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Evaluating body condition in small mammals

A.l. Schulte-Hostedde, J.S. Millar, and G.J. Hickling

Abstract: Body condition (energy reserves) can have important fithess consequences. Measuring condition of live ani
mals is typically done by regressing body mass on measures of body size and using the residuals as an index of condi
tion. The validity of this condition index was evaluated by determining whether it reflected measured fat content of five
species of small mammals (yellow-pine chipmunKarGias amoenusllen), bushy-tailed wood ratsNeotoma cinerea

Ord), deer mice Reromyscus maniculatudrd), red-backed volesC{ethrionomys gapperVigors), and meadow voles
(Microtus pennsylvanicu®rd)). We also determined whether body water could predict fat content, enabling the use of
hydrogen-isotope dilution for estimating condition. For all five species, condition estimates weakly predicted fat content
and more accurately predicted variation in lean dry mass and water content. The relationship between body water and
fat content was inconsistent among the five species, discouraging against the general use of isotope dilution in these
animals. Although ecologically important, these indices are best interpreted as explaining variation in all constituents of
body composition.

Résumé: La condition physique (réserves énergétiques) peut avoir une influence importante sur le fitness. La mesure

de la condition physique d’animaux vivants se fait généralement par une régression de la masse du corps en fonction
de mesures de la taille du corps, les résidus servant de coefficient de condition. La validité de ce coefficient-de condi
tion a été évaluée en déterminant s'il reflete bien le contenu lipidique mesuré chez cing petits mammiféres (le Tamia
amene Tamias amoenudllen), le Néotoma a queue touffudléotoma cinered®rd), la Souris a pattes blanche2e(o-

myscus maniculatu®rd), le Campagnol-a-dos-roux de Gapp€tethrionomys gapperVigors) et le Campagnol des

champs Klicrotus pennsylvanicu®rd). Nous avons également tenté de déterminer si le contenu hydrique du corps per-
met de prédire le contenu lipidique, ce qui justifierait I'utilisation d’une dilution des isotopes d’hydrogéne pour estimer

la condition physique. Chez les cinq espéces, les indices de la condition physique se sont révélés des indicateurs mé-
diocres du contenu lipidique; ils permettent toutefois de prédire plus exactement la masse du corps sans les graisses, la
masse seche et le contenu en eau. La relation entre le contenu hydrique et le contenu lipidique n’est pas la méme chez
les cing especes, ce qui nous empéche de recommander la méthode de dilution des isotopes chez ces animaux. Malgré
leur intérét écologique, c’est comme facteurs explicatifs de la variation de toutes les composantes du corps que ces
indices semblent le plus utiles.

[Traduit par la Rédaction]

Introduction and Ramsay 1995; Dobson and Michener 1995; Wauters and
. i , i Dhondt 1995). Males also expend a great amount of energy
Body condition of an animal refers to its energetic stateqyring male—male competition for mates, resulting in mass
so an animal in good condition has higher energy reserveg,ss that may be attributable to mobilization of fat reserves
(usually fat) than an animal in poor condition. In mammals, cjytton-Brock et al. 1982; Anderson and Fedak 1985; Deutsch
the amount of fat that an individual carries can have importang; ;. 1990). Conversely, carrying fat can have fithess conse
fitness consequences. For instance, individuals with 'a_rge(ﬁuences. Locomotion, and thus predator avoidance, can be
fat reserves may have better fasting endurance and h'gh%mpromised by heavy fat reserves (e.g., Trombulak 1989).

survival than individuals with smaller reserves (Millar and . ) .
( f Measuring energy reserves unequivocally requires destruc

Hickling 1990). There are also sex-specific consequences i : ; X o
variation in fat reserves. In female mammals, reproductivgEIVe sampling: the animal must be killed and dried and lipids

success is correlated with body condition; reproductive traitsei(trl""gé%()j lg;FegnS?‘|;/\/evgt/Se:0 riiteeg:rc]lr?:rs]ca:ecz?rt:n; E]E)g;:jrg eotf
such as litter mass, number of litters, neonatal mass, and’ ) ’ ! q

breeding life-span increase with body condition (Atkinsontondition that can be applied to longitudinal studies of nd
viduals in wild populations. Selecting an appropriate index

of condition can, however, be problematic. Generally, there

are two methods that have been used. A ratio between body
mass and some measure of structural size (e.g., body length)
has been employed by many studies. This approach assumes
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Table 1. Mass, dry mass, and fat content for five species of small mammals sampled from
the Kananaskis Valley, Alberta.

