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ÀBSTRACT

Seasonal changes in body composition and gut morphology

lrere studied in 22 kit and 45 adult (>L year old) beaver

(Castor canadensis) from southern Manitoba. Fat accounted for

0.9-1-6.7? and 0.6-l-5.0å of ingesta-free body mass in kits and

adults, respectively. Adutt beaver r¡ere leanest during the

period 1-6 May - 8 Ju1y, when mean (tSE) body fat content was

2.49+O.322 in females and l-.3610.662 in males. The fat

content of adults increased from mid-surnmer until weII after

freeze-up, reaching peak levels in mid-winter. During the

period 22 December L7 February, mean fat content was

L4.31-+0.35å in females and L2.O2+O.972 in males. Fat leveIs

did not decline until late winter - early spring. Following

break-up, adult fernales erere considerably fatter than adult

ma1es. The body fat content of kits rvas comparable to that of

adults from fall- to mid-winter. For adult females, body

protein was lowest in late spring and early sunmer, and body

minerals $¡ere lowest from late sunmer to faIl. My findings

imply that energy derived from body fat is most critical

during and after spring break-up, and that fat and protein

reserves are essential- for defraying reproductive costs in

fernales.

I hypothesized that beaver adjust their gut morphology

seasonally as a means to improve the digestibilíty of winter

diets. The masses of the cecum, Iarge intestine and small

intestine of adult beaver $¡ere heaviest during winter and

lightest in sunmer. As predicted, the body fat content and

l_v



cecal mass of adult males were positively correlat,ed. These

adjustments are consistent with the need to optirnize

extraction of energy from a high-fiber winter diet, and to

secure the uptake of highfy digestible components from this
forage.

Predictive models for body nutrient levels hrere developed

for skinned and whole beaver carcasses. On the basis of depot

and index measurements, the tail fat depot was saturated prior
to subcutaneous and coelomic reserves, and coelomic reserves

$¡ere the last to be saturated. Conseguently, precision

improved when several depots and/or indices $¡ere used to

estimate totat fat reserves. The mass of an abdominal depot,

the total kidney fat index, and a heart mass-corrected

perirenal index r.'rere related to total body fat content by

Iogarithmic functions. Body fat content was directly related

to an index of subcutaneous fat reserves. Ingesta-free mass

and the mass of the M. pl-antaris both appeared to model

dynamic body protein variation, and estimates of body protein

mass hlere most precise if nultivariate models included one of

these measures. Às an index of total body protein, the M.

plantaris mass hlas superior to the heart or kidney mass.

Estimates of body mineral mass were most precise when

predicted from ingesta-free mass and structural measures.
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ceneral fntroduction

Winter poses critical nutritional and energetic

challenges for many northern rnammals. With plant senescence,

nutrient levels and digestibility decline, making it difficult
for a herbivore to acguire sufficient nutrients from its food.

Perhaps the principle means by which these mammals have

adapted is the scheduling of energy- and nutrient-intensive
events like reproduction to periods of high food quality and

moderate.climatic conditions. However, herbivorous mammals

also demonstrate the capacity to modify their digestive tract
in response to changing food quality (eg., Virgl and Messier

L992a; Hammond l-993). Furthermore, northern mammals

demonstrate numerous physiological and behavioral adaptations

to nitigate the effects of their extreme winter environment.

The beaver, Castor canadensis, is the largest North

American rodent, and is a conmon resident of northern lakes

and streams. To exploit these environments, beaver have

adapted to winters during which streams and lakes are covered

by thick ice for extensive periods. one of the ¡nost obvious

adaptations is their well-known habiÈ of caching food

resources in the vicinity of the lodge. Another behavioral

adaptation is the construction of lodges which provide beaver

nrith access to a thermoneutral microclimate (Buech et aI.
L989; Dyck and MacArthur J-993a) .

Despite considerable study of this species (see Novak

1987), the means by which beaver provide for their winter
meÈabolic reguirements remains unclear. Foods stored in the
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cache are generall-y of low quality compared to the beaverrs

sunmer diet (Aleksiuk I97Oa; Skinner i,994), and appear to be

poorly digestible (Buech L9B7). Furthermore, the guantity of
nutrient resources j-n the cache does not appear adequate for
the beaver's metabolic requirements (Novakowski L967) |

particularly when foraging and digestion costs are considered

(Dyck and MacArthúr l-993b) . cache resources rnight be adeguate

if the winter metaboric rate of this species is depressed, âs

suggested by Aleksiuk and Cowan (l_969a). However, recent

studies have failed to docurnent a substantive drop in deep

body temperature in winter (Srnith et aI. l_991; Dyck and

MacÀrthur 1-992). Beaver are also known to store energy in the

form of body lipids (Àleksiuk and cowan l-969b), and Novakowski

(1967) suggested that the shortfal-t of energy in the winter
food cache rnight be provided by these tissue reserves. Beaver

may also supplement the energy resources of the cache by

selectively feeding on the rhizomes of aquatic plants (eg.,

Nash L95l-; Jenkins 1-981-). However, the significance of these

items to the beaverrs winter energy budget is poorly

understood.

Information on the body fat dynamics of beaver is
restricted to one study of the variation in fat indices of
immature animals (Àleksiuk and Cowan 1969b). fn that study,

it was uncertain if beaver utilized fat energy between freeze-
up and break-up. Furthermore, indices often predict body fat
resources poorly (e9., Torbit et al. L9B8; Watkins et aI.
l-991-). Therefore, studies of body cornposition are necessary
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to evaluate the role of fat reserves in the beaverts winter
energy budget. Although other rodents appear to compensate

for low digestibility diets through adjustnents to their 9ut,
it is not known if beaver respond to their winter diet in this
manner. Body proteÍn and nineral reserves are known to vary

seasonally in other mammals (Huot l-999; Batz1i and Esseks

L992; Virgl and Messier L992a), but there is no comparable

infomation for beaver. Finarry, predictive moders which

perrnit precise and simpre assessment of body composition are

Iacking for this species.

This study investigates several of the options by which

beaver might provide for thej-r winter metabolic reguirements,

examines the dynamics of body fat, protein and mineral

reserves, and develops functions to predict the levels of
these body nutrients in carcasses. To address the role of fat
reserves in the bioenergetics of beaver, part r examines these

reserves in reration to season, sex and age. The variation of
protein and mineral reserves are similarly examined. part rr
investigates seasonar adjustments in the digestive tract of
beaver. To assist further research, part III develops

predicLive moders of body composition which provide accuracy,

precision and flexibility.



PART I

Variation in the body compositíon of the

beaver, Castor canaðensis
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I!l1TRODUCTTON

In several mammalian taxa, the storagie of body fat
represents an important component of their adaptive response

to seasonar shortfarls in dietary energy. The abirity of an

j-ndividuar to assimilate and. store energy as fat can have a
direct bearing on its future survival. For exampÌe, depletion
of fat reserves can lead to starvation of a substantiar
portion of an ungulate population (Kucera Lg76; Clutton-Brock

1-985; Depperschnidt et aI. 1987), and it has been suggested

that survival of these animals relates to the amount of fat
acguired prior to winter (Mautz tg78; Hobbs l_989). The

probabÍlity of death by accident (o'Gara and Harrís j-988) or
predation (Allen L979) nay increase if body fat reserves are

low. For smaII rodents with high mass-specific metabolic
rates, fat reserves appear to function rnainly to enhance

survivar during brief periods of adverse environmental

conditions (Perrin 1,979; Millar 19Bi-) . Fat reserves are also

critical to overwinter survival in small- hibernators, and are

important to successfur migration in many species (young

Le76).

Àmong cervids, the irnpact of lactation on fat resources

may deray ovuration by several weeks (cothran et ar. lggT) or

even a year (clutton-Brock L985). For peary caribou, Rangifer
tarandus pearyi, winters are sometimes so severe that several
years are required to acguire the fat resources necessary for
pregnancy (Thomas J.982). Menarche can be delayed and

ovulation may cease when fat reserves are low in humans
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(Frisch 1-988). In an extremely resource-Iimited environment,

body condition may also influence the sex of progeny in a

polygynous species (C1utton-Brock 1985). C1ear1y, it is
sometimes not profitable for an individual to become pregnant

and the amount of stored fat may be integratly invorved in
deternining this event. rn mares of varíous species, fat
resources may offset the energetic demands of breeding (young

1976). In contrast, although fat resources may vary with
reproductive status in smarl rodents (MÍIIar et ar. Lggrì

Batz1i and Esseks tggz), stored body fat often appears to
contribute 1ítt1e to the cost of reproduction in these mammals

(eg., see Millar 1979).

In wild populations of cervids and rodents, body protein
revels have arso been observed to vary seasonally (Huot Lgggì

virgr and Messier L992a). The often considerabre seasonal

variation in body mass (eg., Bozinovic et al. 1990) also

suggests that body protein is dynarnic in some species of smarl

rodents. similarly, seasonal variation in mineral levels have

been reported for several species of rodents under natural
conditions (Batzli and Esseks 1992; virgl and Messier L992a).

For brown lemmings, Lemmus sibiricus, Barkley et aI. (l_9g0)

predicted that pure natural diets of Iow mineral content would

read to body mineral deficiencies. Finally, King and Murphy

(l-985) posturated that the annual protein cycres reported in
endotherms courd result from episodes of active protein
storage, and they suggested that minerars, vitamins and other
nutrients might also be held in reserve.
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The beaver, Castor canadensis, is the largest North

.American rodent. Conseguently, among non-hibernating North

American rodents, fasting endurance and body fat content

should theoretically be highest in this species (Lindstedt and

Boyce 1985; Millar and Hickling l-990). However, the ext.ent to
which northern beaver depend on the energy stored in adipose

tissue remains unknown. This is due, in part, to the fact
that previous estimates of body fat resources are liurited to
studies of three individuals collected in two locations (Pitts
and BuIIard L968). Àlthough Aleksiuk and Cowan (L969b)

documented temporal variation in fat indices, the ability of
these indices to model total body fat ís guestionable (see

Part III). Therefore, more complete data on fat resources of
beaver are essentiar to assess the rore of endogenous tissue
reserves during the annual cyc1e.

The principal objective of this study was to document

ternporal, sex- and age-related variation in the fat resources

of beaver. on the basís of the variation in the fat indices

adopted by Aleksiuk and Cowan (L969b), it was hypothesized

that the fat reserves of beaver should be minimal and stabre

during sunrmer. r arso predicted that beaver would accrue fat
prior to and while restricted beneath the ice, and that fat
reserves would be maximal during winter. r expected beaver to
mobilize fat during the months iurmediately preceding spring

break-up, when food quality (Skinner 1-984) and/or quantity
(Aleksiuk 1-970a) may be in decline.

The protein content of the beaverrs diet appears to vary
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considerably between seasons (Areksiuk L970a), and may decrine
prior to spring break-up (Skinner t_984). Therefore, it was

hlpothesized that body protein reserves might also vary
seasonally. rf di.etary protein becomes rimiting, this shourd

be particu]-arry apparent in femares due to the considerabre

protein synthesis required for reproductive tissue and

fetuses. r predicted that beaver with row body fat wourd arso

be deficient in protein reserves.

The amount of carcium, phosphorus, and other minerars in
the beaver's diet also may decl'ine over the winter (skinner

L984), and Iikely díffers between winter and sunmer forages

(eg. , Flanagan and Van Cleve l_983; Skínner j_984) .

Furthermore, the high ca:p ratio of bark in the cache (skinner

1984) night adversely affect body pools of both minerars

(Barkley et aI. 1980). Therefore, it was hypothesized that
the body mineral reserves of beaver rnÍght vary over time.

STUDY AREÀ

Beaver for this study came prínciparly from the cooks

Creek (4g'57 'N-50'09'N Lat. ì 96" 4L,W-g6'55rW Long. ) and

southern Netley Marsh ( 50 ' 1-5 ' N-50 " 19 'N Lat. ì 96' so rw-97 " oo 'w
Long. ) areas of Manitoba, canada. one beaver originated from

a draínage ditch northeast of the cooks creek area (50'l-7rN

Lat. ì 96'25'w Long.) whil-e another was from a shalÌow rake in
northern Net1ey Marsh (5O"24,N Lat.; 96"SA,W Long.).

of the 44 beaver collected from the cooks creek area, 3g

gtere from cooks creek and its tributaríes, 5 from Devir creek
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and its tributaries, and l- from Birds Hill park. Although the

najority of these beaver came from relatively undisturbed

riparian habitat, a few of the animals !¡ere collected from

channelized creek or drainage ditch habitat. I{ith the

exception of Birds HiIl Park, the principal land use Ín the

area is cereal crop production, and wooded cover is linited
principally to the riparian habitat adjacent to creeks and

tributaries. The habitaÈ is dominated by bur oak (ouercus

macrocarþa), Manitoba maple (Acer nequndo) and trembling aspen

(Populus tremuloides), with substantiat amounts of emergent

vegetation (Carex .Ð,. r Scirpus fluviatile, Typha latifolia)
and submergent vegetation present in most of the areas

sampled. Soils originate from lacustrine parent material and

are highly fertile throughout the cooks creek and southern

Netley Marsh areas (EI1is l-938). Additionally, both areas are

subject to the input of nutrients by runoff from agricultural
fields and cattle operations, and from various other sources.

Streams within the Cooks Creek area are subject to strong

seasonal variation in flow, and r.¡ere ice-covered from

approximately mid-November to early April during the period of
study. The beaver from this area typically construct dams

across the relatively narrov/ creeks and tributaries.
The 2L beaver from southern Net1ey Marsh came from

Goldeye Creek, Mink Creek, Netley Creek, Wavy Creek, and other

creeks and channels within the marsh. Net1ey Creek and Wavy

creek are relativery wide in the western portion of this area,

and land use is primarily cereal crop production with lesser
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amounts of forage production and grazíng. This region is
characterized by a sometimes extensive and rich riparian
habitat dominated by green ash (Fraxinus pennsvlvanica),

Manitoba map1e, trembling aspen, choke cherry (Prunus

virginiana), high bush-cranberry (Viburnurn opulus), and red-

osier dogwood (Cornus stolonifera). A band of emergent

vegetation (T. Iatifolia and other species) typically occurs

adjacent to the riparian habitat, and open water with

submergent vegetation is extensive. fn contrast, the eastern

portion of the area is a floodplain-wetland consisting of

large shallow lakes dominated by.submergents, large expanses

of emergent vegetation, creeks, and levees (Janusz and

O'Connor l-985). I.Iill-ow (Sa1ix S.) often dominates the low

levees of small creeks and channels which meander throughout

the marsh. Common emergent vegetation found in southern

Netley Marsh includes S. acutus, S. fluviatile, S. validus and

T. latifolia, while conmon species of submergents are

bladderwort (Utricularia vulgaris), pondweeds (Potomogeton

S. ) and water-milfoil (Mvriophyl-lurn spicatun) . Janusz and

O'Connor (l-985) provide a comprehensive list of plants native

to the region. As a floodplain-wetland, this area is subject

to considerable seasonal variation in flow. UnIike the Cooks

Creek area, beaver in Netley Marsh do not build dams.

Although lakes in the region typically fxeeze to the bottom

during winter, this does not occur in creeks and channels

owing to their greater average depth (Janusz and OrConnor

L985). Additionally, the water leveI below the ice is
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sometimes affected by regulation of Lake Winnipeg. During the

period of study, channels and creeks in the Netley Marsh area

vtere ice-covered from approximately late November to ¡nid-

April.

}IETEODS

Ànimal collection

The sampling dates encompassed aII seasons; however,

greatest effort $¡as alrocated to antici-pated periods of fat
mobirization and accretion. The storage and mobirization of
fat shourd urtimately be determined by prant phenology, which

should correlate to some extent with break-up and freeze-up

dates. Therefore, in view of the relativery long Manítoba

surnmer, it was anticipated that the rnobil-ízation phase wourd

end earlier, and the accretion phase begin 1ater, than is
typicarry the case for Arctíc beaver (Àleksiuk and cowan

l-969b) . several com¡nerciar trappers and a fur buyer supplied

the specimens which were either caught in conibear traps or
were shot with a smalr-cariber rifle. often, severar beaver

were collected from one lodge or location prior to the

colrection of further specimens. The initial objective was to
obtain all specimens from the Cooks Creek area; however, ít
became necessary to collect from other areas as werI. À total
of 67 beaver, of which 22 vJere kits, v¡ere corrected from 2s

October 1-988 Eo 24 June L990.

ConÍbear traps r¡ere usually checked dai1y, and the date
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of collection has typically been treated as the date of death.

Soon after collection, specirnens were placed in plastic bags

and temporarily stored in a freezer (or outdoors if ambient

temperature was <-20'C). Shortly thereafter, specimens were

weighed to the nearest l- g on a Sartorius electronic balance,

or to the nearest 1-5 g on a Toledo scale for 2 beaver >26 kg.

They were then either stored in a f.reezer at ca . -24 'C or llere

inmediately dissected. Necropsy provided tissue samples for
further processing, as well as the measurements reguired to
examine gut dynamics (see eart ft¡ or to predict body nutrient
levels (see Part III). Teeth $¡ere removed by chipping av¡ay

adjacent bone with a hammer and chisel and then using a dental
elevator to pry them loose. The deciduous premolar clearly
indicated age for kits while lower premolars and molars vrere

retained to age older beaver according to Van Nostrand and

Stephenson (L964) and Larson and Van Nostrand (L968).

Body Composition

Specimens $¡ere stored at ca. -24"C after the above

measurements and samples had been collected. Fetuses and

associated tissues rÀrere included in estimates of body

composition for pregnant females. A Hobart Model 5ü.2 bandsaw

was used to cut beaver into pieces of variable length which

were ca. 2.5 cm2. AlI visible tissue that adhered to the saw

tab1e, blade and blade housings was collected, and the amount

of tissue lost in this process !.¡as insignificant. The

previously removed teeth were broken into small pieces with a
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rock crusher. These s¡ere cornbined with the carcass sections,

the adherent tissue, and those parts removed during initial
dissection. The entire carcass was then passed through a

Hobart Model H6OO míxer/grinder twice. A plate with 9.5-nm

(fD) holes nas used for the first pass, while a plate with
3.2-nm (ID) holes was utilized for the second pass. Following

the second pass, the mixer attachment was used to homogenate

the tissue to a consistenÈ color and texture. Six replicates,
each of 450 g, were then randomly sampled from the homogenate.

