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Abstract: Traditionally, biologists have developed indices that assess nutrition and condition of wild ungulates. 
However, many attempts to validate such indices have failed to indicate the range of conditions under which they 
work. Furthermore, such validation tests often fail to identify sensitivity to small but biologically meaningful dif- 
ferences, and emphasize statistical rather than biological relationships. We evaluated 20 models that were devel- 

oped to assess nutritional condition of Rocky Mountain elk (Cervus elaphus nelsonii). We analyzed sensitivity, bias, 
accuracy, precision, applicability across a wide range of body conditions, and field practicality. Because models 
were derived using captive elk, we incorporated data from 6 wild cows to assess suitability of condition-index mod- 
els for free-ranging elk. We found that most condition indicators available to biologists were weakly related to actu- 
al nutritional condition, were insensitive to small changes in condition, or often showed nonlinear relations that 
restricted their value to a narrow range of body condition. An arithmetic combination of a rump body-condition 
score and subcutaneous rump-fat thickness for live animals, and a modified carcass-evaluation score for dead ani- 
mals, were the most sensitive and accurate indices of nutritional condition that we tested. 
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Over the past several decades, researchers have 

developed many techniques to determine the 
nutritional condition of large ungulates. The 
most rigorous of such attempts involved measur- 

ing various indices of condition, homogenizing 
the carcass, and chemically analyzing it to deter- 
mine fat, protein, water, and ash content. Statis- 
tical analysis of indices generally involved corre- 
lation between the indices and a body 
component, usually ingesta-free body fat. Non- 
linear relationships often were transformed to 
facilitate analysis using general linear models 

(e.g., Finger et al. 1981, Watkins et al. 1991, Cook 
et al. 2001). The value of indices usually was 
determined via comparison of correlation coeffi- 
cients or coefficients of determination. However, 
these methods of analysis often are incomplete, 
leaving unanswered questions related to reliabili- 

ty, sensitivity, and applicability of such indices 
across space and time. 

Many have referenced these assessment limita- 
tions (e.g., Robbins 1983, Hobbs 1987, Ceder- 

lund et al. 1989, Harder and Kirkpatrick 1994) 
and have offered criteria that should be used to 
evaluate the value of an index (Robbins 1983, 
Hobbs 1987). Useful indices of condition should 

(1) be linearly related to actual condition (i.e., 
have a consistent relationship with nutritional 
condition over the entire range of the condition; 
Robbins 1983); (2) be insensitive to a variety of 

confounding influences, such that specific rela- 
tions developed for 1 area, time, or diet, are 

applicable to others without bias (Robbins 1983, 
Hobbs 1987); (3) share a biological relation 
rather than just a significant statistical correlation 
with condition (Robbins 1983); (4) exhibit low to 
moderate variation relative to the variation in the 

dependent variable (Hobbs 1987); and (5) be 

reasonably practical for field application. 
Our goal was to evaluate the sensitivity, bias, 

accuracy, precision, and applicability of a set of 
nutritional condition models developed for 

Rocky Mountain elk. These models were devel- 

oped using regression analysis of 49 different 
indices (Cook et al. 2001). Because captive-raised 
elk cows were used, we also included 6 wild cows 
from northeast Oregon to assess potential nutri- 
tional condition differences resulting from free- 

ranging versus captive existence. We present our 
recommendations for obtaining body condition 
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estimates for both live and dead elk based on the 
above criteria. 

METHODS 
We used 43 nongravid cow elk ranging from 1.5 

to 7.5 years of age to develop nutritional condi- 
tion models for cow elk (Cook et al. 2001). We 

grouped cows into 3 age classes (yearlings, 2 year 
olds, and adults) and 3 seasonal periods (Sep, 
Dec, and Mar) to evaluate effects of age and sea- 
son on the performance of each condition index. 
Within each season and age class, cows were 

placed on 1 of 3 nutritional regimes that provid- 
ed a wide range of nutritional condition 
(1.6-19.0% ingesta-free body fat). Animals were 
euthanized and homogenized for total carcass 
fat, protein, ash, and water. Six wild cows cap- 
tured from a herd in northeast Oregon in Febru- 

ary 1999 were similarly processed to determine 

body composition (Cook et al. 2001). We evalu- 
ated 49 condition indices (including live-animal, 
dead-animal, and serum and urine indices) and 

developed predictive models of nutritional con- 
dition using regression analysis. See Cook et al. 
(2001) for full description of methodology and a 
list and description of all indices evaluated. 