Mass (g) Dry mass (g) Fat content (g)
Bushy-tailed wood rat 355.9 + 80.63 88.37 + 22.09 12.71 + 7.73
Yellow-pine chipmunk 51.4 + 4.17 12.51 + 0.96 1.46 £ 0.46
Meadow vole 33.0 £ 6.79 8.14 £ 1.54 0.57 £ 0.29
Red-backed vole 25.6 £ 3.49 6.45 + 0.84 0.53 £ 0.18
Deer mouse 215+ 221 5.54 £ 0.59 1.06 + 0.50

Note: Values are given as the mean + SD.

Table 2. Morphological measurements used in the principal components analysis for five species of small
mammals sampled from the Kananaskis Valley, Alberta.

Bushy-tailed  Yellow-pine Red-backed

wood rat chipmunk Meadow vole vole Deer mouse
Body length (mm) 230 + 13.6 120.6 + 4.03 109.1 + 7.58 97.8 £ 6.69 86.8 £ 6.24
Skull length (mm) 57.4 +2.77 36.5 £ 1.00 — — —
Skull width (mm) — 18.3 + 0.84 — — —
Hind-foot length (mm) 43.0 £ 2.29 — 18.0 £ 0.83 18.22 + 0.76 20.3 £ 0.74
Ear length (mm) — — 14.7 + 1.47 17.60 + 1.14 18.9 + 1.18

Note: Values are given as the mean + SD.

Table 3. Summary table of PC1 from principal components analysis for five species of small mammals
sampled from the Kananaskis Valley, Alberta.

Bushy-tailed Yellow-pine Meadow Red-backed

wood rat chipmunk vole vole Deer mouse
Percent variance 75.1 50.0 49.3 55.0 51.0
Body length 0.883 0.799 —-0.718 0.840 0.756
Skull length 0.916 0.535 — — —
Skull width — 0.757 — — —
Hind-foot length 0.803 — 0.620 0.460 0.679
Ear length — — -0.761 0.856 0.726

Note: Percent variance refers to the percent variance in the data explained by PC1.

Table 4. Results of regressions between PC1 (body size) and body mvBser five spe
cies of small mammals sampled from the Kananaskis Valley, Alberta.

Regression equation r? P
Bushy-tailed wood rat M = 355.92 + 68.15(PC1) 0.717 <0.001
Yellow-pine chipmunk M = 51.49 + 2.31(PC1) 0.311 0.007
Meadow vole M = -41.87 + 0.69(BL) 0.586 <0.001
Red-backed vole M = 25.86 + 2.43(PC1) 0.487 <0.001
Deer mouse M = 21.49 + 1.08(PC1) 0.240 < 0.001

Note: BL, body length. Body mass is measured in grams and body length is measured in millimetres.

body size and the residuals of this regression are used as anDespite widespread use of the regression approach to
index of body condition; an individual with a positive resid estimatecondition, few studies have evaluated whether the
ual is considered to be in better condition than an individuakesulting condition index (residuals) actually reflects fat-con
with a negative residual (e.g., Dobson 1992; Dobson andent. Virgl and Messier (1993) evaluated this index of cendi
Michener 1995; Wauters and Dhondt 1995; Guinet et altion and found that it did not explain any variation in fat
1998). The latter “residual” approach is considered to be theontent in muskratsQindatra zibethicus Krebs and Single
most reliable index of condition because it does not varyton (1993) used the body mass — body size regression to
with body size (Jakob et al. 1996; but see Kotiaho 1999)assess condition in house miceMys domesticys by
These and variations of these indices have been used for mangmparing actual mass with the mass predicted by the re
taxa, including birds, fish, and invertebrates (e.g., Balley9;  gression equation. This created a ratio in which an individ
Bolger and Connolly 1988; Jakob et al. 1996). ual in average condition had a ratio of 1, an animal in poor
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Fig. 1. Regressions between residuals taken from the PC1 — body mass regression and fataoteant ¢ry massh), water contentd),
and ingestad) for yellow-pine chipmunks.
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condition had a ratio <1, and an animal in good condition Because many studies have used residuals from the mass—
had a ratio >1. They compared these indices with measuresize regression to estimate condition in mammals and be
percent fat (expressed as percent fat of whole-body masgpuse residuals are considered most appropriate for assess
and found no relationship (Krebs and Singleton 1993). ing body condition from external measurements, we used