Replicates v¡ere stored at ca. -24'C until dried; however, some

samples were partially thawed due to freezer failure and then

refrozen. Addit,ionallyr êDy tissue which had not gone through

the plates after the second pass was collected and frozen

separately.

Initially, three replicates per beaver were thawed and

spread over aluminum pans, and then dried to constant mass at
60'C in a Fisher Isotemp Model 1-76 forced-air oven. The dried

tissue v¡as removed from the pans, double-bagged, stored at ca.

-24"Ct and later hornogenated to a fine consistency with a

Black and Decker Mode1 CBMLO0 coffee bean grinder. Àtthough

most sampÌes were allowed to warm to room temperaÈure prior to
grinding, it was necessary to take samples with high levels of
fat directly from a freezer and grind i¡nmediately. Otherwise,

the tissue could not be finely ground and fat tended to adhere

to various parts of the grinder, including the blades. The

tissue which had remained in the Hobart grinder after the

second pass was also dried at 6O"C in the oven, and was then
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ground with a tool designed for crushing small rock samples.

Prior to homogenization with the bean grinder, this latter
tissue (aIong with any teeth removed for aging purposes) v¡as

added to each repiicate in proportion to its contribution to
total dry matter. Throughout tissue preparaÈion and assays

for body composition, sampJ-es hrere weighed to document and

arlow adjustment for changes in moisture content. For

sv¿mpIe, storage of singre-bagged sampres in one taboratory
led to an increase in tissue water content (paired t test, t
: -8.28, df:38, P < O.OO1). The water content of samples

was arso found to increase by a smalI, variable amount during

storage or occasionally grinding. smalr amounts of tissue
!úere lost during removal of tissue from the drying pans,

through adhesion of lipids to the bean grinder, and as dust

during grinding of samples with a low fat content. rn those

circumstances when mass decreased after the finat
homogenization, the weight prior to this step v¡as used to
calculate final dry matter.

The following assays of body composition v¡ere made for
each replicate. To determine crude protein, nitrogen nas

assayed via macro-Kjerdahr with a Tecator Kjeltec Auto l-o3o

Ànaryzer. Ash v¡as assayed by combustion at 5oo'c for l-2 hours

in a Thermolyne 3o4oo muffle furnace. Fat was extracted with
petroleum ether in a soxhl-et apparatus according to the

forlowing protocol: (1) Thinbl'es hrere dried at 9o'c for 2

hours and then placed in a desiccator for >L hour. (z) Each

thimble was then weighed and f illed with l-0. O t O. l_ g of
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sample. (3) Thimbles with sanple t¡ere dried at 9O"C for z

hours, then placed in a desiccator for >L hour, and weighed.

(4) A volume of 175 mI of pet,roleum ether and 4-5 glass beads

rrere placed in each 250-n1 Soxhlet flask. (S) No. 4 filter
paper (7 cm) v¡as folded into a cone, the end of the cone

snipped off, and the cone lras mounted in the top of the

thinbre containing the sampre. (6) Thimbles with sample were

placed in the Soxhlet apparatus and extraction begun. (7)

Extraction tt¡as performed for I hours per day, over z

consecutive days, with the soxhret apparatus turned off
overnight. (8) After the extractj-on period, thimbles with
extracted sampÌe were rernoved to a fume hood untir petroreum

ether fumes s¡ere no longer detected (approxirnately 3 hours) .

(9) Thimbles with extracted sample $/ere dried at 9O.C for 2

hours, then placed in a desj-ccator for >l_ hour, and weighed.

Partway through the assays, it t¡as recognized that fat
and/or an unidentified gunmy residue was sometimes extracted
and deposited within the thinbre or filter paper. Thereafter,
those samples in which fat visibry adhered to the thimble

and/or filter paper $¡ere further extracted, sometimes with new

sorvent. Irthenever possibre, estimates of fat were also

adjusted for mass changes in the thimble from pre- to post-

extraction. This adjustment increased the mean fat content (z
dry matter) of L3 kit estimates by O.L9Z (range : -0.992
L.OZZ) and 40 adult estimates by 0.35å (range : -t.372
1.972). Data vrere discarded if there was evidence that they

were incorrect due to extraction difficulties.
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The combined assays for ash, fat and protein generatly

accounted for 87-982 of the dry matter of adults (Fig. 1-1)

and kits (Fig. L-2) . However, in a few cases, substantial
discrepancies existed (eg., the combined assays accounted for
only 69.232 of dry matter for Kit No. i-3) . The principal
cause of these discrepancies was the incomplete extraction of
neutraÌ lipids in very f,at specimens (see Appendix I). To

determine if my protocol was directly responsible for the

incomplete extraction of fat, assays of 8 sarnples hrere

conducted at an independent laboratory. When standard AOAC

procedures were followed at the Food Analysis Section

Laboratory, Manitoba Department of Agriculture, the resulting
mean fat estirnates were 0.68-5.7O2 lower (å dry rnatter) than

those obtained using the above protocol (Adu1t No. 11, Kit
Nos. 10, 13). Conseguently, the fat resources of five of the

adults (Nos. l-l--1-4, 38) l¡ere predicted from the relationship:

tll FAT = 90.276 0.958 PROTASH

(Fr,:r = 695 .2L , P

adjusted fat content

and ash content (Z)

resources of seven of

the relationship:

0.001-, S"¡* : 1.922) , where FAT is the

(Z), and PROTÀSH is the combined protein

of the dry matter. Sinitarly, the fat
the kits (Nos. 7-L3) were predicted from

t2I FAT : 88.91-0 0.955 PROTÀSH
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Figure 1-l-. The proportion of dry matter accounted for by the

cornbined assays for ash, fat and protein (å) in adult (>3- year

old) castor canadensis. Each adult number represents a unigue

animal.
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Figure 1--2. The proportÍon of dry matter accounted for by the
combined assays for ash, fat and protein (z) in kit castor
canadensis. Each kit number represents a unique animal.
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(Fr,r, = L28.O6t P < 0.00L, S"/" = 2.342). f chose to utilize
these predicted values because the individuals vrere among the

fattest beaver sampled, and were therefore particularly
inportant to the study objectives. Furthetsnore, the error in
predicting FÀT was low, relative to its variation. These L2

beaver were collected from I December to L7 February, 9 from

one lodge in the cooks creek area and 2 frorn an adjacent

rodge. Homogenate sampres from most of these beaver changed

color and texture during storage, and were among those which

had partially thawed.

Percentage water in the'tissue hras defined as LOO Z

final dry matter. The fat content of tail tissue vras

predicted frorn the water content of tissue sampres (see part

IfI), according to the relationship reported by Aleksiuk
( r_e7ob) .

StatistÍcal Ànalysis

For each animal, ash, fat, protein and dry matter content

were estimated as the mean of the three initial replicate
measurements. For ash, fat and protein, the estimate was of
acceptable precision if the SE was <l_? of dry matter. ff an

estimate did not meet this precision criterion, further
samples of the initial replicates were assayed. If it was

necessary to sample additional replicates, then the SE was

calculated with the larger n.

Inspection of a plot of Z body fat against time suggested

that body fat content was reasonabry stabre within each of
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four discrete sampling periods (J_6 May - 8 JuIy, 29 JuLy - 2

December, 22 December - L7 February, 19 March - 27 April) , but,

differed between sampling periods. The effects of sampring

period and sex on z body fat were evaruated via ÀNovÀ and

Fisher's LSD test. rn addition, tenporar variation in body

fat resources t¡as modeled with PROC NLIN (PC-SAS) as a

continuous rine segrment (seber and wild l-989) incorporating
two distinct phases. Pretiminary inspect,ion suggested that
the data generally fit this model. The significance of more

complex models, ot size and sex effects, rárere tested wÍth a

partial F approach for improvement of the two-phase model

(e9., Kleinbaum and Kupper t97B; Seber and I{iId j_989).

To examine temporal variation in protein and mineral

resources, it r.iras necessary to control for the considerable

size variation of beaver. Therefore, body crude protein mass

and body mineral mass were predicted frorn structural variables
in muttipre regression analyses. Descriptions of the

measurement of these structural variables are provided in Part
rrr. Body protein mass nas rel-ated to totar body length
(LENcrH) , tail width (TArLwrDT) and tait rength (TArLrrND) in
males (R' : 0.96), and to LENGTH and TAfLI{IDT in females (R,

: 0.93). Body mineral mass rlras related to LENGTH, incisor
length (lrÀNDl-) and whole-beaver ulna length (ULNARND) in mares

(R' = 0.93), and to LENGTH and TAILI{IDT in females (R, = O.B3).

For kits, body protein mass was related to LENGTH and TATLWTDT

(R' = O.9l-), and body mineral mass to hind foot length
(HTNDFT) and TAÏLI{IDT (Rt : 0.91). The residuals from these
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morphometric-based predictive eguations represented those

protein and mineral resources which were not explained on the

basis of size variation, and it. was these residuals which were

examined for temporar and other variation. As the predictive
equations incorporated only morphometric variables which were

significant at P

util-ized only the structural aspects most responsibte for
describing size. the separate predictive eguations used for
male and female beaver emphasizes the structural variation
within each of these groups, and should improve the ability to
detect other sources of variation. Temporal variation hras

assessed from plots of residuals against Julian date, using

simple linear and polynomial regression analyses of the

residuals, or stagewise regression (Draper and Smith l-966), as

we1I as tests of tirne effects within multivariate models.

f chose to examine fat dynamics on the basis of Z body

fat, expressed as the percentage of ingesta-free wet mass.

Although this derived variable rnay reflect variation in other

body nutrients, I rejected using residuals from a body fat
mass-to-size relationship for several reasons. Firstly, a

plot of adult body fat mass against ingesta-free mass clearly
showed that pararneter estimates would be biased. This v¡as

principally due to a lack of independence between adult size

and collection date in the sample. As a consequence, this
sampling effect had a direct bearing on the observation that
the five adults with the highest å body fat (ï = L3.962) vrere

also considerably longer (l = 3-1-2.2 vs 1-02.3 cn) than the f ive
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leanest adults (l = L.742). sinirarly, paraneter estimates

for kits would be representative of fat individuals, as only
one kit in the sample had <5.318 body fat. Furthermore, the
body fat mass-to-body length relationship for kits was weak (p
:0.043) and the precision of the slope poor (Br = n.7r SE =

L7.5r. secondly, for the linear regression of body fat mass

on ingesta-free mass in adults, the absorute varue of the
residual increased with mass (Fr,n, = !O.57, p = O.OO2). This

demonstrates that the assumption of homoscedasticity is
viorated (Kleinbaum and Kupper tgTg). Furthermore, an ANCovÀ

or residual analysis approach assumes that slope effects do

not exist, and this is crearry incorrect. To address size
effects adequatery, it was necessary to transform body fat
mass such that the homoscedastic assumption is not viotated.
Division of total body fat by ingesta-free mass largely
accomplishes this.

sex effects were examined with a test of coincidence
(Kleinbaun and Kupper t97g) for sinpre rinear moders. The

type rrr partial ss of pRoc GLM (pc-sAs) were used to test
individuar terms for multivarÍate moders. Means are generaÌry

reported +l- sE. with the exception of estimates of s and sE,

and tests of partial correration for group effects (including
those for two-phase models), statistical- tests and probability
revers ltrere calcurated according to pc-sÀs version 6.03 (sAS

rnstitute rnc., cary, NC, usA). Tests for outriers (Appendix

I) hrere made according to Grubbs and Beck (Lg7Z).
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RESUIJTS

Fat Dynanics

The body fat content, of adult beaver (Table l-1) varied

with sanpling period (F¡,ao = 28.57, P < O.OOI-) and sex '(Fr,¿o :

6.80, P = O.O1-3). For maIes, fat content decreased with tine
during the 19 March - 27 April sanpling period (Fr,u :7.62, p

= 0.033), and ? body fat was estimated to be 8.48 t O.g7Z at
the midpoint of this period (8 April). This tenporal effect
v¡as responsible for an inabirity to detect a sex effect for
this particular sampling period (P = O.2O7), despite the
greater body fat content of females during the period t_3 April
to 27 April (fr"..r". = 9.662, fr¡.r". : 5.gg9o, p = O.02O).

Temporal variation in body fat content was not apparent within
other sampling periods (P > 0.097).

Adult beaver vrere lean during the sampling period 1_6 May

- I July, particularly the two males sampled on l_6 and 29 May

(0.60? and 0.80? body fat, respectively). By the period 29

July 2 December, the eo body fat of adults had increased

(Table 1-1, P

fat ín the sampling period 22 December L7 February.

However, it should be noted that the four beaver with the

highest z body fat in this sample v¡ere corrected from one

lodge in the cooks creek area. Body fat subseguently declined

during March and April, although beaver retained high fat
levels from 1-9 March through 2 April (x = l-0.68 t O.69eor n =

4). It was not until 1-2 April that an adult was caught with



Tab1e L-1-. Seasonal variation in body
residual ash (g) of kit and
with tl_ SE and sample sizes

Body
reserve

Fat

Protein

Group

Adult male
Adult female
Kir
Adult male
Adult female
Kir
Adult rnale
Adu1t female
Kit

Ash

fat concentration (Z), residual protein (g) and
adult. (>1- year old) beaver. Means are presented
are given in parentheses.

"Kits Ì¡rere sampled from 27 Septernber to 29 May.bAlI kits ana ádult females, ãnd one adutt na-le, $rere trapped from the same lodge.
'Body reserwe increasèd with tirne (P < o.o5¡ wii,nin sampfiirg pãriod.

1_6

8
May-

July

l_. 36+0.66
2.49+O.32
o.e2 ( 1)

-7+L26 (3)
-81_+L30 (3 )68 (1)

-L3+36 (3)
0+62 (3)
33 (1)

(3)
(3)

Sanpling period'

29 July-
2 December

6.60+0.73 (B)
8.02+0.66 (10)
9.05+0.59 (12).

-r.0r85 (8)
L22+s3 (e)
7!r2 (L2)

-r_411_8 (6)
-24+22 (e)
-2!3 (12)

22 December-
L7 Februaryb

L2.O2+O.97 (3)
1_4.3L10.35 (3)
14.69+0.5L (6)"

1-4r-r68 ( 3 )
-6+l_s7 (3)
2otr-3 (6)

30+e (3)
3L+3 (3)
r_t8 ( 6)

L9 March-
27 ApriJ-

7.63!L.22 (8)"
e. 5610.67 (7)
e .35+2.L7 (3 )

-46+L2 (7)
-L40+se (6)
-Bet4s (3)

s+L7 (7)
20+1-2 (6)
-3+l"l_ (3)

Nè
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substantially reduced body fat (3.722). lfost adurt beaver

sampled, particularry femares, exhibited significant levers of
body fat (3.67-L3.O9e") near the end of April. However, by

nid-ttay to rnid-June, adurts had depleted the najority of their
remaining body fat (Table 1-t).

The two-phase model which described temporal changes in
the Z body fat of adults $¡as significant (R, = 0.62, Fz,nt =

2L.97 , P

effect (T' : O.7L, Fs,37 : 2.82¡ P < O.O5). The sex effect was

apparentforthefatmobi1izationphaseofthenode1(P<

0.05), but not for the accretion phase (p

models (Fig. l--3) demonstrate the increase in ? body fat from

a lean condition in late spring (eg., 30 May: J.Date = LsO)

through to peak fat levels in winter (eg., 4 February:

J.Date+365 : 400), followed by a decline in body fat,
particularly in males, by 27 April (J.Date+365 : 4BZ). À

rapid decrine in the body fat content of males relative to
that of females was arso apparent. The fit of the data to
this model s/as reasonably strong for both females (Rr: O.71-,

Sy/x = 2.062, F¡,re = 1-5.59, P < O.OOI-) and males (R, = 0.67, Sr/*

= 2.322, F:,re = L2.35, P ( 0.00f). fn contrast to total body

fat, the predicted fat content of tail tissue showed littre
temporal variation (Fig. 1-4).

The body fat maxima for males (16 March: J.Date+365 =

44o) appeared to be strongly influenced by the steep negative

slope of the fat nobilization portion of the cycle (Fig. 1-3).
Furthermore, the å body fat of mares sampled from 1-3 January
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Figure i--3. Temporar variation in body fat concentration (z

ingesta-free wet mass) of adult (>J- year old) femare (closed

circle) and mal-e (open triangle) castor canadensis from

southern Manitoba, l-988-l-990. The two-phase model was fÍtted
by a non-linear regression procedure.
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FigureI-4.Tempora1variationinthepredictedfatcontent

of tail tissue (z wet mass) for adult (>1 year old) castor
canadensís from southern Manitoba, l-ggg'Lggo. Beaver >2 years

old denoted by open triangle
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to 2 February (i = L2.O2 + 0.972, D:3) v/as similar to that
of males sampled from 23 March Eo 2 April (x : 1-3_.26 + O.5l_å,

n : 3), suggesting that fat resources may have been stable
between these periods.

Residuals vrere similar for the pregnant (x = -O.27 +

L.O6å, p = 5) and non-pregnant (O.LTZ and O.Lgeo, n: 2) adult
females sampled between l-9 March and 27 Àprit. Among the

three pregnant females with negative residuals, one was a

small (l-3.46 kg) 2-year-oId with one fetus (ei : -1.59U ), and

the other was a mature (6+ years ord) female which had ernerged

from beneath the ice to forage in late March, and had two

embryos (ei : -2.342). The adult with the highest residual
among all females üras >6 years old and had 6 fetuses (t :

360.0 g) .

Neithertheresidua]-sfromthetwo.phasemode1s(P>
O.44L) nor their absol-ute values (p

rerated to body length or ingesta-free mass in either femares

or males. Therefore, these analyses do not provide support

for an ínfluence of physical size on Z body fat. Obvious

rerationships were not apparent when residual-s were protted

against age.

seasonal variation in the å body fat of kits was simirar
to that of adults (Table l--l-; Fz,ú : L4.97, P ( O.OO]-), but a

sex ef fect hras not apparent (Fr, rz = 1. 5l_, P = 0.236) .

