this study; Part 

V), suggest that males adopt a "fnigai straîegy" (Koteja 1996) characterized by reductions 

in food intake, BMR and masses of organs tbat are metabolidy expensive to maintain. 

Adoption of these energy-conserviag tactics could enabie males to increase theu reliance 

on body fat reserves and thereby minimüe foraging effort, while maximizing time dotted 

to reproductive activities. Virgl and Messier (1992a) reported that the alimentary tract 

of females enlarges h m  June tbrough August, iikely in response to the high energetic 

demands of gestation and lactation (Harnmond 1992, 1994, Speakman and McQueenie 

1996). Thus, during the breeding season, f e d e s  may adopt an energeticaliy "wasteful 

strategy" (Koteja 1996) characterized by a higher daïly intake of energy, a higher BMR 

and larger organ masses than is the case for males. Cleady, fûrther research is r e q d  

to delineate the metabolic costs of reproduction in muskrats, especidy of females. These 

data are vitai to developing a Mer understanding of the seasonal allocation of energy and 

nutrients in this prominent North American rodent. 
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Summary and Conclusions 

Wmter is associateci with a short photoperiocl, cold tempeninues, restricted f d  

availability and low forage quality (Wunder 1984). Consequently, for most small 

rnamrnalr existing at temperate latitudes, logic dictates that winter shouid be both 

energeticaüy and nutritionally strrssful (Hainmond 1993). Rior to the omet of this study. 

it was assumed this tenet &O applied to the semiaquatic muskrat For instance. the 

quality and avaüabiiity of the principal forage items consumeci by muskrats was long 

thought to subside h m  summer to winter (Aleksiuk and Frobger 1971). During the 

s p ~ g  and summer, it was reasonably assumed thaî emergent hydrophytes were relatively 

high in protein and low in fi'ber, providing muskrats with a diable and easily digestible 

source of nutrients. By fall however, plant seneScence and the translocation of nutrients 

from plant shoots to underground root structures were expected to reduce the diversity 

and availability of such highquaüty, low-fiber foods. Contributhg to this constraht is 

the long-tenn establishment (2 six months) of persistent ice-cover, an element expected 

to limit both the feedïng range and foraging efficiency of this species. Additionally, as 

cold water is among the most t h e d y  chalknghg environments facing mammals 

anywhere on eanh (MacArthur 1989). the attainment of adequate energy and nutrients by 

muskrats must more than offset the heightened metabolic costs of fomping in near 

freezing water. 

While it is generally accepted that aquatic foraging by rnuskrats is energetically 

expensive (Fish 1979; MacArthur 1979, 1984, 1986), my results suggest that fiom a 



139 

nutritioual standpoint, winter is not particuiarly stnssful to these animais. This and other 

recent studies (see Jelinski 1989; Virgl and Messier 1992a. 1992b) have suitably 

demonstrated that in spite of the high energetic costs of aquatic foraging in winter, 

muskrats accrue substantial fat deposits d d g  this season. Furthemore. my finâhgs 

suggest that these todents are able to accompbh this feat while increasing ôoth the& 

basal metaboikm and lean tissue mass. This then invites the question, how are muskrats 

able to compensate for the presumed nutritional shoctfdls and energetic demands imposed 

by winter? The answer, it seems, iies in the naaire of the aquatic plants upon which 

muskrats f a  and in the exceptional ab'ity of these roclents to exploit this diet. 

A primary £'inding of Part I, that was also corroborateci in Parts II and IïI, was that 

muskrats can digest plant fiber with an efficiency surpassing predictions based on 

allometry (Justice and Smith 1992), and weU above previously reported values for other 

smail manunais maintaiaed on high fiber diets. Whereas other dents  expenence hi@ 

mortality when dietary NDF exceeds 55%, muskrats maintained mass and appeared 

healthy on diets containhg up to 67% NDF. In fact, when maintaineci on a naturai diet 

containhg 62% NDF (see Part TT), muskrats obtained up to 60% of their digestible energy 

intake from the fermentation of fiber. Indeed, the ability of muskrats to digest fiber is 

comparable to that of many niminant and pseudonuninant species (Fig. 1-2). This finding 

is quite remarkable, considering the Nmiaant stomafh has long been regardeci to be the 

most efficient in digesting fiber. 