Ratio indices of condition have limited utility (Jakob et al. data from five species of small mammals from the
1996). For instance, Lidicker and Ostfeld (1991) used the ratiét@ananaskis Valley, Alberta, for which we have both struc
of body mass to body length in California volellicrotus  tural size measurements and measures of body fat to-deter
californicug and found that this index explained 48% of the Mine () whether the index of condition based on residuals is
variation in fat content but concluded that this index carriescorrelated with actual measurements of fat content ajaf (
little information besides body mass because the index an@lydrogen-isotope dilution would be effective in estimating
body mass were not independert € 0.96). body fat in these animals by examining the relationship be

A caveat to the interpretation of condition indices as-esti Ween body water and body fat.
mates of fat content is that components of body composition
include protein, ash, and water content, as well as fat conm

S Ol ethods

tent, and variation in one or more of these components can
compromise interpretation of these indices. As well, varia We used data from five species of small mammals, all collected
tion in mass of ingesta may confound condition estimates the Kananaskis Valley, Alberta, in the Front Ranges of the Rocky
unless ingesta is a constant proportion of body mass. Mountains (51°N, 115°W): yellow-pine chipmunkEafnias amoenus

. C e Allen), bushy-tailed wood rats\eotoma cinereu®rd), deer mice
An alternative to morphometric indices of condition is the Peromyscus maniculatagner), red-backed vole€kethrionomys

use of hydrogen-isotope dilution, Whi_Ch can measure totah,ynerivigors), and meadow voledviicrotus pennsylvanicurd).
body water (Bowen and Iverson 1998; Coltman et al. 1998) | animals used in the analyses were adult males or adult females
Fat is hydrophobic and so water may be negatively related téhat were not pregnant or lactating.