Temporal variation existed within the 29 July 2 December

(Fr,ro = 9.O6, p:0.01-3) and 22 December - 17 February (Fr,¿ =

L5.35, P = 0.01-7) sanpling periods. The first kit was
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collected on 27 septenber, therefore age classes were compared

over the period 27 septenber Eo 2 December. The predicted å

body fat of kits at the midpoint of this sarnpling period (30

october: 8.63 + o.472) was similar to that of adurt femares (x

= 8.30 + 0.782, D : -9.), but greater than for adult males (ï =

6.21 + 0.83å, n = 6). For the sampling period 22 December -
L7 Februâry, aÌl- six kits and four of the adurts were from the

same lodge. The å body fat of kits (Table l--l-) did not differ
from that of the adults trapped from this lodge (x = l_4. l_g t
o.282) .

For the period 27 September - 25 Àpril, the ? body fat of
kits was described by a two-phase model (Fig. i_-si R2 : 0.65,

Sy/x = 2.Oi-2, Fz,n : LO.32, P ( 0.001). A sex effect was not

apparent for the fat accretion phase of the model (Fz,u :
L.75, P

phaser €rs neither the residual nor its absorute value were

directly related to length or ingesta-free mass (p > O.O7g).

The predict.ed fat content of tail tissue from kits varied
between 42.922 and 66.6L2 (n : B) for the period l-6 october -
l-5 December, and was 3l-.5gz in the beaver sampled on 29 May.

The body water mass comprised a greater percentage (E = 7.64,
df : 60, P < O.OOI-) of the combined mass of ash, prot.ein and

water in kits (x = 75.42) compared to adults (x = 73.l--Z).

Protein Dynamics

The residual protein mass of adult males did not vary

directly with Julian date (Fr,r, = 0.60, P = 0.449). The
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Figure l--5. Temporal

ingesta-free wet nass)

Manitoba, l-988-1990.

from proteÍn and ash,

model was fitted by a

variation in body fat concentration (Z

of kit Castor canadensis from southern

Open triangJ-es denote values estimated

as a Z of dry matter. The two-phase

non-linear regression procedure.
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residuals appeared to be low for mares sampled from 23 March

to 1-6 May (-x : -67 t 24 g) , but the structurally-based model

was not improved by ínclusion of this group effect (Fr,re =

l-.84, P : 0.1-94). Residual protein did not differ among the

sanpling periods in Tabte l--L (P = O.5l-O).

Examination of protein variation over the same time frame

as I body fat revealed the existence of a temporar guadratic

relationship for adult females (Fig. t-6 ì Fz,n = 4.43, p .:

o.o27). The predj-ction of body protein mass from structural
variabres $¡as improved by the addition of a tine effect (Fz,rs

= 4.24, P ( 0.05), and the relationship was described by:

t3l PROT = -8292 + 7.936 LENGTH + L7.LZ5 TAILWTDT

+ 5.789 DATE - 0.00965 DATE2

where PROT is the total protein mass in g, LENGTH is in mm,

TATL}ITDT is in mm, and DATE is the Julian date on which the

beaver was coll-ected (+365 if prior to l-6 May) . Residual

protein did not vary among the sampling periods risted in
Table l--1 (P = 0.O72) | but did differ between the 29 JuIy - 2

December and l-9 March - 27 April períods (p : O.OL4).

Generally, it was pregnant or J_actating females which

exhibited the rowest residuars. one of the two tactating
females had a residual protein of -340 g, and a totar protein
mass which b/as 89.5u of that predicted on the basis of
structurar characteristics. The direct relationship expected

between residual protein and residuar body fat was not
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Figure 1--6. Temporar variation in protein reserves of adurt
(>1 year old) femal-e Castor canadensis from southern Manitoba,

l-988-1-990. Open triangle denotes AduÌt No. 43.
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observed in either female (P : 0.964) or nale (p : 0.577)

beaver.

For kits, there rlras no evidence of a direct relationship
between residual protein mass ana time (Fr,ro : 0.36, p =

0.553). comparison of sarnpling periods (Tabre 3--J-) indicat,ed

a time effect (Fz,re : 6.39, p : O.OOB), with kits from the l_9

March - 27 Aprir period having lower protein reserves than

kit's sampled in the other two periods (p < o.oo5). A direct
relationship between residual protein and residuar body fat
was not observed in kits (p : O.2LO).

lfineral Dynanics

cornparison of residual ash mass for the sampring periods

in Tabl-e L-l- did not reveal temporal effects for adult rnales

(Fs,rs = O.76, P = O.537) t adult females (F:,r, = 0.96, p :
0.432) | or kits (Fz,ie : 0.09, p : O.9l_5). A group effect was

not apparent in the adult data set which combined the sexes

(F¡,:o = 1-.77, P = 0.170); however, residual ash differed (p =
O.O47) between the periods 29 JuJ-y - 2 December (l: -2O + t-s

g) and 22 December - 17 February (i : 3l- + 4 g).
A plot of residuar ash mass vs Julian date suggested

temporal variation in adurt fernales. To examine this
variation beginning from females with low residuals, Jurian
date was adjusted by the addition of 365 if the date hrere <j.7s

(24 June). Residual ash was directly rerated to this adjusted
time scale (Fig . L-7 i Fr, rg : l-0.07, P : O. OO5) . For adult
males, residuar ash mass did not rerate directly to Julian
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Figure J.-7. Temporal variation in minerar reserves of adurt
(>1 year old) female Castor canadensis from southern Manitoba,

l_988-l_990.
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date (Fr,rz = 3.68, P: O.O72), nor to the adjusted Julian date

(P : 0.L52) , although the trend was similar to adult females.

For the 27 septenber - 29 May period, the residuar ash of kits
did not relate directly to time (Fr,zo : L.15, p = 0.296).

DISCUSSION

Fat DyDatnics

Àccretion and maintenance in adults

various authorities have suggested that the cache

represents the primary, if not sole source of food avairable
to a colony in winter (Novakowski i-967; Areksiuk 1-970a). on

this basis, Novakowski (L967) estimaÈed that, in three out of
five colonies, the energy resources of the cache were

inadeguate for beaver to maintain energy bar-ance. However,

Novakowski (1967) assumed high digestíbility coefficients
(eg-, 52.4-60.Lz¡ see Buech L9B7 ) and grossly overestimated

the amount of energy avairable to beaver from a cache

(Aleksiuk i-970a) . Novakowski Q-967 ) also did not consider the
potentially high metabolic costs of digestion and foraging in
cord water (Dyck and MacÀrthur 1993b). Therefore, studies t,o

date suggest that the beaver's winter metabolic requirements

far exceed the energy provided by the cache.

As in the Arctic (Aleksiuk and Cowan l_969b) , beaver in
southern Manitoba continue to store lipids after permanent ice
formation, when their activity is confined to lodges, bank

dens, air pockets, and near-freezíng water. In both regions,
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maximum body fat levels appear to be achieved in mid-winter.

Even after a winter during which streams are ice-covered for
4-5 months, the fat reserves of beaver from southern lfanitoba

ttere similar ín nagnitude to those observed prior to freeze-

up. lfy models predicE a Z body fat for females of 9 .7SZ on L5

November and 9.80å on L5 April, compared with values of B.09å

and 7.222 for male beaver on the same dates. Therefore,

beaver do not appear to mitigate shortfalls of energy in the

cache through significant mobilization of stored body fat.
Several factors could account for the ability of beaver

to increase their fat resources after freeze-up and to
generally maintain high fat levels throughout winter. First,
there is evidence to suggest that beaver wirr supplement food

stored in the cache with items 1ikeIy to be high in digestible
energy. For example, the rhizomes of yelIow pond-Iily (Nuphar

variegatum) are commonly found in caches, and can constitute
a major food itern for beaver (Nash l-951-). Interestingly,
Jenkins (L981-) reported that the rate of tree cutting during

faII was minimal- for a colony with access to yel1ow pond-Ii1y

and fragrant water-liIy (Nymphaea odorata) rhizomes, and he

suggested that this trend vras related to the use of these

aquatic plants for food. MacArthur and Dyck (l_990) provided

evidence to suggest that beaver will forage on emergent

vegetation beneath the ice, presumably in situations where

they can utilize the rhizomes of species like cattail (Typha

gp. ) . Given the large size of some aquatic rhizomes

(Northcott 1,972) and the likelihood that they are high in
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digestible energy (Campbe1l and MacArthur Lgg4), I suggest

that such food items shourd constitute a highry preferred

forage of beaver during winter. rt is noteworthy that the

majority, if not aII beaver from this study would have had

access to aquatic rhizomes.

Another strategy for achieving high body fat levels in
winter may be for beaver to extracÈ nutrients more efficiently
from availabre food resources, particularly the bark and twigs

of the cache. Beaver apparently have a poor abirity to digest
aspen bark in late spring (Buech l-987). However, since beaver

ín winter increase the mass of their lower digestive tract
(Part rr), it is likely that the digestibility of aspen bark

and other fibrous items improves during this season.

Furtherrnore, the increase in the mass of the beaverrs smarL

intestine in winter (Part rr) may also be associated with an

increase in the uptake rate of highly digestible nutrients
(Bozinovic and rtturi l-990). An increase in digestive and

assimilation efficiencies would not only reduce forage biomass

requirements, but could additionally serve to minimize the

metabolic costs of foraging in cold water.

Aleksiuk and cowan (L969a) reported that the mass of the

thyroid exhibited considerabre seasonal variation, reaching a

mininal value in winter, and they suggested that rnetaboric

rate may foIlow a similar circannuar rhythrn. To date,

metaboric triars have been conducted principarly on yearlings

and young adults, during periods when beaver typically grow

and/or incur the metabolic costs associated with body fat
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storage and cache constructíon (MacÀrthur 1999; Dyck .and

MacArthur 1993b). Thus, there exists a distinct possibirity
that the v¡inter netabol-ic rate is depressed berow current
estimates derived from laboratory studies (see Dyck and

MacÀrthur 1993b). certainly, any depression in metabolism

v¡ould reduce maintenance requirements, and could allow for a

surplus of energy to be stored as fat.
l,lobilization phase in aôults

rn this study, female beaver appeared to mobirize fat
from mid-winter to spring break-up. However, it. should be

noted that few data $¡ere collected over this period. For

mares, the major decline in body fat appeared to occur just
prior to, or during, spring break-up. The mobirization of fat
by adurts during late winter wourd coincíde with a period when

beaver may exhibit limited motor activity (Dyck j_99j-; Dyck and

MacArthur L992). For example, between l-6 and 20 February,

Dyck (l-991-) found that one adult beaver spent an average of
L3.7 minutes/day outside of the lodge. Arthough data on

winter foraging efficiency does not exist, r suggest that this
leveL of activity would generalry be insufficÍent to provide
for dairy nutrient requirements, and that fat reserves were

likely rnobilized at this time. A decrine in the quarity of
bark in the cache (skinner l-984) may adversely influence
energy balance, especially in rate winter. Ànother factor
that night contribute to a decrease in fat resources in rate
winter is the decline in cecal mass (part rr), which suggests

a lower fiber digestibility at this tine.



39

The few beaver examined from late winter in this study

did not denonstrate an obvious decline in the mass of ingesta.

This is not surprising, as current estimates of metabolic

reguirements dictate that beaver must continue to forage

during this period. For example, the model developed for
female beaver predicts that fat reserves of a 2}-kg (t7.2O2 kg

ingesta-free) aniinal would decrine by 643 g between 5 February

and l-5 Apri1. Àt basal reguirements (MacArthur t_989) and

assuming an energy eguivalent of 39.3 KJ/g of fat (Schnidt-

Niel-son 1979), this same beaver- would require 4265 g of fat
over the above period. Arthough it appears that beaver must

continue to provide most of their energy reguirements during

late winter through foraging, this does not preclude the
possibility that activity rnight be reduced to a minimum level,
thereby substantially decreasíng energy demands.

At spring break-up, ot shortly thereafter, beaver from

southern Manitoba rapidly mobilize their considerable fat
reserves. some of the vegetation avaiLable to beaver at this
time is actively growing and should be highly digestibre. For

example, sedges can initiate growth beneath the ice (Gorham

and Gibson somers L973) and 1ikely provide beaver with a high-
protein food at an early date in southern Manitoba (carnpbe]-l

and MacÀrthur L994). rt would appear, then, that food guarity
is not the prirnary reason for the rapid deptetion of fat
reserves in the spring. However, if beaver were to continue

to forage primarily on bark at this timer âs the data of
Svendsen (l-980a) suggest, then fat resources night be
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criticat, given the low digestibility of bark (Buech LggT).

Although foods of high digestibility and protein content

become availabre in early spring, this is also a tine when

floods may be disruptive to beaver (Novak I9B7).

conseguentry, it is possible that an increase in the rever of
motor activity is targely responsible for the spring decrine

in fat resources. Dispersar (svendsen l-g8ob; Novak i-g97l ,

sonatic arowth, social interactions (Novak LgB7l, and the high

metabolic costs of gestation incurred by females in rate
pregnancy (eg., Oftedal l_985), may aII impose additional
energy costs at this tirne

The substantial fat resources of beaver at spring break-

up likely represent an adaptatJ-on for coping with an

energetically costly stage in the annual cycle (King and

Murphy l-985; Huot 1-988) . However, this may not be the

circumstance during a typical year in which floods are minor

and beaver are able to forage on emergent or submergent

vegetation, and access an abundant supply of woody vegetation.

The apparent surfeit of body fat in late spring suggests that
beaver from southern Manitoba rnight be adapted to atypical
years when these animars encounter severe energy deficits.
such a year might include a long or unusualry cold winter with
thick ice, delayed growth of new vegetation in spring, and./or

severe spring flooding. under these conditions, a reserve of
body fat could prove critical to overall fitness.

fnflueuce of sex and age

Adurt females typically had greater fat reserves than
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mares during the rnobilization phase of the annual cycre,
particularry in late spring. This resurt is not surprising,
since femare mammals often exhibit larger fat stores than

mares (Young 1976). Atthough female beaver nere generally
fatter than males during accretion, it was not possibre to
statistically denonstrate an infruence of sex. Due to the

high costs of gestation (oftedal l-985) , the rnetaboric rates of
most femares, particularry those near parturition, were rikery
greater than those of males in rnid-spring. on the basis of
fetal growth rates (Pi11eri et al-. L9g5), several of the
pregnant femares colrected would have been crose to
parturition, incl-uding one beaver estimaÈed to be i-3 days from

parturition.

Fat resources must be considered in the context of both

present and future demands for energy (King and Murphy l-985;

Huot l-988). Therefore, the greater fat reserve of adult
females in spring is likely a consequence of predictable
metabolic costs of reproduction which presumably exceed those

of males. rt is noteworthy that in mid-spring, the average

body fat content of 2-year-oId females (8.832) was similar to
that of adult females, but greater than in 2-year-old mares

(3.672, 3.722). The relatively high fat content of these

young females may represent a contingency resource in the

event that they become pregnant. The additionar stored energy

avaiLable to femares might also be criticar t.o successfur

reproduction in years characterized by unusualry stressful
springs.
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Temporal variation in the body fat levels of kits tras

consistent with that of adults. Kits were already guite fat
by early faIl, with predicted body fat levels of 9.9O2 on j-s

November, L4.772 at the mid-winter peak on L9 January, and

9.03å on l-5 Apri1. ft appeared that kits, like adults,
increased their fat resources after the fornation of
persistent ice; however, further data are required to verify
this trend. Às body fat content was corrected from few kits
between mid-winter and spring, and the cache of one of these

kits v¡as apparently removed by ice, the prediction of z body

fat over this period is imprecise and shourd be treated
cautiously.

Comparison nith other populations

Due to Aleksiuk and Cov¡an's (L969b) use of indices,
comparison of the fat dynamics of southern Manitoba beaver

with those of Àrctic beaver is difficurt (see part rrr).
Furthermore, Àleksiuk and cowan (i-969b) did not treat femares

and males separately, and only reported on immature beaver.

Despite these differences in rnethodorogy, the body fat cycle

of beaver from southern Manitoba is generally consistent with
that reported for Arctic beaver (Àleksiuk and cowan i-969b).

Beaver from both areas are lean during the spring and early
sunmer, and gain fat from mid-summer untir freeze-up.

similarly, beaver from the Àrctic continue to deposit
substantial amounts of fat while restricted by ice cover, and

these reserves peak at approximately the same t,ine for both

populations. rn contrast to southern Manitoba populations,
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mobilization of fat reserves may end some 2-3 weeks rater
beaver from the Arctic.

A perirenal index was one of the indices used by Àleksiuk
and cowan (l-969b) to moder fat dynamics. rf it is assumed

that the index was deternined according to the methods in this
study (see Part III), then beaver from southern Manitoba store
considerably more fat than do Arctic beaver. For exampre,

nearly 752 ol the beaver f examined had indices which exceeded

the maximum documented by Àleksiuk and cowan (l-969b).

Furthermore, the relationship'deveroped in part rrr predicts
a body fat content of only 6.47e" for the fattest Arctic
beaver. Given Aleksiuk and cowanrs (l-969b) specuration that
Arctic beaver r{rere comprised of t... perhaps 3o-4oz fat.r,
differences in formuration of the index may have been

responsible for this apparent geographic distinction.
For beaver 32 years of agê, Aleksiuk (l-970b) reported

strong seasonal- variation in the fat content of tail tissue.
ïn contrast, r found that tair fat vras depressed onry

infrequently in beaver >1 year old. Therefore, the seasonal

mobilization of lipids from the tail depot observed in Arctic
beaver (Àleksiuk l-970b) is neither widespread nor temporarry
protracted among adurts frorn southern Manitoba. As the fat
resources of the tail depot are among the rast to be mobilized
(Àleksiuk l-968; Part rrr), the evidence suggests that beaver

from the Arctic may often exhaust a greater proportion
(perhaps the najority) of their fat resources prior to the end

of winter. This conjecture is consistent with Ateksiuk's
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(L970a) observation that one month prior to break-üp, beaver

from as many as half of the colonies he studied cut hores in
the ice and emerged to forage.

The predicted z tail fat of kits $¡as greater than that
observed by Areksiuk (1970b) for Arctic beaver of similar age.