From these models generated by Cook et al. 
(2001), we evaluated all single-variable models 
that produced a coefficient of determination 

>0.70, as well as the live and dead animal multi- 
variable models with greatest predictive power. 
Models evaluated were (1) body mass; (2) body- 
condition score (a palpation technique using 
scores from the withers, ribs, and rump); (3) 
rump body-condition score (the rump portion of 
the body-condition score); (4) maximum subcu- 
taneous rump fat thickness (obtained using ultra- 

sonography); (5) an arithmetic combination of 
the body-condition score and maximum subcuta- 
neous rump fat thickness (LIVINDEX); (6) an 
arithmetic combination of the rump body-condi- 
tion score and maximum subcutaneous rump-fat 
thickness (rLIVINDEX); (7) body-reserve index 

(body-condition score multiplied by body mass); 
(8) serum levels of insulin-like growth factor-i; 
(9) serum levels of thyroxine; (10) modified Kist- 
ner score (a visual assessment of fat in indicator 

depot sites: cardiac, omental, perirenal, and sub- 
cutaneous areas); (11) Kistner subset score 
(heart, pericardium, and kidney scores of the 
modified Kistner score); (12) Wyoming index 
(scoring based on the presence or absence of 
subcutaneous fat at the withers, stifle, and rump); 
(13) kidney fat mass (mass of perirenal fat); (14) 

kidney fat index-full (kidney fat index derived 

using the entire perirenal fat mass); (15) kidney 
fat index-trimmed (traditional kidney fat index 

using the trimmed perirenal fat mass); (16) 
femur marrow fat; (17) an arithmetic combina- 
tion of kidney fat index-full and femur marrow 
fat (CONINDEX); (18) mandible marrow fat; 
(19) LIVINDEX + scapula muscle thickness + 

longissimus dorsi (loin) thickness; and (20) kid- 

ney fat mass + Wyoming index. 

Statistical Analysis 
Our evaluation consisted of 4 types of analyses 

reflecting criteria of Robbins (1983) and Hobbs 
(1987). We used (1) a range of usefulness evalu- 
ation to identify types of relations between 
indices and body fat (i.e., identify biological rela- 
tions that provide insights for what levels of con- 
dition the models apply); (2) an analysis of 
model sensitivity to test variation in the index rel- 
ative to variation in the dependent variable; (3) a 
bias analysis to test whether indices were consis- 

tently over- or underestimating body condition of 
wild elk; and (4) an accuracy analysis to test how 
close estimations of body condition came to the 
actual fat values of wild elk and a precision analy- 
sis that evaluated the spread of absolute devia- 
tions around the average deviation. 

Range of Usefulness 

Many indices evaluated by Cook et al. (2001) 
had nonlinear relations with body fat and thus 
were only useful over a restricted range of condi- 
tion (Robbins 1983). To compare the range of 
usefulness among indices, we graphed levels of 
fat and gross energy (GE; Mcal/kg) with a deple- 
tion ratio (DR) of each index. We inserted per- 
cent fat and GE levels (y-values) into each single- 
variable predictive equation for each index (see 
Table 1 for general equations) and solved for x, 
providing index values we refer to as "IN." DR 
was then calculated as: 

DR = (IN - LV) + (HI - LV), where 
IN = value of index for any given level of fat or 

GE; 
LV = value of index at lowest value of fat or GE 

in our dataset (1.5% fat; 1.40 Mcal/kg); 
HI = value of index at highest value of fat or GE 

in our dataset (19% fat; 2.75 Mcal/kg). 

This equation standardized the depletion ratios 
across indices, with 1 being the highest value 
attained for that particular index for the range of 
condition found in this study (no depletion) and 
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0 being the lowest value attained for that index 
(complete depletion). Differences in depletion 
patterns among indices were then compared 
graphically. Steep slopes represented hypersensi- 
tivity (i.e., large changes in the index relative to 
small changes in condition); shallow slopes rep- 
resented hyposensitivity (i.e., small changes in the 
index relative to large changes in condition); and 
a slope of 0 indicated no predictive capability. 