Muskrats are the largest North American representatives of the subfamüy 

Microtinae, an attribute considemi to be thefmauy adaptive for an aquatic lifestyle 
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(MacArtbuf 1989). However, considering the large, weil-developed caecum of muslnats 

(see Fig. 46), an equaüy tenabIe selective presslire for large s i z e  in this species may be 

the high fiber content of aquatic vegetption (see Appendix 1). Large body size is hown 

to be an importaat adaptation fin herbivores, especially those species which rely heavily 

upoa nutrients obtained from the micmbial fermentation of fiber @ce mushts). Fiber 

digestion is positively associated with retention time whicb, in tum. is a direct fiinction 

of body size (Demment and Van Swst 1985; Justice and Smith 1992). 

Muskrats fiom my study site forage principaiiy upoa caîtaü, an emergent 

hydrophyte characterized by high-fi'ber, high-protein shoots and leaves in summer and 

relatively low-fiber, low-protein rhizomes in winter (Fig. 44; Fig. 6-1). Lngically, one 

would expect that muskrats feeding on a predominantly cattaü-based diet should have 

littie trouble meeting their maintenance nitmgen requirements in summer. However, a 

second major finding of Part 1, and one also cormborated in Part II, was that muskrats 

had difficuity maintainhg nitrogen balance in spring and summer on diets consisting 

solely of aquatic plants. While this apparent nitmgen shortfidl may result from both a 

low energy-to-nitmgen ratio of aquatic vegetation and a bigh w a M  influx in spring and 

summer (see Part IV), of more immediate concem for rnushts during these seasons is 

meeting their nitmgen requirements for maintenance, p w t h  and reproduction. 

The oppoministic consumption of concentrated protein (and low-fiber) sources, 

such as animal tissue, is one option by which h-l iving muskrats can meet their daily 

nitrogen requiremnts during the summer months. In fact, carnivory has ofkn been 

reportecl in shidies of food preference of muskrats (Etrington 1941; Stem and Goodwia 
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1941; Triplet 1983; Convey, Hanson and MacKay 1989; Neves and Odem 1989). The 

centrai findings of Part III w a e  thaî the apparent digestiiilities of dry matter, 

metabolizabIe energy ancl protein a i i  increased with the Ievel of anixnal tissue psented 

in the diet. More signiricantly, a strmg correlation existed ktween nitrogen (protein) 

intake and nitrogen balance. Thse resuits suggest thaî carnivocy in muskraîs may serve 

an important mie in meeting nitmgen balance, particuiady during the sumrner months 

when the availability of animal tissue may be gnatest. Secondly, as arül be considered 

in more detail below, selective coasumption of low-fr'ber foods may be a tactic muslnats 

employ to increase theû mtaboiizable energy intake in summer, rather than relying on 

the more energeticdy expensive option of maintainhg increased gut and accessory organ 

masses. 

Findings of Parts 1 and II suggested that muskrats were generally unable to meet 

their nitrogen requirements duMg spring and summer, when the protein levels of their 

aquatic plant diets are highest. Paradoxically, however, results of these same experiments 

suggested that during wintet, muskrats maintainecl on a relatively low-protein diet of 

cattad rhizomes wen able to satisfy their maintenance nitrogen requirements. This led 

to a test of the hypothesis that muskrats, Iike som ruminants and hibernahg dents  

(Robbins et al. 1974; Mould and Robbins 1980; Steffen et al. 1980; Harlow and Buskirk 

199 1). conserve body nitmgen by reducing urinary nitmgen output through m a  recycling. 

My rpsults indicated that the rate of urea hydrolysis was 67% higher in faii and winter 

than in spring and summer. This finding suggests thaî increased levels of m a  recycling, 

coupled with adaptive mchanisms for reducing nitmgen excretion and perhaps consenhg 
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carbon skeletons of essentiai amino acids. may d o w  muslnats to lower their maintenance 

nitrogen requirernents on faii and wintet aquatic plant diets. Additiody, because a 

considerable proportion of ingestecl protein may be absorbed before it reaches the hindgut. 

nitrogen liberated fiom urea recycling may be an important nitmgen source for hindgut 

microbes. Consequently, the recycluig of urea may aid in maintaining a vigomus hindgut 

microbe population and may explain, at l e s t  in part, the nmarkable fiber digesting 

capabilities of thîs amphi'bious rodent. 