As the fat content of the tail reflects total fat resources

(Part rrr), kits from southern Manitoba appear to have larger
lipid stores than do kits from the Arctic. perhaps as a

consequence of the shorter growing season and/or later
parturition dates, Arctic kits may not be abl-e to acguíre the

fat reserves of kits from more southern latitudes. Às further
support for the existence of constraints on nutrient
acguisition in Àrctic beaver, the kits in this study vrere much

Iarger than those collected by Aleksiuk (1968).

Beaver from the cooks creek and southern Netley Marsh

areas were subject to commercial trapping, and the population

density of the cooks creek area was row as a consequence.

Exploitation rate rnay influence female growth rate, the age at
which females conceive, and age of dispersal (Boyce L9g1t

storm and Tzilkowski Lgg2). The rernoval of beaver áuring
winter may also increase the abundance and guarity of
availabre food resources to remaining members of the corony.

rn both of these areas, primary production r¡ourd have been

high and habitat quality good. Therefore, the noders

developed in this study may refrect the cornbined effects of
the exploitation rate and habitat guality on body fat
reserves.
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Protein anô llineral Dynrmics

It lras principally pregnant and lactating females that
had row protein reserves. rn this context, it is important to
note that the body protein leve1s of pregnant females incLuded

the often considerable protein mass of the uteri and fetuses.

For example, based on the protein content of fetuses and

newborns of other species (Huot l-999; Virgl and Messier

L992jr-), and the mass of fetal tissue, fetuses night have

represented >-62 of the total body protein of the female

nearest parturition. Therefore., temporar variation in body

protein, exclusive of that invested in reproductive tissue,
should be even greater than that reported herein.

During pregnancy, female beaver apparently maintain the
growth of fetal tissue at the expense of their ovrn body

protein. This body protein deficit also appears to exist in
post-partum lactating females. These findings impry that
forage protein levers prior to, or soon after, parturition
might be crucial, and suggest, that stored body proteins play

a key rore in female reproduction. rt is rerevant to note

that a decrease in protein levers was not apparent in adurt

males, further suggesting that the response in femares was

linked to reproduction.

Às suggested by King and Murphy (l_985) , femal_e beaver nay

effectívery store body protein in anticipation of the
predictable events of gestation and lactation. Àdu1t fernales

exhibited high body protein reserves from rate farr through

early winter, with the body protein level predicted Lo peak on
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2 November. rt is likely that femare beaver buird these

reserves while they have access t,o high-prot,ein foods, prior
to being restricted to lower quality winter forage.

Although the protein reserves of kits appeared to be row

in spring, this finding was due principally to the very low

residual protein of a kit whose food cache had apparently been

destroyed by ice novement. conseguentty, it is premature to
infer temporar variation in this age crass. Nonetheless, this
study did demonstrate that several individual kits vrere Ín
rerativery poor condition with respect to their body protein
reserves

The hypothesis that beaver with relatively row protein
reserves r,\rere al-so those 10w in body fat, was not supported by

the data. This suggests that the abirity to maintain body

protein is generarry independent of the amount of stored fat,
and that the beaver examined in this study did not cataborize

significant amounts of protein when in a negative energy

balance.

The body ash reserves of adurts appeared to be rerativery
low from mid-summer to freeze-up. For females, this trend was

particurarJ-y apparent for the period from 24 June - g october,
when ash reserves vrere well below average (Fig. 1-7). This

suggests that the diet of female beaver may not provide for
their mineral reguirernents during this time of active somatic

growth. Body minerar reserves v¡ere above average from nid-
winter untir the beginníng of summer, suggesting that winter
food provides a more than adequate source of the principal
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body mineral-s.

8r¡nmary

In this study, beaver did not appear to reguire
substantial amounts of body fat to supprernent shortfalls of
energy in the cache. Rather, these reserves appeared to serve

principally as a source of energy during spring. Due to high

reproductive costs, body fat and protein reserves appear

particularly important for females in spring. Future studies
should focus on the factors responsible for these sex-related
differences in body composítion. seasonar variation in the

nutrient content of ingesta should also be examined, to assess

the role of diet quality in body nutrient cycles.
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PÀRT II

Tenporal and sex-related variation in tbe gut of the

beaver, Castor canadensis
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IIf,TRODI'CTION

rn northern ecosystems, the biomass and guarity of forage

consumed by herbivores are often subject to strong seasonal

fluctuations. of particular importance, the fiber content of
forage often increases with prant senescence, thereby limiting
the extent to which herbivores can digest these foods. As

well, the requirement for energy fructuates in response to
seasonal variation in microcrimate and to significant life
history events like reproduction.

Laboratory studies have itearty established that the gut
of small herbivorous rodents responds morphologicarly to
changes in dietary f iber (woodarl l-989; Hammond and t{under

l-991; Nagy and Negus l-993 ) or energy demand (Hammond and

wunder l-991-; Derting and Bogue l-993; Nagy and Negus l_993).

The gut generally lengthens and/or becomes heavier if diet
guarity is poor or intake high. However, such findings must

be viewed with cautionr âs smarr rodents are often under

nininal nutritional challenge in the raboratory environnent,
and experimental treatments may not reflect natural conditions
(eg., I{oodarr L989; Hammond 1993). Àlthough the magnitude of
variation may be less than in laboratory triars , size and mass

of the gut have been shown to vary seasonalry in natural
populations (Bozinovic et al. 1990; Virgl and Messier 1,gg2ai

Hammond l-993).

The beaver, castor canadensis, is a rchoosy generalistrl
which serects food from a wide range of plant species found in
its habitat. From late spring until the end of sunmer, the
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diet of this large rodent includes grasses, forbs, aguatics,

and the leaves and apical portions of shrubs and trees. For

the remainder of the year, the diet appears to be dominated by

bark and terninar twÍgs (Aleksiuk L97oa; svendsen L980a; Novak

L987r. The winter food cache may also be supplemented.by, or
occasionally, rây consist entirely of aguatic rhizomes (Nash

l-951; Jenkins 1-981-). Hov¡ever, the contribution of rhizomes to
the winter diet is not crear, and it is reasonabre to assume

a winter diet which is generally dominated by bark.

Jenkins (l-981-) indicated that the fiber content of bark

is much greater than for green vegetation. Furthermore,

nutrients of high digestibility may leach white the fiber
proportion increases in bark stored over the winter (skinner

1984). conseguently, the ability of beaver to access energy

from fiber may become more important as winter proçtresses.

Although beaver can digest naturar fiber (Hoover and clarke
L972'), a winter diet of bark and twigs should nevertheless

constitute a fonnidable digestive challenge to this species.

Therefore, r hypothesized that beaver might adjust their
digestive tract in response to seasonal variation in food

guality. The principal objective of this study was to examine

temporal and sex-rerated variation of the beaver gut. rt is
werl known that the cecal mass of rodents increases in
response to increased dietary fiber (Hamrnond and l{under l-991-;

Loeb et aI. l-991), a response that enhances the abirity of
these animals to extract energy from this dietary constituent.
Therefore, r arso hypothesized that body fat resources shourd
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relate to cecal mass in beaver.

IrlETgODg

Details concêrning the study areas, sampling regime,

processing of specimens, and determination of body composition

are provided in Part r. soon after colrection, beaver were

weighed to the nearest 1- g on a sartorius erectronic barance,

or to the nearest L5 g on a Toledo scale for 2 beaver >26 kg.

During necropsy, the stomach, sma1l intestine and cecum

v¡ere removed. The colon, from the cecum to a point xZ cm

anterior to the interior longitudinal fol-ds of the rectum, $ras

removed and defined as the large intestine. The remainder of
the col-on, including the anus, v/as then excised. with the

exception of this last section of the colon, all adipose

tissue and associated mesentery were removed from the gut.

Organs with ingesta were weighed, cleared of ingesta, and then

re-weighed to determine ingesta mass. Tissues were weighed to
the nearest 0.1- g on an ohaus Dial-o-gram Èripre-beam barance.

Lean body mass was defined as ingesta-free mass ress mass

of body fat (estimated in Part r). r chose to use l-ean body

mass to control for size variation because ingesta-free mass

incorporates mass changes which are independent of size.
Residual fat h¡as defined as the residual from the two-phase

model- for temporal fat dynamics (see part r). rt is a measure

of the fat contentr oD an ingesta-free, wet mass basis,
corrected for temporar variation. The total gut was defined

as all gut segments exclusive of the posterior colon and
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rectum.

Most of the statistics hrere calculated with PC-SAS

version 6.03 (sAs rnstitute rnc., cary, Nc). Relationships
$¡ere examined with sirnple linear, polynomiar and nurtiple
regressions, and dependent and independent variables were rn-
transformed as approprÍate. Individual terms in multivariate
rnoders were tested with the Type rrr partiar ss of pRoc cLM.

The basis for model selection amongi sirnple regressions was the

calculation of the root mean square error (RMSE = Srr"), and

inspection of residual- plots to detect violations of test
assumptions. rf the dependent varÍabre had been ln-
transformed, predicted values vrere retransformed to the

original basero scale to calculate the RMSE (Ànderson-sprecher

L994). sex effects were examined with a test of coincidence

(Kreinbaum and Kupper ]-978) or, for multivariate moders, with
Type rrr partial ss and backward elimination of effects for
each term. For linear regressions, the standard error of y at
xo was estimated according to Kleinbaum and Kupper (Lg7B) | and

means are reported +1 sE. Relationships between organ mass

and lean body mass were determined, and temporal variation in
organ mass lras examined via stagewise regression (Draper and

snith L966) of l-ean body mass-corrected residuals vs Julian
date, and by tests of tirne effects in furt models. Test

acceptance hras set at a type f error of <0.05.

REST'IJTS

Lean body mass of adult beaver varied from tO.27 to 23.84
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kg (Tab1e 2-I). Cecal mass related directly to l_ean body mass

(Ft,n, = 20.00, P

strong temporal quadratic relationship (Fig. 2-L, Fr,no =

19.44, P ( 0.001-). The mass of the cecum was relatively low

from late spring to falI¡ Ers evidenced by the negative

residuars for beaver sampled between 1-6 May (J. date 1-36) and

3 October (J. date 276). Inclusion of lean body mass and

tenporal quadratic effects in one model yielded the

relationship described by:

t1l CECMAS: 149.7 + 4.78I LI{T - 3..262 DATE + 0.003336 DATE2

(R' = O.7O, F:,3s = 29.83, P < O.OO1), where CECMÀS is the mass

of the cecum in g, LWT is the lean body mass in kg, and DATE

is the Jurian date on which the beaver hras cotlected.
According to this model, cecal mass was maximal- on 1- January

and minimal on 8 July (L18.5 g below maximum). The cecal

masses on Jurían daÈes l- and 365 were simirar enough to
conclude that the guadratic moder was reasonabre. sex effects
were not found for any term in the model (p > 0.11-0); however,

the variance of the residuals v/as greatest for rnales (Fzo,zt :

2.66, P : 0.031). Residual body fat was directly related to
residual cecal mass in males (Fig. 2-2i one-tailed test, ! =

L.93, df : l-9, P:0.034) but not in females (one-tailed test,
t: -0.25r df = 20r p = 0.597).

The mass of the large intestine varied directly with rean

body mass (Fr,a, : 38.28, P
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Table 2-1-. Physicat characteristics of adult (>1_ year otd)
beaver from southern Manitoba, 19g8-l_990.

Characteristic Sexa x Range

Lean body mass (kg)

Cecum mass (g)

Large intestine mass

Smal-I intestine mass

Stomach mass (g)

Total gut mass (g)

(g)

(g)

F
M
F
M
F
M
F
llf
F
M
F
M

l_5. ol-
L5.36
LAL.6
l-36.8
254.2
239 .6
l_98. O

L75.8
L29.3
Ll-8. o

723
670

3.16
3 .49
37.L
50.2
63.3
74.9
57.2
52.3
23.3
30.7

L54
l_95

LO.5L-22.57
IO .27 -23 .84

6L.4-2L5 .3
7 L.6-27 5 .6

132.4-4L0.2
L45 .3-384 .6
L25.L-329.8
84.9-27 6.9
9L. 3-l_86.9
65.2-L82.7
443-),]-20
393-1-O78

asample included 22 female and 2l- male beaver.
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Figure 2-1-. Temporal variation in the mass of the cecum of
adurt (>1- year oId) castor canadensis from southern Manitoba,

l-988-1_990.
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Figure 2-2. Linear rerationship between body fat (residuals
from two-phase model for temporal fat variation, å wet mass)

and mass of cecum (residuals from cecal mass vs l-ean mass and

tirne, g) for male adul-t (>1- year old) castor canadensis from

southern Manitoba, l-988-L990 .



àe

-Þt
o
lJ-o

E
o
m

E-z
f

a:

rn
q)

É.

Y: -0.07 + 0.028X

o

-25 0

Resid uo I Ceco I Moss (g)



57

exhibited a quadratic temporal pattern simirar to that
observed for cecal mass (Fig. Z-3ì Fz,qo : 15.39, p ( O.OOL).

The relationship with lean body mass and time effects was

described by:

l2l LTNTMAS = L4L.2 + L2.o44 LI{T - L.3s2 DATE + o.oo3844 DATE2

(R' = O.72, F¡,:s = 33.34, p < O.OOI-), where LINTMAS is the mass

of the large intestine in g. A sex effect was not detected

for any of the model terms (p > o.i-05). on the basis of the
above model-, it v¡as estimated that the mass of the large
intestine $¡as maximar on 3l- December and minimar on 5 June

(L37.5 g below maximum).

The mass of the small intestine \¡ras directry rerated to
lean body mass (Fr,a, = 23.27 | P

for this segment of the gut also exhibited a guadratic

temporal ef fect (Fig . 2-4 i Fz,a,o : l-L.26 , p

model based on lean body mass and temporal effects was

improved by a sex effect for lean body mass (Fr,se = 4.6!, p:

0.038). The relationship for females was described by:

t3l STNTMAS = 91.8 + 9.823 Lwr - 0.870 DATE + 0.002632 DATE2

(R'= 0.64, Fn,¡e: l-6.02, P <

of the small intestine in
identical, except that the

body mass uras 8 .32O. On the

0.001-), where SINTMÀS is the mass

g. For males, the model Tr¡as

regression coefficient for 1ean

basis of these relationships, the
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Figure 2-3. Temporal variation in the mass of the large
intestine of adult (>t- year old) castor canadensis frorn

southern Manitoba, 1989-1990.
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Figure 2-4. Temporal variation in the mass of the small

intestine of adult (>1 year o1d) castor canadensis from

southern Manitoba, 19g8-l_99O.
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smarl intestine vras predicted to be l-5.4-35.8 g heavier in
females. small intestine mass was estimated to be maximar on

31- December and minimal on 1,4 June (L05 g less than maximum).

The mass of the stomach was directly related to rean body

mass (Fr,¿r = 4I.34, P < 0.OOl-) and varied with sex (Fig. 2-Sì

Fz,y : 4.57, P ( 0.025). The stomach mass of small adults was

greater in females than in males (eg., F: ûr, = j_11.8 + 6.7 g,

M: 9r' : 85.5 + 6.0 g). Hohrever, stomach mass did not differ
for larger animals (eg., F: 9rz : l-38.0 + 4.g gì M: ir, = 1'30.2

+ 4.L g) . A linear relationship vras apparent between the
residuals of stomach mass corrècted for sex and lean body mass

effects, and time (Fig 2-6ì Fr,nr : 5.95, P : O. Ol_9) . In
theory, stomach mass should be armost eguivalent on L January

and on 3L December. Therefore, the data suggest the existence

of a comprex temporal pattern in stomach mass that does not
conform to a simple quadratic model. The time effect improved

the modeL (Ft,¡e = 6.LQ, P : 0.01-8). I{ith all of these effects
incorporated, the model for females was described by:

t4l STOMAS : 43.1 + 4.876 LWT + 0.064 DATE

(Fn,ra : :--7.83t P

stomach in g. The model was identicar for males, except that
Bo was -l-3.0 and the regression coefficient for LWT was 7.944.

Total gut mass (cecum, large intestine, small intestine,
stomach) related directly to lean body mass (Fr,¿r = 43.40, p

< 0.00L), and the residuaLs exhibited a strong quadratic time
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Figure 2-5. The relationship between stomach mass and lean
body mass for adult (>1 year old) female (sorid circles) and

mare (open triangres) castor canadensis frorn southern

Manitoba, l-988-l-990.
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Figure 2-6. Temporar variation in the mass of the stomach of
adurt (>1 year old) castor canadensis from southern Manitoba,

l_988-1990.
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Figure 2-7. lemporal variation in the mass of the digestive
tract (cecum, smaLr intestine, large intestine, stomach) of
adult (>3- year old) castor canadensis from southern Manitoba,

1_988-l_990.



uf

-{-,
o
o
Lt-
(.)

.ì
+¿
vt
(¡.)

.9o
t¡

o
a
(n
o

o
f

:
U'
(.)

É.

250

200

150

100

50

0

-50

-100

-150

-200

-250

Y : 156.4 3.035X + 0.008995X2

o

a
a

150 200

Julion Dote



64

effect (Fig. 2-7ì Fz,qo: 20.06, P ( O.OO1). The relationship
of totar gut mass to lean body mass and time was inproved by

a sex effect for the intercept (Fr,se : 4.60, p - 0.039), and

the model $¡ith all of these effects lras significant (R, =
O.79, F¿,sa = 36.31_, P ( 0.001_). The relationship for females

was described by:

t5l GUTMAS = 428.8 + 32.326 LI{T - 3.45i. DATE + 0.009844 DATE2,

where curMÀs is the totat gut mass in g. The intercept. was

373.o g for adult male beaver. The moder predicted that gut

mass would be maximar on 3l- December and minimar on 24 June

(354.2 g below maxÍmun) .