Model Sensitivity 
We compared variation associated with the 

indices relative to variation in the dependent 
variable (% fat) for this set of models. We wanted 
to determine whether a seemingly good predic- 
tive model generated from data with a large range 
of condition (e.g., among seasons) could accu- 
rately assess condition within smaller ranges typi- 
cally found within seasons (see Hobbs 1987). We 
estimated within-season range of fat levels of wild 
elk to be 7 percentage points from condition data 
collected during early November (1998, 1999) 
and late March (1998, 1999) from an elk herd in 
the Cascade Mountains, near Enumclaw, Wash- 
ington, USA. We randomly selected 26 subsets 
from our captive elk data, each with a 7 percent- 
age-point range of body fat, and regressed % fat 
on the index for each subset of data. Model per- 
formance was based on the average coefficient of 
determination of the 26 regressions and the per- 
centage of them that were significant (P ? 0.05). 

Bias, Accuracy, and Precision 
We used the independent dataset from the 6 

wild elk captured in northeast Oregon to assess 
the 20 predictive models developed from the cap- 
tive elk data. We compared observed fat levels of 
the wild elk to those predicted using the captive 
elk equations. We graphed the mean and 95% 
confidence intervals of the residuals (observed - 

predicted) for each of the 20 models for the wild 
elk. We also did this for all captive elk that fell 
into the same range of condition as the wild elk 
(<6% body fat). This method, basically a paired 
t-test (overlap of 95% CI with 0), indicated (1) 
bias of the predictive models (e.g., over- or 
underestimating body fat); and (2) differences in 
bias between wild and captive animals. However, 
we suspected that this method might fail in 2 
instances: (1) for models that predicted accu- 
rately, but with a slight, consistent bias, it might 
indicate significant differences between observed 
and predicted (i.e., a poor model); and (2) for 
models that predicted very poorly but with no 
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Fig. 1. Depletion patterns of condition indices evaluated in the 
elk body composition study of 1998-1999. Each curve repre- 
sents a different type of relation to body fat (see Table 1): Type 
I, almost asymptotic; Type II, power; Type III, linear; Type IV, 
logarithmic; and Type V, linear but truncated. Depletion ratios 
were standardized across indices (with 1 being the highest 
value attained for that particular index for the range of condi- 
tion in this study [no depletion], and 0 being the lowest value 
attained for that particular index for the range of condition in 
this study [complete depletion]). Although we presented the 
curves with actual fat values, these should be used as relative 
values only. Within a type, individual curves vary due to dif- 
ferent equation coefficients. 

bias, this method would indicate relatively good 
performance. Therefore, we conducted an accu- 
racy and precision analysis to account for these 
potential shortcomings by calculating the mean 
and 95% confidence intervals of the absolute 
value of residuals for both wild and captive 
datasets. Relatively large means, particularly in 
combination with large confidence intervals, 
indicated relatively poor accuracy and precision. 
Maximum subcutaneous rump fat thickness 
(Model 4) could not be evaluated due to limita- 
tions in its use once animals fall below 6% body 
fat (Cook et al. 2001; i.e., fat levels in all 6 wild 
cows were <6%). 

RESULTS 

Range of Usefulness 
We observed 5 types of depletion patterns (Fig. 

1). Substantial differences in range of usefulness 
were associated with each depletion pattern. 
Type I was derived from an almost asymptotic 
relation (Table 1). It indicated hypersensitivity 
over the low range of conditions and has no pre- 
dictive capability over moderate and high levels 
of nutritional condition (Fig. 1). Femur marrow 
fat was the only index with a Type I pattern. It 
was related to conditions with less than 6% body 
fat but unrelated to conditions above 6% body 
fat. Type II was derived from a power relation 
(Table 1). It indicated hypersensitivity over low 
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Table 1. Classification of selected condition indices into 5 curve types of relations between each condition index and total body 
fat. These general equations were used to develop the depletion ratio patterns depicted in Fig. 1. 