Laboratory studies have shown that small endothemis exposed to cold temperatures 

or high-fiber die& increase food intake (Gross, Wang and Wwder 1985; Hammond and 

Wunder 1991; Derting and Bogue 1993). However, reàuced digestive efficiency often 

results, since digesti'bility tends to vary imrersely with feding rate (Sibly 1981). To 

compensate, many small mammals increase the size of the alimentary tract, especidy the 

smaii intestine and caecum (Hammond and Wunder 1991; Derting and Bogue 1993; 

Hammond 1993). These changes ptesumably increase the surf' area and volume of the 

absorptive region of the gut, allowing for longer digesta ~tention time and p t e r  

absorptive efficiency (Loeb, Schwab and Demment 1991). However, due to the high 

turnover of gut tissue, the alimentary tract is one of the most mtabolically expensive 

tissues to maintain (Gross, Wang and Wunder 1985; Brugger 1991; Hammond and 

Diamond 1992, 1994). Consequently, during the summer months when a wide array of 

food is available, it appears to be more advantagrnus for muskrats to selectively forage 

on highquality, low-fiber plant sources, rathet than by rnaintaining an enlarged aümentary 

tract. Indaci, digestibility trials conducted during the summer of 1991 (see Part II) 



143 

demoDseated that muskrats presented with a mixeci diet containhg 62.4% NDF and 

658% protein, selectively mnsumed vegetation contPining only 5 1.096 NDF (18.4% 

below ration level), but S.%% protein (36.2% above ration Ievel). Mo~over, as noted 

above, muslrrats mat suppIemnt their aquric plant diet with a n i d  tissue (Part III), even 

at low levels, may reap substantiai nutritional benefits. Utiüzation of such tactics, 

together with the mobiiization of surplus fat reserves durhg spring, may duce  the 

foraging effort required by these d e n t s  and hence pmvide more t h e  for dispersal and 

reproductive activities. In fact, the dependence on fat reserves was greatest in early 

spring when metabolizable energy intake levels were lowest (Table 5-2). However, the 

maintenance of minimsl fat stores in the summer months does not necessarily mean that 

muskrats are nutritionaiLy stressed during this period It may simply indicate that energy 

intake is precisely balancing energy expenditure. 

Beginniag in late-summr, the translocation of nutrients h m  cattaü shoots to 

undergniund rhizomes converts these mot structures b m  a high-fiber forage to a diet rich 

in energy and soluble carbohydrates, and one with a relatively low water content 

(Appeadix 1; Table 5-1). This phenolic change in the characteristics of cattail rhizomes 

has several important implications for muskrats in winter. For example, findings of Part 

V suggest that the Iow water content of cattail rhizomes aiiows muskrats to increase their 

intake of dry matter and assimilated energy whiie actuaily reducing their gross energy 

intake of wet vegetation during the fall and winter months. Because individual tubers cm 

attain a mass of several hundnd granis in winter, these hdings suggest that in the face 

of declining water temperanins, muskrats are abk to m h h h  the time and energy 
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expended in food gathedg while maximizing metabolhb1e energy intaLe by slecting 

a diet of cattail rhizomes. Fwthermorie, because urea excretion increases with urine 

output (West 1985). uiüization of this low-water content diet may partiaily account for 

the low nitrogen excretion and enhanced urea m-ycling obsemd in acclimatuied muskrats 

during fd and winter. 

Results of Parts l& V and VI suggest that a causal relationship exists between 

seasonal changes in the energy intake, organ morphology and basal metabolic rate of 

acclimatued muslwts (Fig. 62;  Fig. 6 5 ) .  Indeeà, begiDning in late fall, muskrats 

exhibitecl parallel inmases in metabohable energy intake, basal metabolic rate, and 

masses of the aümentary tract, heart, spleen and iiver. These adaptations appeaced to be 

facilitateci by a phenolic shift in the quaiity and nutrient profile of catiail, h m  a 

relatively high-fiber forage in the summer to a low-fiber, highly digestible food source 

in winter. Faced with potential late-winter fkeze-outs and no option to breed during the 

ice-bound season, it may be advantageous for muskrats to increase forage intake and thus 

accrue lipid resemes beginning in late fall. To accommodate the additional intake of dry 

matter without compmmising digestive and nutrient processing efficiencies, muskrats 

respond by increasing the masses of the alimentary tract and b e r  (Fig. 2-1). The 

observed enlargement of the heart in wiaar may be beneficial for transporthg additional 

nutrients to various parts of the body during periods of high energy demand, such as 

rewarming foliowing foraging bouts. lrrrspecave of nad,  such systems are metabolicdy 

costiy to maintain, a direct consequence of which should be an increase in basal metabolic 

rate (Daan, Masman and Groaiewold 1990; Konanewski and Diamond 1994). Indeed, 
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the basai rate of metabolhm of m d c m s  increased by >31% h m  mid-summer to late- 

winter. However, over this sam perioà, rnuskratp were able to increase their intake of 

m e t a b o ~ l e  energy by an average of 64%. Consequently, as demonstrateci in Figure 