DISCUSSTON

This study has cl-ear1y demonstrated that beaver increase

the mass of their cecum and large intestine from sunmer to
winter, a morphological response consistent with an increase

in dietary fiber. Combined with coprophagy (Buech LgBAl,

fermentation in the cecum and upper coron allows beaver to
exproit the energy and protein resources of a high-fiber diet
(Kitts et aI. 1957; Currier et, al. 1960; Hoover and Clarke

L972'). Naturar seasonal variation in the mass or dimensíons

of the cecum and large intestine has al-so been reported in
several other rodents (Bozinovic et aI. L990; Hammond L993),

as well as the rabbit, Orvctolagus cuniculus (Sib1y et aI.
l-990). For the muskrat, ondatra zibethicus, virgl and Messier
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(L992a) provided data to suggest that the cecum responds to
natural changes in dietary fiber.

unfortunately, experimentar data on the composition and

digestibility of the natural foods of beaver are rinÍted and

somewhat confricting. rn trial-s involving a singre beaver,

Buech (L987 ) found the apparent dry matter digestibirity of a

diet composed principalry of water-riry leaves (66.s2) to
exceed that of herbaceous foliage (sg.gz), aspen bark and

l-eaves (58.9?), or aspen bark alone (37.s2). rn contrast,
Doucet 'and Fryxell (l-993) reported that the true dry matter
digestibility of aspen reaves, twigs and bark (s7.sz) exceeded

that of water-rily leaves and stems (39.72). Furthermore, as

digestibiJ-ity usually vari-es inversely with fiber content, the
estimates of Doucet and Fryxell (l-993) are surprising, given

that acid detergent fiber (ÀDF) represented 40.52 of the aspen

diet, compared to only l-8.5* of the water-riIy diet. clearIy,
the available data on digestibirity are seriously rinited by

sampì-e sizes (Buech r9B7) and/or inprecise estimates (Doucet

and Fryxell 1993).

The high ADF of leaves, twigs and bark (Doucet and

Fryxell 1993), as welL as some naturar sunmer diets (Hoover

and clarke ]-972), suggest that fiber constitutes a significant
fraction of the beaver's diet throughout the year. Arthough

diet quarity was not determined in this studyr ily findings
suggest that adult beaver nodify their cecum and rarge
intestine to i-mprove their abitity to digest a high-fiber,
bark-dominated, winter diet. These organs represent the
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primary sites of fermentation and absorption of volatile fatty
acids in .hindgut fermenters (Hoover and crarke rgTz; Hume

L989), and this morphological response is consistent with the
need to defend digestibility in an environment where food

quality is in decline (Hammond l_993).

The hypothesis that relative fat resources would relate
directly to cecar mass after correction for body mass and time

effects, r^¡as supported for mare, but not for femal_e beaver.

This fínding suggests that cecal mass may have an important
bearing on the energeti-cs of rnale beaver. Failure to detect
a similar rel-ationship for females may have related to the
lower variability in their residual- cecal mass. perhaps

female beaver maintain their cecum within relativety narrow

torerances, owing to their greater energy reguirements for
reproduction.

The small intestine v/as heaviest when beaver were on a

diet likely to be high in fiber, but tightest when food
guarity was presumabry optimar. This response is somewhat

puzzling, âs laboratory studies of rodents have generarry

demonst,rated that the mass of the smaIl intestine responds

rnainly to energy demand (Hammond and wunder l-991; Derting and

Bogue 1-993), rather than to cietary fiber (Loeb et ar. L99l-;

Harnmond and wunder 1-991). Loeb et al. (L991) suggested that
herbivores should not enlarge their small intestine when

dietary fiber is high, because fiber digestion in the srnall

intestine is linited. Nevertheless, ât least one laboratory
study has reported a large increase in smalr intestine mass in
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response to a high-fiber diet, under conditions of high energy

demand (Nagy and Negus 1993). Furthermore, significant
digestion of hemÍcellulose and ceLrulose in the small

intestine has been documented in domestíc hindgut fermenters
(HinÈz et ar. L97L; Irfillard and chesson j,gg4) | and Barboza and

Hume (]-992) reported that wombats (vombatus ursinus and

Lasiorhinus latifrons) may digest neutral detergent fiber in
their stomach and/or small intestine.

other studies of mammals existing under natural
conditions suggest that the seasonal changes in the small

intestine of beaver are not atypical. For exarnple, the mass

of the smarl intestine of the prairie voIe, Microtus
ochroqaster, appears to be greatest during cold months when

food is of 1ow quality (Hammond i-993). similarly, Bozinovic

et ar. (L990) reported that the mass of the smalr intestine of
the south American field mouse, Abrothrix andinus, !ías

greatest during winter, although seasonar variation in body

mass confounded their analyses. Bozinovic and rturri (j_990)

also reported that the rates of uptake of grucose and alanine
by the smal1 intestine were greatest in winter, and suggested

this $¡as a response to a period of high energy demand and poor

food quality.

rn a nutritional environment where highly digestible
nutrients may be scarce and/or comprise a row fraction of
ingesta, beaver night increase the mass of their smatl

intestine to ensure that these nutrients are secured. Given

the substantial cost of foraging in col-d water (MacÀrthur and
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Dyck l-990), beaver may attenpt to maximize digestion of high-
energy items like pond-liIy rhizomes. I'foreover, increasing
the mass of the small intestine might ensure that nutrients
made available through coprophagy are assimírated,
particurarly the amino acids derived from microbial protein.
Recovery of microbiar protein may be especially critical,
given that foods ín the cache are low in crude protein
(skinner L984). Finalry, an increase in the mass of the smarl

intestine might also indicate enhanced fermentation activity
in this segment during winter. clearly, it must be

advantageous for beaver to maintain their smal1 intestine at
high mass while on thej_r winter diet.

Àlthough the stomach of beaver demonstrated little
plasticity in comparison to other regions of the digestive
tract, it is known that the length (Harnmond l-993) and mass

(sibIy et aI. l-990) of this orgian may vary in other species.

The large cardiac aland of the beaver stornach (Kitts et al.
L957 ) contributes substantially to stomach mass, and perhaps

direct comparison with some species is inappropriate.
Arthough no crear trend r,\ras apparent, my data suggest that the
beaver's stomach is heaviest rate in the year, and. that it may

increase in mass during a period when body fat is stored (see

Part I).

rn other rodents, the mass of the small intestine
(Bozinovic et al. l-990; virgl and Messier L992a) or entire
digestive tract (Mi11ar et al. l-991) is greater in females

than in mares during the reproductive season. sinirarly,
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female wild rabbits maintain the mass of their digestive
organs throughout the year, whereas rnales exhibit seasonal

decreases (sibly et al. t-990). rn this study, the mass of the
small int,estine, stomach, and total gut were greatest in
female beaver. rt is likery that female beaver invest greater
resources in their digestive system to accommodate the
substantial costs of reproduction. The heavier digestive
system of femares is arso consistent with their greater body

fat content during most of the ice-bound period (part r).
The above morphologicaJ- adjustments have irnportant

inpJ-ications for previous tests of digestive efficiency in
beaver. For example, Buech (L987) tested a winter diet of
aspen bark at a tine when beaver in southern Manitoba wourd

have altered their digestive tract, presumabry in preparation
for a sunmer diet. Therefore, existing estimates of dry
rnatter digestibility for aspen bark (Buech tgBT) may not
accurately refrect the digestive capabilities of this species

in winter. The reported inability of beaver to maintain

their mass on an aspen diet (Buech rggT; Dyck and MacArthur

l-993b) may also rerate, êt least in part, to the state of
their digestíve tract at the time of testing.

rn this study, the decrease in the gut mass of beaver in
late winter is noteworthy. I{as this a response to an

environmental- linitation such as a decrine in food guality, or
do beaver decrease their intake as they begin to mobilize
stored fat energy? Future studies of the beaver gut should

focus on seasonal variation in dimensions (eg., length,
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width), and the precise nature of the morphological variation
observed in this study.



7L

PÀRT TTI

Prediction of body composition in the beaver,

Castor canadensis
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TNTRODUCTTON

Adequate body nutrients are integral to survival and

reproduction, hence accurate measures of body condition are
fundanental to developing an understanding of the
rerationships between a species and its environment.

Unfortunately, practical consíderations dictate that studies
of rarge mammars typically do not assess body composition on

the basis of chemicar determinations. Body condition, or the
influence of ecological factors on condition, has generally
been assessed on the basis of variatj-on in discrete fat depots

or indices (Ransom 1967; Areksiuk and cowan l-969b; Todd l_9g5).

fnpJ-icit to this approach is the assumption that seLected

depots or indices will refrect variation over the complete

range of body conditions. However, these measures freguently
are not adeguate for this purpose. For example, the
relationship between the femur fat and kidney fat indices is
asynptotic in white-tailed deer, odocoileus virginianus
(Ransom l-965), and therefore each is rerevant to different
ranges of body fat. Mech and DerGiudice (l-985) concruded that
the value of the femur fat index is lirnited for white-tailed
deer, because marro$/ lipids are not mobilized until_ totar body

fat reserves are nearry exhausted. ut.irity is also
compromised by rel-ationships between indices which differ with
age class (Monson et al. r974). Most criticalry, the
curvilinear or asymptotic rel-ationship often observed between

body fat concentration and each of these indices (Finger et
ar. L98L; Torbit et al. l-9BB; I{atkins et al. L99L) severely
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linits their usefulness as indirect cornparative measures. For

example, when totar body fat is hiqh in white-tailed deer

fawns, it becomes insensitive to changes in the kidney fat
index (watkins et ar. l-991-). For these reasons, knowledge of
the relationship between an index or depot and the variabre it
attempts to model is crucial (Finger et ar. Lg8L; watkins et
al. 1,991-)

Previous studies of body fat dynamics of beaver are

limited to the earry work by Aleksiuk and cowan (j-969b).

unfortunatery, the usefulness of this earlier study of Arctic
beaver is seriously constrained because these authors measured

onry depots and indices. As the body conposition of beaver

can vary with season, âgê and sex (see part r), relationships
which predict body composition for whore beaver and skinned

carcasses should be valuable to future studies of the
bioenergetics and body composition dynamics of this species.
Therefore, the principal objective of this study was to
detennine the relationships between standard measures of body

condition and selected fat depots and indices in beaver.

Because the nature of specirnens col-lected may vary
considerably (eg., it may often be impossible to determine

ingesta-free mass from carcasses), r chose to predict the mass

and concentration of body fat, in order to ensure that
estimates of both variabres could be readily obtained from any

specimen.
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T.iETEODS

g¡npling Regine and Body Composition Determinations

The study àreas, sampling regime, processing of
specimens, and determination of body composition are detailed
in Part r. Extraction of lipids nas incomplete ín samples

from five adult (>1- year old) beaver and, in these cases, fat
was estimated from ash and crude protein. Data from these

five animals rrrere not used to deverop predictive equations for
fat mass and concentration. eody fat was predicted from ash

and protein for seven kits; trowever, these data were included
in analyses to increase the sample size and variation.
Preliminary analysis indicated that incrusion of these data

was necessary for the development of reasonabre models, and

that residuals of the other data v¡ere not increased or
distorted by the use of these estimates. Body fat
concentration was defined as the percentage of i.rg.=t.-free
wet mass that was accounted for by fat, and lean body mass was

defined as ingesta-free wet mass less fat mass.

Dlorphonetrics, Fat Depots and Indices

À 20 x 6l- x 2 cm board fixed at a 90" angle to a 6r x Lz2

x 2 cm board was used to measure total body rength. Beaver

$¡ere oriented paraller to the long axÍs of the rarger board,

with their nose placed against the smaller board, and LENGTH

was defined as the distance from the srnall board to the tip of
the tail. rf the tip of the tair was outside the sagittal
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plane, that point on the prane directry nediar to the most

distal part of the tail r¡as defined as the tip. t{ith the foot
flattened along the ruler portion and the calcaneum positioned

against the vertical arm of a combination sç[uare, HTNDFT was

measured as the distance from the calcaneum to the end of the
clav¡ on digit rv. The maximun distance between the tip of the
lower incisor and the interface of gum and incisor (MAND1-) was

measured from the anterior aspect, of the incisor. The

shortest distance between the tip of the angular process and

the interface of gum and lower incj-sor (MAND2) was measured

frorn the buccal side of the rnandible. Maximum skull width was

measured from one zygomatic arch to the other, before (zyGRND)

and after (ZYGSKTN) removal of the skin. The urna, from the
olecranon to the notch where the ulna and radius meet (near

the base of the lateral styloid process), was measured before
(UINARND) and after (ULNASKTN) removal of the skin.
Measurements r,rrere taken from the dorsal aspect with the

forearm in an anterior position, and muscre tissue was scraped

ar¡/ay from the bone prior to measurement of ULNASKTN. Tibia
length (TrB) v¡as measured ventrarry, as the distance from the

nearly flat anterior part of the tuberosity to the smatl notch

lateral to the nedial malleolus. A flexible rurer was used to
measure the distance from the tip of the tait to the

depression between the sacrum and first caudar vertebrae
(TÀILSTN]-), and the distance between the tip of the tail and

the cranial end of the scaly tail hair on the midventral tail
surface (IAILUND). The maximum width of the tail was measured
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(TATLI{IDT). The tail was then removed arong the line of
demarcation where scaly hair begins, and its mass (TArLwr),

volume by water displacement (TAfLvoL), and maximum thickness
(TAILTHIK) lrere measured.

Where appropriate, measurements nere collected from both
sides of a beaver. rt was difficul-t for a right-handed person
to measure accurately the right urna on a whore specimen, and

it l¡as hypothesized that the resurting measurernent was

inflated. This hypothesis was supported for both kits (He:

uLNARNDrupr ( ULNARNDRTGHil P - o-o2) and adults (He: ULNARNDLEFT

< ULNARND*'"'' P : 0.o2). Measurements from the left and right
sides did not differ (p

ULNÀsKrNr or TrB. Measurements from the left side vrere

subseguently used in all analyses. with the exception of
ULNARND, the measurement from the right side was substituted
onry if that from the reft side could not be taken.

The masses of the kidneys (KIDI^IT) and perirenal fat
(KTDFT) were used to calculate a total kidney fat index
(KrDrND), according to Monson et al. (rg74). To remove

kidneys and fat, perirenar fat !,/as scraped away frorn the body

cavity lateral, anterior and posterior to each kidney.
rncluded with the fat depot were parietal peritoneum,
mesentery, connective tissue, a smalr portion of the ureter,
and renal vessels. Kidneys v¡ere isol-ated, and perirenar fat
mass was calculated as the difference between the mass of the
kidneys with and without the fat depot. rn fatty specimens,

it t'ras difficult to distinguish between the perirenar depot



77

and adipose tissue associated with the ovary and, in these
cases, it vras necessary to ríft. the ovary and cut the
mesentery which encompasses this depot.

visceral fat (vrscFT) associated with the stomach, srnall
intesLine, cecum, large intestine, spleen, and their
respective mesenteries eras removed and weighed. The

contiguous depot which extends from the xiphisternum to the
pelvic airdle within the abdominal cavity (ABDOMFT) was

removed, along with associated parietal peritoneum, and

weighed. rn lean specimens, the vrscFT and KÏDFT depots

contain minimal amounts of adipose tissue, and are comprised

almost entirery of mesentery. Forlowing excision, all adipose

tissue was wiped against the pelage to remove excess water.
Tissue samples hrere removed from the tail at sites nidway

between the tip and the point where the pelage begins,
directly adjacent to the rnedial ridge. For kits, additionar
samples were collected 5 nm anterior to the previous two

samples. At each location, a tail core was extracted with the
use of a r.27-cm rD leather punch. The skin was removed and

the tissue stored in a plastic bag at ca. -24"c. samples were

later dried to constant mass by freeze-drying or at 60"c in a

convection oven, and the tair fat index (TATLFAT) was defined
as the percent dry matter of the ti-ssue. A strong inverse
relationship exists between the fat and water contents of this
tissue (Aleksiuk l-970b), hence TATLFAT should constitute an

excellent index of the fat content of this depot.

Thickness of the midventral subcutaneous fat depot was
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measured between the anterior and posterior ends of the
sternum (suBBRrsK), and also at a point 2 cm caudad to the
anÈerior end of the pubis (suBpEl,vr). The suBpEI,vr measure

incorporated a thin muscle layer within the depot but excluded

muscle tissue adjacent to the skin. Additional measurements

vtere taken along the median at sites rocated one-third
(suBMrDL) and two-thirds (suBMrD2) of the distance between

suBBRrsK and suBPELVr. The thickness of the rump-pelvis depot
(stribling et aI. L9B4) was measured at the point 3 cm to the
left of the spine between the'l-ast thoracic vertebrae and the
posterior end of the sacrum (suBRMpEL). rt was necessary to
cut through a muscle rayer adjacent to the skin to access this
depot. Thickness of the backfat depot (Huot l-988) was

measured 2 cm from the start of a line v¡hich began at the
intersection of the sacrum and first caudal vertebrae, and ran

caudally at 45' from the spinal column (suBTArLi-).

Measurements of subcutaneous fat thickness were summed to
create the followíng variables: suBl- : suBBRrsK + suBMrDt_ +

suBMrD2 ; suB2 = suBl + suBPELvr r suB3 : suB2 + suBTArLl-,. suB4

: SUB3 + SUBRMPEL.

The M. plantaris (young L937') , from its origin on the
lateral epicondyle of the femur to the point where the muscle

inserted on the tendon, qras removed from both legs.
superficiar fat lras removed and the muscle was weighed

(MUsc!{T), stored in a prastic bag at ca. -24"ct and later
freeze-dried to constant mass to estimate dry matter content
(MUscPERc). A strong inverse relationship exists between the
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$tater and fat concentrations of muscre tissue (Rhee et aI.
l-988), hence dry matter content should be an excerlent
indicator of the fat content of this muscle. As the body fat
Ieve1s of cervids are strongly correlated with the fat content
of skeretal muscles (eg., Ringberg et ar. j-98j-; watkins'et ar.
L99l-), ít was hypothesized that the body fat content of beaver

wourd rerate directly to MUSCpERC. The heart was removed and

all associated vesseÌs trimmed away. The heart was opened and

wiped agai-nst the pelage to remove j-nternat blood and crots,
and was subsequently weighed (HEARTWT). A second kidney fat
index, similar to that of Àleksiuk and cor.¡an (l-969b), was

calculated as: ALEKTND : (perirenal fat mass x l_ooo)/heart

MASS.

unless indicated otherwise, morphotogicar measurements

ï¡ere made with a ruler calibrated in 1-mm increments or with
dial calÍpers accurate to o.or- Inm (MÀND1, MAND2, zyGRND,

ZYGSKIN, ULNARND, ULNASKIN, TIB and TAILT{IDT). Subculaneous

fat measurements <1 nm were given a varue of 0, and all other
linear measures vrere rounded to the nearest mm. Tissues were

weighed to the nearest 0.1 g on an ohaus Dial-o-grarn tripre-
beam barance. water displ-aced by the tair was measured in a

graduated cylinder calibrated in l_O-n1 increments.