Type General equationa Indices 

Almost asymptotic-used linear regression Femur marrow fat 
for part of the data, the remainder was 
deemed a vertical line 

II y= abx Mandibular marrow fat 
Ill y= bx+ a Body-condition scores (whole and rump), LIVINDEX, rLIVINDEX, 

CONINDEX, modified Kistner score, Kistner subset score (heart, 
pericardium, and kidneys), body-reserve index, body mass, thyroxin 

IV y = a(1 - e-bX) All 3 kidney fat indices (full, trimmed, fat mass only), insulin-like growth 
factor-1 

V y = bx + a (with truncated range) Subcutaneous maximum rump fat thickness, modified Wyoming index 

a y = ingesta-free body fat (%); x = condition index values. 

levels of condition and hyposensitivity over high 
levels of condition (Fig. 1). Mandibular fat was 
our only example of this pattern and was most 
useful between approximately 5% and 13% body 
fat. Type III was derived from a linear relation 
(Table 1). It indicated a consistent relationship 
with body condition across the entire range of 
nutritional conditions and thus was the most use- 
ful. Nine indices exhibited a Type III pattern 
(Table 1). Type IV was derived from a logarith- 
mic relation (Table 1). It indicated hyposensitiv- 
ity at low levels of condition, hypersensitivity at 

high levels of condition, and lost predictive capa- 
bility at some high level of condition (as deter- 
mined by original equation coefficients; Fig. 1). 
The kidney fat indices and insulin-like growth 
factor-1 exhibited this pattern. The kidney fat 
indices are most useful between approximately 
6% and 13% body fat and lose predictive ability 
above 16% body fat. Type V was derived from a 
linear relation but with an abruptly truncated 

range of usefulness (Table 1). It indicated a con- 
sistent relationship with body condition at mod- 
erate to high levels of condition, but no predic- 
tive capability at low levels of condition (Fig. 1). 
Rump fat thickness and the Wyoming index 
exhibited this pattern; they showed a consistent 

relationship with body condition above 6% body 
fat, but no predictive ability below this point. 

Model Sensitivity 
Sensitivity assessments demonstrated additional 

differences among models (Fig. 2). When 
restricted to within-season ranges of condition, 
coefficients of determination generally were lower 
than for between-season ranges. Body-condition 

score (Model 2), rump body-condition score 
(Model 3), maximum subcutaneous rump fat 
(Model 4), LIVINDEX (Model 5), rLIVINDEX 
(Model 6), modified Kistner score (Model 10), 
Kistner subset score (Model 11), kidney fat mass 
(Model 13), and the 2 multivariable models 
LIVINDEX + scapula + loin (Model 19) and kid- 

ney fat mass + Wyoming index (Model 20) were 

S 100% 100% 
100% 

06 100 % I100% 

0.6 100% 100% 

f 

88.100%810986% 0.4 -32%20%F 
0.2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Total fat (%) models 

Fig. 2. Sensitivity of the 20 best elk condition models from 
Cook et al. (2001). Sensitivity was evaluated by subjecting 
each to 26 regressions within a restricted range of condition 
(7 percentage points of body fat representing within-season 
variation of condition of wild elk in western Washington, USA; 
unpublished data, n = 50). The average coefficient of deter- 
mination (? SE) and the percentage of time the model was 
significant over the 7-point ranges are presented. Models 
used were (1) body mass; (2) body-condition score; (3) rump 
body-condition score; (4) maximum subcutaneous rump fat 
thickness; (5) an arithmetic combination of body-condition 
score and maximum subcutaneous rump fat thickness 
(LIVINDEX); (6) an arithmetic combination of the rump body- 
condition score and maximum subcutaneous rump fat thick- 
ness (rLIVINDEX); (7) body-reserve index; (8) insulin-like 
growth factor-1; (9) thyroxine; (10) modified Kistner score; (11) 
heart, pericardium, and kidney scores of the Kistner score 
(Kistner subset score); (12) Wyoming index; (13) kidney fat 
mass; (14) kidney fat index-full; (15) kidney fat index-trimmed; 
(16) femur marrow fat; (17) an arithmetic combination of kid- 
ney fat index-full and femur marrow fat (CONINDEX); (18) 
mandible marrow fat; (19) LIVINDEX + scapula + loin; and 
(20) kidney fat mass + Wyoming index. 
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Fig. 3. Relations of total body fat with total body water (Fat % 
= -1.234x + 87.973, r2 = 0.94) and total gross energy (Fat % 
= 10.034x - 12.062, r2 = 0.96) for 43 captive-raised cow elk 
(ingesta-free basis). White squares and gray squares repre- 
sent body water and gross energy data, respectively, of 6 wild 
elk from northeastern Oregon, USA. 