the amount of fat that an animal carries, as was found by Chipmunks ¢ = 23) were livetrapped from early May to late
Winstanley et al. (1998). August 1998 using Longworth live traps (baited with whole oats
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Fig. 2. Regressions between residuals taken from the PC1 — body mass regression and fat @péant ¢ry massh), water contentd),
and ingestad) for bushy-tailed wood rats.
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and sunflower seeds) and euthanized with an overdose of isofluoringround again in a Moulinex coffee grinder. Fat extraction was per
Body mass (+£0.01 g), total body length (including tail) (1 mm), formed on two 4-g subsamples. We used a subsampling approach
tail length (#1 mm), skull length (0.1 mm), and skull width because it would be logistically difficulty to extract fat from so
(0.1 mm) were measured and each body was frozen. Woodrats ( many relatively large animals. We assumed that these subsamples
62) were collected in the summer and winter of 1984-1985 usingccurately represented body composition of the wood rats. Fat con
Conibear kill traps (Hickling 1987; Hickling et al. 1991). Body tent of the pelt was determined by soaking the intact pelt in ether
mass (+0.1 g), total body length (including tail) (1 mm), tail for 24 h. Total fat content was calculated as the mean of the two
length (1 mm), skull length (#0.5 mm), and hind-foot length replicate estimates of carcass fat plus pelt fat (Hickling et al.
(0.5 mm) were measured and each body was frozen. Deer mick991). Fat extractions for all species were performed at the Depart
(n = 100), red-backed voles (= 86), and meadow voles (= 34) ment of Zoology, University of Western Ontario. For all species,
were collected from early May to late August 1987 using snapwe calculated water content as the difference between fresh mass
traps baited with a small string that had been soaked in aromati¢without stomach contents) and the mass of the carcass after dry
oils and then tied to the treadle (Millar et al. 1990). Body massing. Lean dry mass was determined by the mass of the carcass fol
(£0.1 g), total body length (including tail) (+1 mm), tail length lowing fat removal.
(1 mm), hind-foot length (+1 mm), and ear length (+1 mm) were  To measure structural size, we conducted a principal cempo
measured and each body was frozen (Millar 1987; Millar et al.nents analysis on log-transformed body size variables for each of
1990). the five species (Iskjaer et al. 1989; Dobson 1992). The first princi
Fat extractions were performed following Kerr et al. (1982) andpal component (PC1) was used as an index of structural size if all
Dobush et al. (1985). For chipmunks, deer mice, and voles, whol®ody-size variables were positively correlated with PC1 (Pimentel
bodies except for stomach contents were dried, ground in a Wiley979). If this was not the case, body length was used as an index
Mill or a Moulinex coffee grinder, and fat content was determined of body-size. All variables were entered into the analysis as-mea
using petroleum ether in a Soxhlet fat extractor. Mass of stomaclsured except for total body length and tail length. Body length was
contents was measured (x0.01 g). Wood rat carcasses (excludir@lculated by subtracting tail length from total body length.
stomach contents (weighed separately (0.1 g)), skull, and pelt) To calculate the estimate of body condition, we regressed mass
were ground in a meat grinder and dried. The carcass was thesn PC1 or body length for each species and used the residuals as
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Fig. 3. Regressions between residuals taken from the PC1 — body mass regression and fataoteant ¢ry massh), water contentd),
and ingestad) for deer mice.
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an index of condition. To determine whether these residuals remorphological measurements loaded positively and higher
flected fat content, we regressed the estimates of condition on ahan 0.5 on PC1 except for hind-foot length of red-backed
solute fat (g), lean dry mass (g), water content (g), and ingesta (9)yoles (0.46). Factor loadings for meadow voles were not in a
‘ tT(c.’ det_eanige how C'Osbe't{ bo_d)é mas%s waS_tassc:ﬁiatet?] with _%Od onsistent direction. Body length and ear length were nega
at (I.e., IS DO mass a petter Index or condaition tnan the residuay: . : .
condition inde}(/?), we regressed body fat (g) against whole-bod !vely correlated W.'th PC1, but hind-foot length was POSI
mass (g) (including stomach contents) for each of the five roden ively c_orrelated with PC1 (Table 3). Therefore, to descrlbe_
species. ody size in meadow voles, we used body length because it
To determine the relationship between body water and body fatvas used in other studies of voles (Heske and Ostfeld 1990),
we regressed percent body fat (%) on percent body water(l§#&ih and we used scores from PCL1 for all other species.
variables arcsine-transformed) for each of the five species. For each species, we regressed body mass on body size
and used the residuals as an index of condition (Table 4). All
regressions were highly significarf® € 0.001) for all species
except for chipmunksR = 0.03). We removed a chipmunk
On average, deer mice had the highest proportion of totahat was an outlier from the regression, which improvéd
body mass as fat (4.9%) compared with wood rats (3.6%)from 0.19 to 0.31 and® from 0.03 to 0.007. We removed
chipmunks (2.8%), red-backed voles (2.1%), and meadowhis chipmunk from our analyses because the residual of this
voles (1.7%) (Table 1). Based on standard error, we foundéhdividual was much lower than that of any of the other
body length to be the most variable of the structural meachipmunks. We therefore assumed that the outlier chipmunk
surements made for all species except chipmunks (Table 2)was sick in some way and excluded it. Throughout the re
PC1 of morphological measurements for chipmunks, woodnaining analyses, we did not use this outlier chipmunk.
rats, deer mice, and red-backed voles was used to estimatariance in mass explained by body size ranged from 24%
body size. PC1 explained at least 50% of the overall variain deer mice to 71.7% in wood rats (Table 4). Body mass
tion in size measurements for these species (Table 3). Alnd body size were more closely correlated in wood rats and

Results
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Fig. 4. Regressions between residuals taken from the PC1 — body mass regression and fataoteant ¢ry massh), water contentd),
and ingestad) for red-backed voles.
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both vole species than in deer mice and chipmunks. Resid/oles, significantly positive for deer mice, and negative for

uals from these regressions weakly reflected variation in fatvood rats (Table 5).

content for all species. Regressions between the residuals

and absolute fat content were significant for wood rats, deeg: .

mice, and red-backed voles (Figs. 1-5). In all cases the Va”blscusswn

ance in fat content explained by the residuals was o ( There are two major conclusions that can be drawn from

0.2). Because residuals may reflect variation in other-comour results. First, residuals from the mass—size regression are

ponents of body mass, we also regressed the residuals eelatively poor predictors of fat content and explain more

water content, lean dry mass, and ingesta. Residuals eonsigariation in lean dry mass and water content than in fat con

tently explained more variation in lean dry mass than fatent in all five species. Second, percent water is not censis

content in all species (Figs. 1-5). Regressions between reently related to percent fat, which questions the general

siduals and ingesta were significant in chipmunks and redutility of hydrogen-isotope dilution as a predictor of fat eon

backed voles, marginally significant in deer mice, andtent.