Statistica1 Ànalysis

other than tests for sex effects, statistics were

carculated with Pc-sAS version 6.03 (sAS rnstitute rnc. I cary,
Nc). Morphometrics from the left and right sides were
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compared srith a paired t-test. Body composition was rerated
to independent variables by means of rinear regression and

forward nultiple l-inear regression moders. As appropriate,
dependent and independent variabres were ln-transformed to
estiurate bivariate rel-ationships. Models vrere selected on the
basis of the calculation of the root mean square error (RMSE

= s"zx) for precision, inspection of residual prot,s to detect
viol-ations of test assurnptions, and absence of strong
interaction among independent variables. rf the dependent

variable had been ln-transforined, predicted values hrere

retransformed to the basero scale to carculate the RMSE

(Anderson-Sprecher i-994) . Variables from non-linear bivariate
reÌationships !,rere tested in both their transformed and rav¡

forms in nultiple regression analyses. rndividual terms in
multivariate models $/ere tested with the Type rrr partial ss

of PRoc cLM. sex ef fects lrere examined with a test of
coincidence (Kleinbaum and Kupper j-978), and asymptotic models

$¡ere estimated by PRoc NLÏN. Alternate hypotheses were

generally one-sided for sirnple regression analyses, and test
acceptance $¡as set at a type r error of <0.05. Moders v/ere

serected for display on the basis of precision, practical
considerations relative to the type of specimen, and

availability and characteristics of predictor variabres.

RE8UI,T8

Mass of beaver varied from 5.480 to ro.347 kg in kits,
and from L2.31, to 29.38 kg in adults (Tabte 3-t). Body fat



Tabl-e 3-l-. physical characteristics of kit and adurt
Manitoba, l_9BB-l_990.

Characteristic

Mass (kg)
fngesta-free mass (kg)
Lean body mass (kg)
Fat mass (g)
Fat concentration
(å wet mass)
Fat concentration
(Z dry mass)
Crude protein mass (g)
Mineral mass (g)
Length (nn)
Abdonft (g)
Kidft (g)
Kidind (Z')
Tailfat (Z)
Sub3 (nm)
Alekind (Z)
Muscwt (g)
Muscperc (Z)

n

22
2L
2L
22
2L

2T

22
22
22
22
22
21,
22
22
33"
22
22

x

Kir

8. O27
6.7L2
5.999

698
L0.36

29.I

l_t_63
246
I l-l_

20.8
26 .8
s4.4

59
22 .1,
L092
38. 1-

22.6

"Sample included kits and beaver <2 years old.

(>1- year old) beaver from southern

S

L.352
1.099
o.923

34].
3.89

9.0

1"90
52
40

l_3 .9
L5. 6
27 .9

1,2
9.0
529
7.4
0.6

Range

5.480-l_0.347
4.462-8.494
4 .L62-8. 059

75-14)_6
o .92-1,6 . 67

3 .5-42 .3 .

I 05-154 0
1,65-357
729-886
1. 6-55. 2
7 .4-64.8
9.8-l_09 . 5

36-83
3-35

3 01_-2561
24 .6-54 .6
2]-.1,-25 . O

n

40
42
42
40
38

38

44
43
42
40
40
36
40
38
37
42
40

x

AduIt

L8.65 4.08
L6.57 3 . 84
L5.l_3 3.3l_
l_200 7].0
6.95 3.28

20.0 8. 3

3340 780
670 l_so

1055 69
3L.5 26.3
41,.4 28.9
40.1- 22.1"

70 t5
L9.4 L0.3
864 465

l_t_6. 3 26.9
23.5 0.9

Range

1,2 .3l_-29 . 38
L0 . 67 -26 .22
1,O .27 -23 . 84

I 0-3 560
0.60-14.00

2.2-35.8

2250-5250
4l_o-L0t_o
944-L21 6
o .5-L28 .4
L.g-1,37.2
2. O-93 .5
22-84

0-3 9
45-2006

6L.4-195. l_

20.7-25.5

æ
H
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concentration ranged from O.g2 to l-6.672

0 . 60 to 1,4 . OOZ in adults . Appendix f I
additional physical characteristics used

nutrient reserves.

in kits, and from

contains data on

to predict body

I{ass and Concentration of Body Fat

For adul-t beaver, body fat mass related poorry to
ingesta-free mass (rFMASs) and zycRND (Table 3-z). For
carcasses, totar fat mass related strongly to the ABDOMFT

depot, and the moder with ABDOMFT and TÀTLFAT provided the
greatest precision. The precision of single-variable models

which incorporated cumulative indices of subcutaneous fat
(RMSE 2 430 g) was improved by the inclusion of LENGTH in the
model (Table 3-z). Fat mass was predicted best by ABDOMFT and

TAILFÀT combined with either suBBRrsK or suB3. For three-
variable models, individual coefficients r{rere significant at
P

fat mass related directry to the ABDOMFT depot, and precision
improved with the addition of TATLFAT to the noder (Table 3-
3). As with adurts, precisj-on was rel_ativety low for moders

with singre indices of subcutaneous fat, and improved only
slightly for those with cumulative indices.

curvilinear rerationships (p < o.oot-) !,¡ere found between

the body fat concentration of adult beaver and ABDOMFT (Fig.
3-1), vrscFT, KÏDFT and KrDrND. Body fat content correlated
most strongly to ÀBDOMFT or KTDTND (r, = o.7s), and less
strongly to KIDFT (r, : 0.65) Similar curvil-inear



Tabre 3-2. sirnple and multiple rinear regressions of body fatdepots and índices available from skinned carcasses
beaver.

Independent
variable (s)

Ifmass (g) ,
zygrnd (nn)
Àbdonft (g)
Tailfat (å)
Abdonft, tailfat
Àbdonft, tailfat,
subbrisk (nm)
Sub2 (m¡n) ,
length (mtn)
Sub3 (nn), length
Àbdonft, tailfat,
sub3

Y ='1679.6 + o.28692(IF) l_1o.SLz(Z)b

In(Y+3.) = 4.326 + 0.8041n(AF+t_)
ln (V+t¡ = 3 .879 + o. 043 (TF)
I = -328.6 + 2t.A20(AF) + L2.O27(TF)"
Y = -2o4.7 + 20.245 (AF) + 6.497 (TF)

+ 57 .269 (SB) d

Y = -4204.7 + 52.229 (S2 ) + 42.377 (L).
Y - -4049.r + 50.739(S3) + 40.496(L).
Y = -234 .4 + 18. 637 (AF) + 6.97 4 (rF)

+ 1_8.285 (S3 ) "

'Root meanbrndividual
"Individualdrndividual
"Individual

Equation

square error.
coef f icient.s
coefficients
coefficients
coefficients

mass (g) on selected fat
or whole adult (>L year old)

significant
significant
significant
significant

at P<0.005.
at P<0. 001-.
at P<0.05.
at P<0. 0l-.

12 or
R2n

0.48 28 <0.001_ 470

0.85 40
0.66 40
0.91_ 40
0.94 40

o.76 38

0.78 38
o.94 40

P RMSE"

<0.001_ 273
<0.001 509
<0.00L 220
<0.00L 188

<0. 001- 364

<0. 001_ 344
<0.001_ L82

o(,



Table 3-3. Simple
depots

Independent
variable (s)

Abdonft (g)
Tailfat (å)
Abdomft, taiJ_fat
Sub2 (nm)
Sub3 (n¡n)

and multiple linear regressions of
and indices available from skinned

'Root mean square error.blndividual coefficients

Y_
l=
t:
l=
l=

2 l-l_ . l_

-60L.2
-IAL.9
-1,9 .4
-41_ . 8

Equation

+ 23.384 (AF)
+ 22 . O4l- (TF)
+ 19.485 (AF) + 7 .366 (TF) o

+ 35.479 (52)
+ 33.434 (S3)

signifÍcant at p<0.OOS.

body fat mass (g)
carcasses or whole

on selected fat
kit beaver.

12 or
R2n

o.9t_
0.57
0.95
o.75
o.78

22 <0.001 L06
22 <0.00L 230
22 <0.00L 83
22 <0. 001_ L7 4
22 <0.001 l_63

P RMSE"

@
È
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Figure 3-l-. The rerationship between total body fat
concentration (z ingesta-free wet mass) and the mass of the
abdorninar fat (ABDOMFT) depot of adult (>1 year o1d) castor
canadensj-s from southern Manitoba, 19gg-1g9O.
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relationships were found between body fat content and vrscFT,

KÏDFT and KrDfND. The precision increased with introduction
of the morphometric variable Ì!AND2 to these models, and the
resulting regression coefficient eras negative as expected

(Tab1e 3-4). The hypothesis that body fat concentration r¡ould

increase v¡íth MUScpERc ï¡as not supported in either adurts (t
: i-.1-8, df :36, p: 0.1-23) or kits (t: L.35, df : L9, p:
0.097). Àlthough body fat content related to TATLFAT

according to a curvilinear moder, the fit was poor (Fig. 3-2),
and the variabres v¡ere not directry related at >7.22 faE (p :
o -728 i lrerrn¡r = 77 .82) . The model- with TÀrLFÀT, ABDOMFT and

MAND2 produced the best preci_si_on for carcasses.

Ðirect relationships were found between body fat content
and most subcutaneous depot indices; however, intercepts
differed from zero (eg., Bo : 5.ZjZ for SUBTAIL]_, Bo : S.gOå

for SUBRMPEL). of the single- and two-variable model_s

examined, body fat concentration v¡as most strongly rerated to
cumulative indices of subcutaneous fat, and rerationships
between these variables $rere strongly rinear (Fig. 3-3).
Precision r{as greatest for the multivariate models for whole

beaver, and the four-variable model had highly significant
individual coefficients, the lowest RMSE, and the best
distribution of residuals.

strong curvilinear rerationships were found between

percent fat and both ABDOMFT and KTDTND in kits (Tab1e 3-5).
unrike the situation in adurts, MAND2 did not enter any of the
relationships between percent fat and ABDOMFT, vrscFÎ, KrDFr



Table 3-4. sírnpre and multipre linear regressions of body fat concentration (swet mass) on selected fat depots and indices ãvailabte from skinnòawhole adult (>J_ year o1d) bãaver.

fndependent
variabte (s)

Abdomft (g) ,
mand2 (nm)
Kidft (gl , mand2
Kidind (Z), mand2
Tailfat (Z)
Abdomft, tailfat,
mand2
Abdomft,
subbrisk (mm),
length (nm)
Sub2 (nn)
Sub3 (mm)
Abdonft, tailfat,
sub3, length
Alekind (Z)
Alekind (å)'

ln(Y+1) = 3.s1_9 + 0.596In(AF+t-)

ln (Y+1) = 3 .7 40 + O. 7071n (KF+l-) -ln (Y+1) : L.738 + O. 6921n (KI+ j-) -ln (Y+1-) = 0. L23 + o. 027 (TF)
ln(Y+1-) = 2.682 + O.474Ln(AF+1) +

o. 028 (M2 ) 
b

I = l-L. 02 + O. 07s (AF) + 0.713 (SB)
0. oo97 (L) d

"Root mean square error.þIndividual coefficients
'Individual coefficientsdlndividual coefficients
"Sample included kits and

Equation

I = L.42 + 0.3L0(S2)
I : L.26 + 0.296 (S3 )Y : 9 .7 4 + 0. 056 (AF) + o. O4O (TF)

+ o. 1-92 (S3 ) O. 0l_04 (L) d

ln (Y+L) = -2.056 + o.6i-1ln (AI)
1n (Y+1-) = -2.504 + o. 6941n (Àr)

significant at p<0.OOL.
signif icant at p<0. Ot_.
significant at p<O.O05.
beaver <2 years old.

o. 034 (M2 ) 
o

o.o42(M2)b
o. o22 (M2 ) "

0. ooe (TF)

ingesta-free
carcasses or

t2 or
R2n

0.87

o.79
o.79
0. s9
0.91_

0.90

36 <0. 001_ l_. 43

3 6 <0 . 001- I.77
36 <0.Ool_ L.76
38 <0.001- 2.25
36 <0.00L 1_.30

36 <0. 001 l-. 09

P RMSE'

0.82 38
0.85 38
0.93 36

o.57 37
o.73 33

<0.001_ L.4L
<0.001_ L. 3L
<0. o0l_ o.92

<0.001_ 2.L5
<0. 001_ L. 89

@{
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Figure 3-2. The logarithnic rerationship between total body

fat concentration (z ingesta-free wet mass) and the tail fat
index (z dry rnatter of tair tissue) for adul-t (>3- year old)
castor canadensis from southern Manitoba, l_9gg-l_990.



àe r0

+
o
LLE

E
omt
o

-+¿
OlF

Y+ 1 : 1 . 1 Jog( 1 .o27 4)**t

50 00

Toil Fot lndex (%)



89

Figure 3-3.

concentration

subcutaneous

from southern

The relationship between

(å ingesta-free wet mass) and

fat for adui-t (>1 year oId)

Manitoba, l-988-t-99O.

total body fat
the SUB3 index of
Castor canadensis
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Table 3-5' sinple and nultiple linear regressions of body fat concentration (gwet mass) on selected fat depóts and indices ãvailable from skinnedwhole kÍt beaver.

Independent
variabte (s)

Abdonft (g)
Kídft (s)
Kidind (Z)
Tailfat (Z)
Kidind, viscft (g)
Kidind, viscft,
subpelvi (mrn)
Sub2 (mm)
Sub3 (mn)
Abdonft, tailfat,
length (nm)

"Root mean square error.þIndividual coef ficients
'Individual coefficientsdfndividual coef f icients

l=
Y-
Y_
Y_
l=
l=

t:
l:
t:

-3.50 + 4.8261n(AF+1_)
-9 .78 + 6.ZBJ.1n (KF+t-)
-L4.20 + 6.3361n(Kr+l)
-45.89 + t-3 . BoZtn (TF+L)
-1,9.54 + 4.6L2J'n(KI+l-) + 3.327In(VF+1) b

-1"6.76 + 3.324J-n(Kr+l) + 2.6431n (VF+1)+ 2.604J-n (SP+l_) c

L.7e + 0.4L6 (S2)
L.46 + 0.394(S3)
23 .25 + 0.21-7 (AF) + o. Lt 7 (TF)

o. o3oo (L) d

Equation

signif icant at p<0. Ot_.
significant at p<0.05.
signif icant at. p<0.00 j-.

ingesta-free
carcasses or

12 or
R2n

0.87 2L
0.83 2L
0.88 2L
0.s8 2L
o.92 2L
o.94 2L

o.79 2L
0.83 2L
0.93 2L

P

<0.001 L.42
<0.001 L.64
<0 . 001_ l_. 4 0
<0. oot_ 2.59
<0.00L t_. l_8
<0.00L L.06

<0.001- l_.8L
<0. ool_ L. 63
<0. 001- L. L0

RMSE"

\o
o
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and KIDIND of kits (p

model, with KrDrND, vrscFT and suBpELVr; however, individual
coeffícients $¡ere significant at p s 0.031 in comparison to p

the rate of increase of body fat content v¡ith suB2 nas

greater in kits than in adurts (p < o.oot-). For adults, the
percent fat vs suB2 model eras not improved by inclusion of
LENGTH (Fr,¡: : 0.04, P : 0.836) or ingesta-free mass (Fr,:¿ :
O.2l-, P : O.652) , implying that the rel_ationship is
independent of body size within this group.

Body fat concentration and ALEKIND vlere related according
to a curvilinear model (Table 3-4) for adult beaver (Fr,¡s :
70.64, P : O.OOi-) and for beaver <Z years old (Fr,¡, = 72.46,
p = 0.001). The heart mass of adurt beaver rerated directly
to lean body mass (Fr,¿o : 67.2G, p : 0.001), and the intercept
differed from zero (Bo = 4.892 kg, p : O.OOI_).

Interrelationships of Fat Depots

An asymptotic moder best described the rerationship
between the TÀILFÀT and ABDOMFT depots of adurt beaver (Fig.

3-4¡ F¡,¿i : 18.33, P

observed between the TATLFAT depot and the subcutaneous depot

index, SUB3 (Fig. 3-5 i F¡,sr = L6.g7 , p

relationship between the suB3 and ABDOMFT depots h¡as also
mode1edaSasymptotic(Fig.3-6iF¡,sr:44.g4.P<
since B, for the stabre portion of the model was not different
from zeto (t = I.J.4, df = 18, p = 0.L35).
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Figure 3-4. The relationship between the tail fat index (z

dry natter of tail tissue) and the mass of the abdominar fat
(ABDOMFT) depot for adult (>J- year old) castor canadensis from

southern Manitoba, 19gB-l_ggO.
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Figure 3-5. The rerationship between the tail fat index (z
dry rnatter of tail tissue) and the suB3 index of subcutaneous

fat for adurt (>J- year ord) castor canadensis from southern
Manitoba, l-988-l-990.
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Figure 3-6. The rel-ationship between the suB3 index of
subcutaneous fat and the mass of ihe abdominal fat (ABDOMFT)

depot for adult (>1- year old) castor canadensis from southern
Manitoba, l-988-i-990.
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Body Crude protein l,fass

For kits, crude protein mass rì¡as predicted best fron
MUSCWT and HINDFT for carcasses, and from LENGTH, TAILI{1DT and

TFMASS for whole animals (Table 3-6). I{ith the data for Kit
Nos. L4 and L6 excruded, the RMSE decreased to 40 g for the
noder based on LENGTH and TArLwrDT, and to 52 g for the moder

based on Muscwr and HTNDFT. Linear rerationships rrere

relatively weak for body crude protein vs KrDwr or HEARTT{T

(RMSE > 1,24). rntercepts differed from zero for protein mass

vs KfDI{T (Bo : 342 g, p = 0.037), HEARTWT (Bo : 428 g, p :
0.031-) and MUSCWT (Bo : 24O g, p : O.OO3).