significantly related to condition (P ? 0.05) for 
>80% of the 26 data subsets. However, body mass 
(Model 1), body-reserve index (Model 7), 
insulin-like growth factor-1 (Model 8), thyroxine 
(Model 9), Wyoming index (Model 12), kidney 
fat index-full (Model 14), kidney fat index- 
trimmed (Model 15), femur marrow fat (Model 
16), and CONINDEX (Model 17) were signifi- 
candy related to condition (P< 0.05) for <80% of 
the 26 data subsets. Body mass (Model 1), 
insulin-like growth factor-1 (Model 8), thyroxin 
(Model 9), and femur marrow fat (Model 16) 
were markedly insensitive; they were significantly 
related to condition for <50% of the 26 data sub- 
sets. Mandible marrow fat (Model 17 in Fig. 2) of 

captive cows could not be evaluated due to con- 

founding age effects (see Cook et al. 2001). 

Wild Elk Condition 
Nutritional condition of the 6 wild elk (1 2.5 

year old and 5 adults >3 years old) was relatively 
low and consistent. Fat ranged from 3.5 to 6.0%, 
GE ranged from 1.59 to 1.76 Mcal/kg, protein 
ranged from 20.7 to 23.1%, and live mass ranged 
from 170 to 229 kg. Percent body fat was linearly 
related to GE (Mcal/kg; r2 = 0.96, P? 0.001) and 
percent water (r2 = 0.94, P ? 0.001) for captive 
elk. All wild elk fell within ranges of captive elk 
(Fig. 3). Water, protein, and ash accounted for 
71.7 ? 0.2%, 23.0 ? 0.2%, and 5.3 ? 0.2% (? SE) of 
the fat-free, ingest-free body mass for all elk com- 
bined. 

Bias, Accuracy, and Precision 
Most prediction models tended to overestimate 

condition of the wild elk we processed, but this 
also was true for those captive elk in the same 

range of condition (Fig. 4A). Thus, the best mea- 
sure of bias for the wild elk was the magnitude of 
difference in this bias between wild versus captive 
elk. With respect to wild versus captive elk, mag- 
nitude of bias was greatest for body mass (Model 
1), body-reserve index (Model 7), insulin-like 
growth factor-i (Model 8), and thyroxine (Model 
9). These over- or underestimated body fat of 
wild elk by >2.5 percentage points compared to 
tame elk. Bias was small or nonexistent for 

LIVINDEX (Model 5), rLIVINDEX (Model 6), 
modified Kistner score (Model 10), and the Kist- 
ner subset score (Model 11), the Wyoming index 
(Model 12), kidney fat index-full (Model 14), kid- 
ney fat index-trimmed (Model 15), femur mar- 
row fat (Model 16), and CONINDEX (Model 17). 

The accuracy and precision analysis (Fig. 4B) 
provided a similar perspective. Our data gener- 
ally suggested slightly less accuracy for predicting 
condition of wild elk than captive elk, particular- 
ly for the body mass (Model 1), body-reserve 
index (Model 7), insulin-like growth factor-i 
(Model 8), thyroxine (Model 9), and kidney fat 
index-trimmed (Model 15) prediction models. 
Absolute differences between observed and pre- 
dicted body fat of wild elk were, on average, >1.5 

percentage points higher than that of the captive 
elk. Otherwise, differences in the magnitude of 

inaccuracy between wild and captive elk were rel- 

atively small compared with 95% confidence 
intervals of the means. Precision with respect to 
wild versus captive was lowest for body mass 
(Model 1), body-reserve index (Model 7), insulin- 
like growth factor-i (Model 8), and thyroxine 
(Model 6), and was greatest for LIVINDEX 
(Model 5), rLIVINDEX (Model 6), modified Kist- 
ner score (Model 10), Kistner subset score 
(Model 11), kidney fat index-full (Model 14), 
femur marrow fat (Model 16), CONINDEX 
(Model 17), and the kidney fat mass + modified 
Wyoming score 2-variable model (Model 20). 