nonsignificant in wood rats and meadow voles (Figs. 1-5). Despite the use of residuals as an index of condition in
The relationship between body mass and body fat was nahany studies (e.g., Dobson and Michener 1995; Wauters and

uniformly better than between the residual index of cendi Dhondt 1995; Guinet et al. 1998; Fisher 1999), it should not

tion and body fat. Body mass was a better predictor of bodye surprising that residuals do not correlate with fat content.

fat than the condition index in chipmunks?(= 0.193,P =  Both Krebs and Singleton (1993) and Virgl and Messier
0.004) and meadow voles?(= 0.148,P = 0.024) but not in  (1993) found no relationship between condition indices de
wood rats (2 = 0.128,P = 0.004), deer micerf = 0.056,P = rived from the body mass — body size regression and actual
0.017), or red-backed voles?(= 0.036,P = 0.078). measured in house mice and muskrats, respectively. This

The utility of body water to predict body fat was inconsis begs the question what does the index of condition actually
tent. The relationship between these two variables was natpresent? Clearly, these indices are ecologically significant,
significant for chipmunks, red-backed voles, and meadowsince they correlate with various aspects of mammalian life
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Fig. 5. Regressions between residuals taken from the body length — body mass regression and fataomeamt dry massh), water
content €), and ingestad) for meadow voles.
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Table 5. Results of regressions between percent body water (%WATER) and percent body
fat (%FAT) for five species of small mammals sampled from the Kananaskis Valley, Alberta.

Regression equation r2 P
Bushy-tailed wood rat %FAT = 0.372 — 0.414(%WATER) 0.315 <0.001
Yellow-pine chipmunk %FAT = 0.086 — 0.089(%WATER) 0.117 0.119
Meadow vole %FAT = —-0.036 + 0.067(%WATER) 0.061 0.159
Red-backed vole %FAT = 0.006 + 0.018(%WATER) 0.005 0.527
Deer mouse %FAT = —2.08 + 0.298(%WATER) 0.629 0.001

history (e.g., Dobson 1992; Dobson and Michener 1995with aspects of mammalian life history, it is interesting to
Wauters and Dhondt 1995; Dobson et al. 1999; Fishespeculate whether protein is used as a source of energy in
1999), but they do not seem to reflect variation in fat-con small mammals. During winter, when food resources are
tent. Our results show that the body condition index reflectdow, northern redsacked voles Clethrionomys rutilus and
variation in water content, lean dry mass (composed mostlynuskrats have loweprotein reserves than when food-re

of protein), and in the case of chipmunks, ingesta. Learsources are high (Virgl and Messier 1992; Zuercher et al.
body mass is therefore not constant and variation in mass £999). Although this may serve to minimize metabolie re
the result of variation in all body components, especiallyquirements (Zuercher et al. 1999), small mammals carty lit
protein and water content. Because fat content is such #e fat as energy reserves and may catabolize protein to meet
small proportion of body mass among our five species (1.7-some energy requirements.

4.9%), any variation in fat content is unlikely to be reflected The result that residuals explain 35% of the variation in
in variation in body mass, especially if there is also variationingesta in chipmunks and explain very little variation in
in other components. Because condition indices correlatengesta in the other four species has some methodological
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implications. Chipmunks were the only species livetrappecdenergetics (e.g., Voltura and Wunder 1998; Bachman and
and then euthanized. Traps were baited with oats and suWidemo 1999) and requires a species-specific calibration
flower seeds, which were presumably consumed by the chipcurve (Frawley et al. 1999). TOBEC estimates fat-free wet
munks. Conversely, all the other species were kill-trappedmass with an associated amount of error, but because fat is
and in the case of deer mice, red-backed voles, and meadosuch a small component of body mass in many small birds
voles, traps were specifically baited with material that couldand mammals, accurate estimates of fat content using this
not be consumed (string soaked in aromatic oils) becausmethod are compromised (Zuercher et al. 1997; Frawley et
stomach contents were of interest (Millar et al. 1990). Woodal. 1999).

rat traps were baited with peanut butter (Hickling 1987). We conclude that in small mammals, residuals from the
This result suggests that if condition is of primary interestbody mass — body size regression are more accurate indicators
and animals are being livetrapped, it may be important taof variation in protein and water content than in fat content.
(i) use very little to no bait orii) allow animals to process These condition indices appear to be ecologically important,
bait through their gut before weighing them. For deer mice although they are best interpreted as explaining variation in
this can be between 2 and 15 h, depending on the water coall constituents of body composition rather than just in fat
tent of the seeds used as bait (Reid and Brooks 1994; alsmntent.

see Norrie and Millar (1990) for voles).
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