Among the variables available for adult carcasses, crude
protein mass was best predicted from zyGsKrN, and incrusion of
TArLwr and TrB in the model improved the precision (Tabre 3-
6). Body protein mass was directly related to MUSCWT (RMSE =

390, P

(RMSE : 450, P ( o.ool-). The intercept of these relationships
differed from zero for HEARTI{T (Bo : g4O g, p - O.OO4), but
not for MUSCWT or KID!{T (p > 0.1-32). rn whole adults, body

crude protein was most strongly rel-ated to rFMÀss, and TFMASS

and LENGTH. For the model based on LENGTH and TAÏLI{IDT, a sex

effect was found for LENGTH (p = 0.01g). sex effects were

also apparent for body crude protein vs IFMASS (Fz,re = 5.78,
P

However, âs LENGTH did not enter the rnodel for females (t =

l-.60, df : 17, p : 0.i-28), r chose to include this variabre
only in the model for males (Table 3-6).



Tabre 3-6. sirnpre and multipre linear regressions ofphysical characteristics available fromadult (>1_ year o1d) beaver.

Age ,

class

Kir

Independent
variable (s)

Hindft, (nm)
Tib (¡nrn)
Hindft, tailwt (q)
Muscwt (g)
Muscr,vt, hindft
Length (mn),
tailwidt (rnrn)
Ifmass (g)
Length, t,ailwidt,
ifmass

Zygskin (mm)
Tib
Zygskin, tib
Zygskín, tib, tailwt
Mand2 (mn), tib,
muscwt,
Zygskin, tib, tâilwt,
muscwt,
Zygrnd (¡nm)
Length, tailwidt,
Ifmass

Adult

Y
Y
Y
Y
Y
Y

V
Y

-2266.9 + 22.604 (HF) 0.80
-L364.9 + 26.405(TI) o.ze
-L32r.4 + 14 . 043 (HF) + L.842 (rM) o o.9l_
239 .7 + 24.239 (MW) o.9o
-7 44 .2 + 8.247 (HF) + 17 .2L7 (MW) " q. e3
-2239 .8 + 3 .624 (L) + s. 0s2 (Tvü) . 0.9L

1,49 .9 + 0. t_53 24 (r.F) 0.88
-3,41,4.2 + 2.363 (L) + 3.191 (Tr,r) 0.96+ 0.0s631 (rF) d

-7236.6 + t1_0.61_3(zs) 0.85
-8592. 6 + 92.846 (Tr) o. ze
-894s.3 + 72.823(ZS') + 4L.463(TI)b O.90
-6130.6 + 5l_.465(ZS) + 27.1,7r_(Tr) 0.95+ 1,.964 (TM).
-6693 .4 + 46.948 (yrz') + 29.959 (TI) O.9l_+ L2.s54 (ÌfW) t

-5L09. 6 + 45.669 (ZS'.) + L9 .426 (Tr) 0.96+ I.541-(TM) + 6.44o(r'fvü).
-7523.5 + L07.000(z) 0.88
-7326.6 + 7 .886 (L) + 1-5.91_8 (TW) b 0.93
-7326.6 + 8. 04L (L) + 1_5.91_8 (Tr{) b

203.t + 0.L8284(rF) 0.95
L29.2 + 0. L980s (rr)

body crude protein mass (g)
skinned carcasses or whole

Eguatíon

l=
Y-
Y_
Y-

Y_

f:

12 or
R2n

on selected
kit and

t:
t:
t:
Y-
Y-

22 <0.00L 88
22 <0.00L 9I
22 <0.00L 60
22 <O.00L 63
22 <0.00L 54
22 <0.00L 60

P RMSEU

2L <0.00L 64
2L <0.00L 40

34 <0. 00i. 3 t_3
44 <0.00L 366
34 <0. O0t 263
34 <0.00L L88

42 <0. O0l_ 237

34 <0.00L L64

34 <0.00L 287
Fs <0.00L zLL
M
Fs <0.001_ L79
M

\o
oì



Table 3-6. ..contrd

"Root mean square error.
'Indívidual coefficients significant at p<0.001_.
"Individual coefficients significant at p<0.025.drndividual coefficients silnificant àt p<0.05.
"Individual coefficients significant at p<O.OO5.rlndividual coefficients silnificant at p<o.oj-.
sSample included 2L female and 2l_ male beaver.nsample included 2l- female and 20 male beaver.

Ifnass, length Y-
l=

203. t_ +
-351-7. t_

0.l_8284 (rF)
+ 4.56L (L) + o.1,2734. (rF) b

0.93
0.98

Fh
M

<0.00L L87
<0. 00L L1_4

\o
\¡



Table 3-7 - simple and multipl9 linear regressions of body mineral massphysical characteristics available from srinnåa 
".r.ã=="s oradult (>L year old) beaver.

Age
class

Kir

Independent
variable ( s)

Hindft (rnm)
Tib (mn)
Tib, mand2 (nm)
Hindft, tailwidt (nrn)
Tib, ifmass (g)

Mand2
Tib'
Mand2, tib
Mand2, tailwidt
Length (nm)

Length, mandL (nm) ,tailwidt
Ifmass

Ifmass, nand2

ÀduIt

l=
Y-
t:
t:
Y-

-7L7 .4 + 6.350 (HF
-484
-644
-651
-346

=Root mean sçluare error.olndividual coefficients

Equation

4 + 6.3s0 (HF)
5 + 7.632(Tr)
4 + 5.272(Tr)
1- + 4.673 (HF)

!:
t:
l=

+ 0.01965(IF)"

-r-8 00 . 5 + 24 .432 (VI2)
-1_s32.6 + l_7.1_07 (TI)
-r-881-.0 + 16.365(M2)
+ 6.9s7 (Tr) b

-1-516.7 + l_5.636(I,I2)
+ 4.26L (TW).
-123e.8 + L.784(L)
-L7L7.3 + 2.285(Ll
-)-484. s + L. 035 (L) + L4 . 588 (Ml_)
+ 3.54s (TW).
LsL.2 + 0.02945(rF)
68.3 + 0.037s2 (rF)
-e74.1_ + 0.01_822(rF)
+ L3 .220 (M2 ) 

.

8 + 4.828(Tr)

Y-

Y_
t:
Y-

Y_
f=
Y_

(g) on selected
whole kit and

+
+

4 .648 (M2 ) 
b

2 . 056 (TW).

12 or
R2n

significant at p<0.05.

0.85 22
0.88 22
0.90 2L
0.91 22
0.93 2L

P

<0
<0
<0
<0
<0

RMSE'

o.77 4L <0
o.70 43 <O
0.Bo 4L <O

001
o0l_
o0L
001_
o0L

0.85 4t_ <0

2L
1_B

15
1_6

L4

76
84
71-

62

68

58

6L

51

o.82

0.87

0.84

0.89

00L
00L
00L

Fd <o
M

4L <0

001_

001_

o0L

Fd <o
M

38 <0

\o
@

00L

001_



Table 3-7. ..contrd

"Individual coeffícients significantdsample included 2l- female ãnd, for
"fndividual coefficients significant

at P<0.00L.
Lengthz 20 male
at P<0.005.

beaver, for lfmass: L9 male beaver.

\o
\o
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Boðy ttineral l,tass

For kits, the best single predictors of mineral mass rrere

TrB and HTNDFT (Table 3-7). use of multiple predictor
variabres led to slightry irnproved precision. For adurt
beaver carcasses, body mineral mass was directly related to
lfAND2 and TrB, with increases in precision for multivariable
noders, parÈicuì-arÌy if TÀrLwrDT hras included (Table 3-7).
For whore adult animals, the best precision among single
predictor variables was found for LENGTH or rFMÀ,ss. sex

effects hlere found for the relationships between mineral mass

and both LENGTH (Fz,r, = 3.99, P ( o.o5) and TFMASS (Fz,x =

4.77, P ( 0. 025) .

DISCUSSION

tlass and Concentration of Body Fat

For severar species of birds, ripid energy resources can

be predicted accurately from body mass and structurar
characteristics (Johnson et aI. l_985; castro and Myers 1990).

This ability wourd be of immense val_ue in ecologicar or
physiol-ogical studies of rive beaver. Àrthough body fat mass

courd be estimated from ingesta-free mass and zygomatic width
in adurt beaver, precision was suffíciently poor to rinit, the
usefulness of this procedure.

The abdominal fat depot was the best single predictor of
body fat in adult beaver, and is recommended because it can be

measured guickly and yields estimates of high precision. As
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the abdominal fat depot and the various indices of tair and

subcutaneous fat can each vary independently, incLusion of
these variables in multivariate moders 1ed t,o improved

precision. Although the significance of the individual terms

vtas greatest with suB3 in the three-variable model, use of
suBBRrsK provides the practical advantage that it can be

collected without pelt damage.

The body fat mass of kits was predicted best from depots

and indices availabre from skinned carcasses, with no apparent

advantage to the collection of subcutaneous depot indices.
since moders were derived from a sample in which only one kit
had a body fat content <5.31-eo, estimates of fat reserves for
lean kits shourd be treated cautj-ousry. The moder based on

the abdominal fat depot and the tail fat index is reconmended,

due to its high precision and potentiar to accuratery predict
body fat in lean kits.

The percent body fat of adult beaver was estimated
preciseJ-y from the abdominal fat depot and a measure to
control for size variation. As the fundamentar relationship
is not linear, use of the depot by itself, rather than
predicted values, would produce inaccurate assessments of body

fat reserves. The lipid resources of tail tissue v¡ere both
mobilized and saturated at rower body fat revers.
conseguently, the moder based on the tair fat index is weakry

predictive for beaver with a high fat content in their tail
tissue.

Body fat content rerated strongry to several individual
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indices of subcutaneous fat; however, the fat content of lean

adult beaver would be overestinated by these relationships.
Sinilar to the situatíon in cervids (Huot l-988; glatkins et a1.

L99l-), deposition of fat in the backfat and rump-pervic depots

of beaver began after substantiar amounts had been stored
elsewhere. Therefore, as reported for other mammars (Anderson

et aI. 1972; stribring et aI. r9B4') | the predictive varue of
these depots is extremely linited for beaver. Às a singre
predictor, the suB3 cumulative index has a number of positive
attribut,es. Body fat content related st,rongly and directly to
this predictor, and the relationship v¡as not influenced by the
physicar size of adults, aLthough estimates night be stightly
biased for lean beaver. The evidence suggests that use of
this index by itself rnight arrow for comparison at the
intervar l-evel (Kleinbaum and Kupper j,g7g) . However, it would

not be correct to compare kits and adurts, and as with ar1

indirect measures, it is recommended that predicted values be

used for comparative purposes.

unlike the situation for adurts, size did not influence
rerationships between body fat content and the kidney fat or
abdominar fat depots of kits. Fairure to detect a size effect
was rikely due to a lack of independence between kít size and

time, and the limíted variation of fat content within the
sample. Therefore, all predictive relationships for the body

fat resources of kits are tentative. Because the kidney fat
index should at least partiarly contror for size variation,
this variabre should be used to predict body fat content from
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carcasses. Strong precision was found with the subcutaneous

index suB3 as the predictor, arthough estimates for lean kits
t¡ou1d like1y be biased.

For adurts, the murtivariable moders based on the
abdominal- fat depot and rength, with either suBBRrsK or
TATLFAT and suB3, are strongly reconmended to predict body fat
content. Examination of residuars suggested that bias night
occur in other multivariate nodels. Although some linrited
bias vras. suggested for the model with suBBRrsK, practical
advantages of the model include ease of data collection and

avoidance of damage to the pe1t. The moder which predicted
fat content from the abdominar fat depot, length and TATLFAT

is recommended for kits. The influence of rength on the
modelr ês well as the relationship between the abdominal fat
depot and the ÈaiI fat index, were sinilar in both kits and

adults, and individuar coefficients srere highry significant.
Therefore, although the sample of kits r¡as smalr, model

elements behaved as expected in relation to the resurts for
adult beaver, thereby suggesting a fundamentally sound model.

The form of the relationship between eo body fat and

TAILFÀT of kits differed frorn that of adurt,s, apparently due

to concurrent maturation of this and other depots in kits.
This rerationship might have been quite different if kits had

been sampred at the same time. rn these respects, and because

the maxj-mum fat content is ress in kits (Areksiuk 1970b, this
study), the age effect apparent for the fat content of tait
tissue is similar to that for the femur marrori¡ of cervids
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(cheatum L949; Torbit et aI. L988). The curvirinear
relationship between body fat content and the kidney fat index

of beaver is sinilar to that of cervids (Finger et ar. L9g1t

Torbit et aI. l-988; t{atkins et ar. l-991,). Body fat content
was predict.ed better by the kidney fat index than by the mass

of kidney fat, a finding consistent with the practise of using

kidney mass to control for size variation.
Heart mass-corrected kidney fat indices of Arctic beaver

(Aleksiuk and Cowan i-969b) were substantially lower than those

of beaver from this study. Description of their methodology

is sparse, but there is no indication that Aleksiuk and cowan

(1969b) used less than comprete kidney fat depots from both
kidneys to construct their indices. rf this is so, then
perirenar fat mass and body fat content were much greater in
the southern beaver. Nevertheless, the possibílity persists
that indices differed in their basic formuration, and are

therefore not comparable.

contrary to the assumptions of Al-eksiuk and cowan

(l-969b), the rate of increase in eo body fat with the heart
mass-corrected index was not constant. rn particular, å body

fat was reratively constant from mid to high index values in
young beaver. Given the curvilinear rerationship between z

body fat and mass of the kidney fat depot in beaver and other
species, this index wourd be 

"*p""t"a to model fat content
rather poorry. Ho!,Jever, weak l-inear moders may be appropriate
for index varues <l-ooo mg'g-1 in young beaver (D. I,i. soprovich,
unpublished data). Therefore, if indices in both studies were
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determined with the sarne formula, the index used by Areksiuk
and Cowan (l-969b) may have been suitable to indicate relative
differences in body fat content between sampres. contrary to
the assumption of Aleksiuk (l-969), heart mass was a poor

indicator of lean body mass in adult beaver, and thus the
index used by Aleksiuk and cowan (j-969b) was not independent
of size. crearry, inferences based on such an index should be

treated cautiously.

rf the distribution of body fat is independent of síze,
small beaver shourd have more body fat for a given thickness
of subcutaneous fat than lar.ge beaver. As predicted, the
relationship of Z body fat to the subcutaneous index suB2 was

affected by size when kits and adults were analyzed together.
rn contrast, and despite considerable variation in body size,
the relationship of z body fat to subcutaneous depots in
adults eras not affected by size. Àl_though the statistical
pov¡er of the test was row, this suggests that smalr and large
adurts with the same average thickness of subcutaneous fat
will have a similar body fat content. Therefore, it appears

that smaller adurt beaver may allocate a greater proportion of
their fat to subcutaneous depots, perhaps to mitigate
thermoregulatory costs in water. To beaver in northern
environments, cold water presents a formidable charrenge to
body temperature contror (MacArthur and Dyck l_990). Exposure

to cold water forces beaver to incur an energetic cost beyond

maintenance in a thermoneutral environment, and subcutaneous

fat is an effective means of insulation in this medium
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(scholander et aÌ. i-950). As rate of cooring is size-
dependent (MacÀrthur and Dyck L99o), storage of subcutaneous

fat courd be particurarry important to smarrer adurts.
Totar body fat relates poorly, if at arI, to the fat

content of the M. plantaris in beaver. This contrasts with
the strong relationships reported between * body fat and the
faÈ content of the M. gaçtrocnemius and M. biceps femoris of
cervids (Ringberg et ar. i.g8l-; watkins et ar. L99l_). Although
z body fat was sirnilar, the dry matter content of the M.

plantaris of beaver hras considerably less than that of the M.

çlastrocnemius in v¡hite-tailed deer fawns (Irtatkins et al.
l-99L). rnclusion of the Àchilles tendon by watkins et ar.
(1991-) night have been partialty responsible for this
divergence. There was little separable fat oD, or between,

the muscles of the posterior tibial superficiar group (young

1937) in beaver. conversely, white-tailed deer can allocate
>50å of their fat to inter- and intramuscul_ar locations, and

store onry minor amounts of fat in subcutaneous depots
(Mccullough and ullrey i-983). As a mechanism to reduce body

heat loss, storage of subcutaneous fat may have been strongry
selected for in beaver.

fnterrelationships of Fat Depots

The deposition and mobirizatÍon of fat among depots was

similar for beaver from southern Manitoba and those from the
Àrctic (Areksiuk 1968). The fat resources of the tair were

mobilized after considerabl-e depletion of other depots, and
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the greatest accrual of subcutaneous fat, and particularly
coeromic fat, occurred after the tair tissue was saturated.
coelonic depots continued to increase in mass after the
saturation, or near-saturation, of subcutaneous depots, and

mobilization occurred in the reverse order.
Pond (l-978) suggested that thermal benefits, though

frequentry invoked, are . generalry not responsible for the
distribution of fat in the majority of rnammals. For beaver,

r concur with the suggestion by Àleksiuk (j-969) that the
evolution of patterns of fat deposition and withdrawar amonçt

depots is rerated to energetic considerations. By itself, the
fur of beaver may be responsibre for only a portion of the
total insulation in cold water. since this species may incur
a substantiar thermoregulatory cost in water (MacArthur and

Dyck l-990) , the tirnely deposition of subcutaneous fat in
appropriate locations could augirnent pelage insulation, and

thereby mitigate the cost of submersion.

rn contrast to terrestrial- mammals (pond LgTg) | beaver

begin utilizing abdominar fat stores prior to accessing

subcutaneous depots. This physiological divergence is
consistent with the energy rnítigation hypothesis for a species

which must forage in cold water during winter. That the
distribution of fat relates to energetic constraints is arso

supported by an apparent preferentiar alrocation of fat to
subcutaneous sites in smalrer adult beaver, and linited or no

fat storage in muscle tissue.
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Body Crude Protein l{ass

of the individual measures availabre from whore or
skinned kits, totar crude protein mass was predicted best from

wet M. pl-antaris mass. condition indices for manmals have

often incorporated kidney mass (Finger et ar. Lggl_; Torbit et
ar. l-988) or heart mass (Aleksiuk and cowan j-969b), predicated

on the assumption that these varíabres strongly model body

mass. However, the l,f . plantaris mass modeled the crude

protein mass of beaver, particularly kits, much better than

did either kidney or heart mass. Therefore, to control for
size variation, or to provide an indirect measure of metabolic
demand, use of M. pl-antaris mass introduces the least random

error. However, with the possible exception of M. plantaris
and kidney masses of adurts, indices constructed from these

measures would stiI1 be mass-dependent because of their non-

zero intercepts, and the probrems associated with this
characteristic (Blem i,984) wourd lirnit their usefulness.