DISCUSSION 
Few studies have explicitly assessed within-sea- 

son reliability, range of usefulness, sensitivity, 
accuracy, and precision of nutritional condition 
indices. Such analyses provide more insight into 
the value of indices than simple comparisons of 
correlation coefficients or coefficients of deter- 
mination of linear or linearized models. Our 
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results indicate that for elk, condition indices 
with similar coefficients of determination vary in 
their range of usefulness, sensitivity, and preci- 
sion, and that some of the more commonly used 
indices have limited predictive capability. 

Range of Usefulness 

Range of usefulness generally is a function of 

linearity of relations between indices and nutri- 
tional condition. Transforming such data to make 

them linear is a common approach that facilitates 

analysis with linear statistical models. However, 
this approach has been criticized. Attempting to 
produce good statistical fit via this approach 
masks important biological attributes of indices 
(Robbins 1983:222). Nonlinearity of many con- 
dition indices often results from sequential pat- 
terns of fat mobilization across various areas of 
the body (Harder and Kirkpatrick 1994). As ani- 
mals decline in condition, fat mobilization is 
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Fig. 4. Bias, accuracy, and precision of the 20 best elk condition models from Cook et al. (2001). In A, the mean and 95% confi- 
dence intervals of the residuals (observed fat percentage points - predicted fat percentage points) are presented for northeast Ore- 
gon wild elk and all captive elk in the same range of condition (<6% body fat). Failure of confidence intervals to include 0 indicates 
significant bias. In B, the mean and 95% confidence intervals of the absolute value of residuals (fat percentage points) are presented 
for both sets of animals. Relatively large means, particularly in combination with large confidence intervals, indicate relatively poor 
accuracy and precision. Models used were (1) body mass; (2) body-condition score; (3) rump body-condition score; (4) maximum 
subcutaneous rump fat thickness; (5) an arithmetic combination of body-condition score and maximum subcutaneous rump fat thick- 
ness (LIVINDEX); (6) an arithmetic combination of the rump body-condition score and maximum subcutaneous rump fat thickness 
(rLIVINDEX); (7) body-reserve index; (8) insulin-like growth factor-1; (9) thyroxine; (10) modified Kistner score; (11) heart, pericardi- 
um, and kidney scores of the Kistner score (Kistner subset score); (12) Wyoming index; (13) kidney fat mass; (14) kidney fat index- 
full; (15) kidney fat index-trimmed; (16) femur marrow fat; (17) an arithmetic combination of kidney fat index-full and femur marrow fat 
(CONINDEX); (18) mandible marrow fat; (19) LIVINDEX + scapula + loin; and (20) kidney fat mass + Wyoming index. 
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believed to occur in subcutaneous depots first, 
viscera including the kidneys next, and finally in 
the marrow (Cederlund et al. 1989). Indices 
based on a depot that remains unchanged over a 
wide range of body condition have the least value 
(Robbins 1983). 

The different type curves of Fig. 1 generally 
reflect this sequence of fat mobilization and, in 
turn, identify patterns of range of usefulness. 
Indices exhibiting Types I and II curves have lit- 
tle sensitivity at high levels of condition, and thus 

probably are of value only in winter and spring. 
Indices with Type V curves are marginally useful 
at low levels of condition and probably are of 
value only in summer and autumn. Indices with 

Type IV curves are most valuable at moderate lev- 
els of condition, and so optimum season of use 

depends on fat characteristics of the herd. 
Indices that are linear across the entire range of 
condition (Type III) greatly facilitate compar- 
isons among herds, among seasons, and across 
time. Our data indicated that range of usefulness 
of indices based on only 1 fat depot will be limit- 
ed to some extent, and that range of usefulness 
will be greatest for indices that include measure- 
ments of more than 1 fat depot or muscle (e.g., 
LIVINDEX, rLIVINDEX, body condition scores, 
the modified Kistner score, and the Kistner sub- 
set score). 