6-5, it appears that the adoption of this metabolidy "wasteful" strategy, perbaps in 

conjunction with other adaptations (eg. communal nesthg, reduced motor activity). allows 

muskrats to reaiize a surfeit of energy for growth and üpid deposition during the winter 

months. Adoption of such tactics are undoubtedly criticai to meeting the seasonal 

nutritional and energetic quirements of muskrats and may at lest partiaiiy explain the 

broad geographicai distribution aad successful exploitation of a wide range of wetland 

habitats by this prominent North AmeRcan rodent. 
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Table Al-1. PmrimatC. composition (tSE) of plant samples coIlected at Oak Hammock 
Marsh, Manitoba, 1991 and 1995 

1991 
May 14 

Cattaii rhizomea 
Bladdenvod' 
sedgeb 

June 4 
Cattail shootsa 
Cattail leaves' 
Cattail rhizomea 
Bladderworf 
Sedgeb 

Juiy 23 
Cattail shootsa 
Cattail leaves" 
Cattail rhizomea 
Sedgeb 
White-topb 
Duckweedb 

September 27 
Cattail shootsa 
Cattaii leaves" 
Cattail rhizomea 
White-topb 

October 26 
Cattail rhizomeb 

1995 
December 2, 13 

Cattail rhizomea 
Cattail rhizomea 







Seasonal diet, sex and age e f f i  were evaluateà initially on blood and urine 

variables using 1-way ANOVAs. Data werr pooled when Merences relaieci to diet, sex 

and age were nonsignificant (P > 0.M). AU seasonal ciifferences between maiis were 

tesied using Duncan's New Multiple Range Test Significance was set at the 5% level. 

and means are presented 11 standard emn (SE). 

Senun sainples h m  two sick aaimals collected in 1991-1992 were omitted h m  

the analysis. Another animal (93-6; 15% diet) exhiited Low food consumption values 

and appeared lethargic during its only feeding triaL Foilowing blood sampling, this 

animal was subsequently removed h m  the experimental protoc01 and euthanized (&ta 

are presented for comparative purposes; Table A2-2). 

In the 1991-1992 study, smun characteristics for magnesium (f = 2.93t1.68 

rnmol-~-'; n = 72), glutamic oxaloacetic transaminase (GOT; f = 15 1.8*l2.8 U-L-'; n = 

92) and gamma glutarnyl transpeptidase (GGT; X = 10.8I2.3 U-L-'; n = 72) did not Vary 

( P  > 0.05) by season, diet, sex or age d are not iociuded in Table A2-2. 



Table A2-I. Seasonai changes in mean (ISE) serum and urine chemistry variables of 90 acclimatized muskrats collecteci at Oak 
Hammock Marsh, Manitoba, 199 1 - 1992. 

Jul y Sept Dec Feb Aprii 

Variable 

Hematocrit, % 
Adult 
Subadult 
F[,sl= 10.45, Pd.002 1 

Hemoglobin. g-d.L-' 
Adult 
Su badult 

-13.02, P=0.0007 hw1- 

Cholesterol, mmol-~-' 
Fpwl=6.35, P4.0001 







Alkaline phosphatase, U*L-' 
Adult 16 586I48 
Subadul t - 
F,,,=8.66, P=û..OOQ7 

Male 16 58fib&8 
Fernale œ 

F,, ,39,=4. 1 O, P4.0499 

Creatine phosphokinase, UK1 
Digestibility 8 521~190 
Control 8 2094%892 
Fr,,ald.99, bo.0290 

Albumin, G E 1  
Adult 16 3 0 . ~ ~ f l . 7  
Subadult - - 
Ft,sl=7.84, P=0.0070 

Globulin, G*L" 
Adult 16 24.3a*b*1.0 
Subadult - - 
F11sl=26.73, P<O.OOOI 

Male 16 24.3b~l.0 
Fernale - - 
FI, ,391=6.89, A0 .0  1 24 





Table A2-2. Semm chemistry of nine adult male muskrats maintained on three diets differing in animal tissue content (0, 5, 15%). 
Feeding trials were conducted at the University of Manitoba, June 9-August 14, 1993. 

Variable 

Hematocrit, % 44.75 

Magnesium, m m o l * ~ - ~  1.01 

Sodium, rnmo1.L" 145 

Potassium, mmol*L" 4.9 

Na/K ratio 30 

Chloride. mmol-L" 101 

Una nitrogen, m m o l * ~ ~  9.1 

Creatinine, mmol~L1 0.06 

Semm U:C ratio 151.7 

Glucose, mmol-L" 5.0 

Creatine phosphokinase, U*L1 332 

G1utamic oxaloacetic transaminase, U.L1 40 

Alanine aminotransferase, U-L-' 74 

Gamma glutamy 1 transpeptidase, UC 2 1 

Alkaline phosphatase, U-Cf 430 