Among potential indicators of structurar size that are

readily available frorn the carcasses of kits, length of the
tibia or hind foot are reconmended, because both are good

predÍctors. rn contrast to the nurtivariate model based on M.

plantaris mass, the size-based multivaríate modeL was

sensitive to individuals which had armost certainly
cataborized protein reserves. such sensitivity is expected

for a model which predicts protein reserves from skeretal
indicators, and the insensitivity of the other model_ suggests

that. M. plantaris mass was responsive to dynamic variation in



l_09

body protein. A sirnilar dichotomy was apparent when the body

protein mass of adult females was modered from ingesta-free
mass versus skeletal measurements (D.!{. soprovich, unpublished

data). Murtivariate models with ingesta-free mass or M.

plantaris mass are recommended due to their predictive
capability and apparent ability to moder protein dynamics.

Body crude protein of adurt beaver vras estimated

precisery from ingesta-free mass. The influence of body

length in mares but not females, and the more precise
estimates of mares, appear to rerate to temporal variation in
femare protein resources (part r) and the ability of ingesta-
free mass to integrate this dynamic protein variation. Body

protein of males h¡as greater than that of femal-es for beaver

of the same length and tail width, arthough temporal variation
in females, together with differences in other structural
characteristics, likeIy had some bearing on this difference.
Further¡nore, the contrast between sexes would have been

greater if crude protein had not incorporated fetuses and

reproductive tissue. Precise estimates of crude protein are

possible from carcasses if a number of characteristics are

measured; however, the sinpre and murtivariate moders with
ingesta-free mass are reconrmended due to their highly
significant individual coefficients and potential to model

dynarnic prot,ein variation. rf tail mass or zygomatic width
cannot be measured, nandibl-e length is a generally availabre
characteristic whÍch allows for reasonably precise estimates.
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Body l+liueraL llass

of the single variables exarnined, tibia length best

predicted the body mineral mass of kits. The precisíon

irnproved if ingesta-free mass was incorporat,ed in a

multivariate model with tibia length. For adurts, body

minerals were predicted from structural measures with similar
precision for both carcasses and whore beaver. The most

precise estimates were achieved for a model based on ingesta-
free mass and mandible length.

Recommendations

By themselves, depots and indices are often poor

indicators of the amount of body fat and other nutrients in
beaver. As suggested by Watkins et aI. (199j_), use of
predicted values is strongly reconmended over the use of raw

indices or depots. The predictive functions in this study

$tere deveroped in a hierarchial fashion, such that precision
often relates directly to availabre variabres. practicarly,

one can select a function to barance precision reguirements

with constraints such as cost, time , and./or specimen

availability. These predictive functions provide an

opportunity to use targe samples to test hypotheses on

bioenergetics or other aspects of the biology of beaver. rf
one chooses to use predictive functions outside the range for
which they rrere developed, seri'ous errors can result (eg.,

castro and Myers l-990). Therefore, estimates should be

treated cautiously for any beaver which are smalter or larger
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than those from this study. rf body mass is neasured prior to
pelt removaL, it is possible to determine ingesta-free mass

and thereby appry those functions which reguire this measure.
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Summary and Conclusions

rn this study, kit and adult beaver vrere clearly able to
remain in positive energy balance after freeze-up, thereby

achieving peak body fat l-evels in winter. Furthermore, beaver

generally maintained high leveIs of body fat throughout the
winter, with kits attaining fat levers similar to those of
adults. This ability to accrue and sustain body fat while
restricted to a sub-ice environment, suggests that foods of
highly digestibre energy may form a significant component of
the beaver's winter diet. contrary to suggestions by other
researchers, the fat stores of. beaver apparently do not
function as a significant energy source to nítigate shortfalls
in cache nutrients. However, the substantiar body fat
resources of adurt beaver at spring break-up suggests that
this source of energy couJ-d be criticar during severe winters
or springs, particularly for pregnant females. Due to their
investment in fetat tissue, and perhaps as a conseguence of a

late winter diet low in digestibre protein, adult femares

experienced a protein deficit during gestation. Although the
body minerar reserves of adult femares varied seasonally, the
factors responsible for this fluctuation are presentry

unclear.

Beaver adjusted the mass of their digestive tract
seasonally, a finding which strongly suggests that they

respond to a poor quality diet by increasing their digest.ive
efficiency. This strategy for the provi-sion of energy and

other nutrients courd be strongry selected for. By more furry
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extracting nutrients from avairabl-e forage, beaver shourd

minirnize the time and metabol-ic costs associated with foraging
in cold water. Furthermore, this strategy alrows for maximum

utilízation of resources during a period when foods are
generarly thought to be rinited and of poor guarity.
conceivably, this st.rategy also arlows for a smalrer cache of
stored foods, thereby decreasing foraging costs and perhaps

the risk of predation. The heavier digestive tracts of
femares compared to males, likely rerates to the greater
reproductive costs of females and perhaps al_so their need to
process more Íngesta than males. Finally, a heavy and

presumably efficient cecum may be important to the maintenance

of fat reserves in beaver.

smaller adult beaver appear to arlocate body fat
preferentiaJ-ry to subcutaneous depots. Furthermore, inter-
and intramuscular fat storage appears minimar in beaver, and

stores in the abdominal cavity are nobirized prior to
subcutaneous reserves. These findings suggest that the high
metabolic costs of activity in cold water may have influenced
the dynamics and distribution of body fat in this species.

The predictive functions developed in this study arrow
precise estimates of body nutrient reserves from skinned

carcasses and whole beaver. Because depots appear to vary
independentry, use of severar- measures produced the most

precise and accurate estimates. since curvirÍnear model-s

often best described relationships between body nutrient
reserves and specific depots and indices, and because the
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intercept of most linear moders faired to pass through the
origi-n, predi-cted val-ues are preferable to the sole use of
indices.
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Àppendix f. Precision of estinatee and tbe identification and
handling of ðata which received special
treatme¡t.

Precision of Estimates

Despite further sanpring and pooling within replicates,
and assay of additionar replicates, five fat estimates faired
Èo meet the precision torerance criterion (Table AL-l_). Fina1

dry natter estimates were precise, suggesting that imprecise
fat estimates vrere not due to variation among repricates. For

example, the sE of the final dry natter estimate for Kit No.

l-3 v¡as 0.59 g (cv = o.3z) | demonstrating that the homogenate

hras uniformly mixed.

rdentification of Data to Receive special Treatment

rn the following text, the term "dry matter accounted

forrr (DMAF) refers to the proportion of the dry matter which
was accounted for by the sum of the three assays. The dry
matter of the mammal-ian body consists armost entirely of ash,

protein and fat (Robbins i-983). Because assays for these

components shoul-d account for considerably more than goz of
the dry rnatter, r chose to treat observations with DMAFs of

=8oz or less as rrprobrem datat. To further identify probrem

data, one-tailed tests of significance for outliers were

conducted (Grubbs and Beck 1972), with the reduced data set
re-exarnined following deletion of outliers.

The removal of kits with DMAF <gou reft l-6 observations
in the data set. The observation with the rowest DMÀF in this
data set was not a significant outlier (t = -z.3gt df:14r p



Table À1-L. Estimates of body composition,
(>1_ year old) beaver.

Body
component

Ash (8 dry
rnatter)

Protein (Z
dry matter)

Fat (å dry
natter) b

n

67

67

Estimate

ïts

and precision of the estimates, of kit and adurt

t-L. 53+l_. 96

56. 64+8.45

Final dry
matter
(g/ 45o g
wet matter)

22 23.85+6.31

"Torerance criterion was a sEsr-å of dry matter.bEstimates not adjusted for change in tnin¡le mass; n'Based on n = 65,' f inar dry rnattðr of two observations

45

67

Range

8.58-l_7.58

40.22-78.L7

4.45-35.49

20.36+7.80

165 .2+L6 .6

Precision of estimate (SE)

Its

o.40+o.22

0.5010.23

o. 63+0. 60

L.97 -36 . 38

1,29 .8-193 .2

observations which did not
meet tolerance criterion.

Beaver number

Àdult-S 1l-.l-3 L.Oz

0.33+0.29

0. 4+0 . 3.

Estimate

Kit-3
Kit-8

Kit-L0
Kit-1_3

AduIt,-l-4

SE

= 22 for kits, n
calcul-ated from

28.42
24.59
29.53
20.43
22.73

P
f\,
È

L.25
L. 9L
L.73
L.97
2.7L

= 45 for adults.
two replicates.
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= 0.07). However, this observation was treated as a probrem

datum because of its large residual (ei = -7.23e") , the Ìow

poi,/er of the statistical test, and because íts DMAF was ress

than for some adult problem data. Observations with DIIIAF

<80.30å were excluded from the adult data set. Examination of
this data set for outliers red to the deretion of Adurt Nos.

38 (P

probrem data excruded, the mean DMAF was gj,.37z (s = 2.422)

and 92.792 (s: 2.o]-eo) for kits and adurts, respectivery. The

mean precision of the fat estimates of problem data was L.r2z
(s: O.762) and O.762 (s: O.4Oe") for kits and adults,
respectively.

The DMÀ,F should be independent of the water content of a

homogenate; however, this was not true for kits or adults
(Figs. Al--1 , Ar-2). The problem data !üere among those with
the lowest water content. A strong inverse relationship is
typical for the fat and water contents of whore body

homogenates (e9., campbelt and Leatherrand 19Bo; Robbins

l-983). Therefore, this indicates that homogenates with a high
fat content constituted the problem data. prots of DÌ,ÍAF

against the dry matter ash or protein content supported this
conclusion. Furthermore, despite extensive sampling and the
high precision of ash, protein and dry matter estirnates, the
poor precision of fat estimates suggests that the assay for
fat v/as responsible for the incomplete extractions in these

cases.

Because dry matter is comprised almost entirery of ash,



1,26

Figure Al--l-. The proportion

the combined assays for ash,

to the body water content (Z

Castor canadensis. The fat
change in the thimble mass.

of dry matter accounted for by

fat and proteJ-n (Z) in relation
ingesta-free wet mass) of kit
estimate is not adjusted for
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Figure Ar-2. The proportion of dry uratter accounted for by

the cornbined assays for ash, fat and protein (e") in relation
to the body water content (e" ingesta-free wet mass) of adurt
(>l- year old) castor canadensis. The fat esti_mate is not
adjusted for change in the thimble mass.
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protein and fat, the dry matter ash plus protein content

should vary directly with body n¡ater content. The existence
of strong linear relationships for kits and adults (Tab1e AJ_-

2) indicates that the assays for ash and protein were not
responsible for the problem data. Furthermore, íf the assay

for protein v¡as inaccurate, estimates of body protein mass

from skeletal measurements (part rrr) wourd have been

extremely low for observations with very row DlrLAF. However,

large negative residuars were not observed for these

observations. Finatry, dry matter ash and protein varues for
problem data were similar to those of other observations with
sirnilar water content.

For adults, dry matter fat content varied inversely with
body water content (Fig. Àl--3 ì 12 = 0.64, p ( o.oot-) and five
of the problern data had l-ow fat estimates for their water
content. Exclusion of problem data greatly improved the model

fit (r' :0.83), further suggesting an inaccurate fat estimate

for these data. The assay for fat dÍd not appear responsible
for the low DMAF of one problern datum (Fig. Aj--3). For this
adult (No. 43), adjustment for the change in thinble mass

increased the DMAF to 87.3i.2, and the initiar protein estimate
decreased by 3.o92 with additionar sarnpring. Therefore, the
fat estimate for this observation was accepted.

The water content of fat-free tissue in young mammals

declines to a constant proportion as the anirnar grows (Robbins

L983). Àrthough the relationship between body fat and water

contents may vary with àge, an inverse trend should exist.



Table A]--2.

Dependent variable

Prediction of dry rnatter ash plus protein cont,ent (t) and drycontent (å) from body water content (e" ingesta-free wet rnass)-(>L year old) beaver.

Ash plus protein

Fatb

Age group

"Root mean square error.
"Estimates not adjusted for change in thinble mass.

Kir
AduIt

Kir

Y_
l=

l=
l:
!:
l:
t:
f=

Adult

Eguation

-93.28
-99 . 02

7t_. B1
93.24
l_49.89
L94.91_
3_39.92
i.8l_ . 69

r2

matter fat
of kit and adult

0.89
0.82

n

0
0
0
0
0
o

1-7

25
67
90
64
83

2t
4L

2L
1"7

L4
L0
4L
35

P

<0.001_
<0. 001_

RMSE'

<0. 05 6. 03
<0.025 6.23
<0. 001_ 4 .45
<0. ooL 2.82
<0.001_ 4.62
<0. 00L 3 .37

3 .1,7
4.L2

H
N
\o
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Figure À1-3. The estimate of body fat concentration (z

ingesta-free dry mass) in relation to the body water content
(z ingesta-free wet mass) of adult (>1 year old) castor
canadensis. The fat estimate is not adjusted for change in
the thinbre mass. observations denoted by open triangÌe are
problem data.
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Dry matter fat content related poorly to body water content
for kits (Fig. A1-4 ì 12 = o.t7, p = o.o3o). The water content
of the fat-free tissue [ (rnass of water) / (mass of water + ash

+ protein)I decreased with tine (Fr,rn = 6.9g, p =,O.OL6).
This finding was due princíparly to the higher water content
(P

76-79 + o.oo5z, Ð': 4), in comparison to kits sampled after 4

November (x t SE: 7S.OZ + O.OO2Z, ¡¡ = L7).

Due to their high waÈer content of fat-free tissue,
earlier-sampled kits arso had a high dry matter fat content
for their body water content. with these four data excluded,

the water content of fat-free tissue was not inversel-y related
to tine (Fr,rs : 0.90, p = 0.359). Furthermore, after
controlling for the influence of this age-related variation,
the relationship between the body fat and water contents did
not improve (Table À1-2; n : r7). As with adurts, the fat
estimates of the problem data h/ere typically 1ow for their
water content. The fit to the inverse model improved

considerably with the problem data excluded frorn the complete

data set (r' : 0.67), or from the data set which did not
incl-ude younger kits (r' = 0.90). These findings indicate
that the assay did not compj-etery extract fat for the probrem

data. The rerationship between dry matter fat content and

body water content was simirar to that of adults for this last
data set (Tab1e À1-2).
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Figure A1-4. The estimate of body fat concentration (z

ingesta-free dry mass) in relation to the body water content
(z ingesta-free wet mass) of kit castor canadensis. The fat
estimate ís not adjusted for change in the thimble mass.

observations denoted by open triangle are problem data;
observations denoted by open circle are those with a high
water content of l_ean tissue.
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TreatmeDt of problem Data

The analyses suggested that the estimates of ash content,

and protein content were generalry reasonable. Therefore, r
chose to use the combined ash and protein content (g dry
matter) to predict fat content (t dry matter) for kits and

adults separately. To develop these predictive relationships,
several data subject to minor errors, data for r.¡hich thiurble
weight courd not, be adjusted and problem data hrere excruded

from analyses. These strong relationships (see part r) vrere

then used to estimate the dry matt,er fat content for probrem

data, exclusive of Adult No. 43.



Appendix If.

Tab1e A2-1".

Variation in some physical
rese¡iles of kit and adult
1988-1990.

Characteristic

Data on physical characteristics.

Viscft (g)
Subpelvi (nm)
Subbrisk (mm)
SubnidL (rnn)
Subrnid2 (mn)
Subtaill (nn)
Subrmpel (run)
Subl- (nn)
Sub2 (mn)
Sub4 (nm)
Hindft (nm)
Tib (nm)
Zygrnd (mn)
Zygskin (nn)
Mandl- (mn)
Mand2 (mm)
Tailthik (nn)
Tailwídt (mm)
Tailwt (g)
Hêartwt (g)
Kidwt, (s)

characteristics used
(>1 year oldl beaver

22
22
22
22
22
22
t9
22
22
l_9
22
22
L9

2I
22
22
22
22
22

t

Kit

8.5 l_6.8
5.5 2.3
6.4 2.5
4.0 L.7
4.4 2.5
t_.9 l_.3
0.9 0.9
4.8 6.3
o.2 8.3
4.3 9.1-
t.7 7.5
5 .7 6.4
9.6 3.4

S

to predict body nutríent
from southern l.fanitoba,

L
2
2

t_5
9
7

Range

1-8.5-94. t
l--9
1--l-0
o-7
0-9
0-4
0-3
1-24
2-32

LT-37
L37 -L65

84-1_09
7 4-87

7 6-87
22-32
78-LL9

1,L5.2-332.8
14.3-27.1"
37 .3-75.7

82 .4
26.5
9t-.5

t_9L.9
2L.2
50.4

40
40
40
40
40
40
3l_
38
38
29

44
34
34
41"
42

43
34
43
44

x

Adult

3.0
2.8
9.0

49.3
3.7
9.0

6.6
4.7
5.4
4.O
4.O
L.5
o.2
3.4
8.0
7.6

s

3L. 4
2.5
2.8
2.4
2.6
1,. 4
0.5
7.7
9.7

]-O.7

7.4
7.O
6.7
2.5
5.5

1
L
l_

Range

24.L-L70.L
o-l_0
0-t-L
o-8
0-9
0-5
o-2
o-27
0-3 6
0-4 L

l_15-143
94-L2L
87-Ll_5
34-45
90-11_2

r.L3-L79
328. 0-950.4
26.9-7L.O
62 .8-159.4

l_28.5
L0L.9
96. O

38.3
L0L.0

LAL.4
547.5
45.0

10L.2

H
u)
È

L5
L52
tL
2L

3
6
6
4