Femur fat was the most nonlinear index we 
assessed. It varied in relation to condition only 
when body fat was below 6% (Cook et al. 2001). 
However, when linearized with a transformation, 
femur fat had 1 of the highest correlations with 
body fat of any index we assessed, illustrating 
vividly the danger of transformations to enhance 
statistical relations (Cook et al. 2001). Mandible 
fat has been offered as an easy-to-collect alterna- 
tive to femur fat collection (Harder and Kirk- 
patrick 1994). Although mandible fat appears 
somewhat more linear (suggesting a greater 
range of usefulness) significant age effects and 
lower correlations (Cook et al. 2001) cast doubt 
about its value for elk. 

Kidney fat indices have a long history of use in 
elk studies (e.g., Trainer 1971, Kohlmann 1999) 
despite a well-recognized nonlinear relation to 
body fat (e.g., Finger et al. 1981, Depperschmidt 
et al. 1987). Problems with prediction typically 
were believed to be mostly at the low end of con- 
dition (Harder and Kirkpatrick 1994). However, 
our data indicate that kidney fat indices also are of 
marginal value above moderate levels of condition 
(>13% body fat) because fat probably continues 

to be deposited around the kidneys at high levels 
of condition at a proportionally higher rate than 
total body fat. Combining femur fat and kidney fat 
indices into the CONINDEX may correct for poor 
predictive ability of kidney fat at low levels of con- 
dition for deer (Connolly 1981), but this index 
failed to predict with any accuracy at higher lev- 
els of body condition of elk (Cook et al. 2001). 

The subcutaneous rump fat index covered the 
greatest range and the highest extreme in condi- 
tion (6 to 19% body fat) of the fat deposit indices 
we examined, supporting the contention that the 
last depot of fat accretion is subcutaneous. 
Unlike the other fat indices, rump fat depth 
declines linearly as body fat decreases until it is 
depleted. As a result, range of usefulness was 2 to 
3 times greater than for the other fat indices. 
Nevertheless, value of this index may be limited 

during winter and spring. 

Model Sensitivity 
Hobbs (1987) pointed out that models found to 

be significant over a wide range of nutritional 
condition (e.g., among seasons) may not be sig- 
nificant over a smaller range of condition (e.g., 
within seasons). Such models may be of value 
only to illustrate large differences. Our sensitivi- 
ty analysis revealed that models with relatively 
small differences in coefficients of determination 
differed in their ability to predict across within- 
season ranges of nutritional condition. In gener- 
al, indices with moderate relations to body fat 
(e.g., body mass, body-reserve index, thyroxine), 
curvilinear relations (e.g., kidney fat indices, 
femur marrow fat, and insulin-like growth factor- 
1), or indices based on a relatively small number 
of categories (e.g., Wyoming index) provided 
poor predictive capability when restricted in this 
manner. 

Bias, Accuracy, and Precision 
Because most models tended to slightly overes- 

timate condition of both wild and captive elk 
(Fig. 4A), we conclude these indications of bias 
for wild elk are not necessarily a function of wild 
versus free-ranging existence. Rather, the ten- 
dency probably is a general bias that occurs at low 
levels of condition (<6% body fat). Thus, the best 
measure of bias for the wild elk should be based 
on the magnitude of difference in this bias 
between wild versus captive elk. This magnitude 
of difference, compared to the 95% confidence 
intervals of the means, generally is small (Fig. 
4A). Exceptions include models for body mass, 
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body-reserve index, insulin-like growth factor-i, 
and thyroxine. 

Overestimating condition of the wild elk using 
the body-mass and body-reserve indices, the latter 
a function of body mass, indicates they tended to 
be heavier than would be expected for their level 
of condition, compared to our captive elk. These 
results simply reinforce that animals with 

markedly different body mass can have similar 

body composition due to a variety of factors (Tor- 
bit et al. 1985, Cook et al. 2001). 

Both serum models showed a strong bias: thy- 
roxine overestimated condition whereas insulin- 
like growth factor-1 underestimated condition. 

Many factors may confound the relation of these 
hormones with body condition. Short-term nutri- 
tion, for example, is correlated to both insulin- 
like growth factor-i (McGuire et al. 1992, Webster 
et al. 1996) and thyroxine (Ryg and Jacobsen 
1982, Hamr and Bubenik 1990). The wild elk 
were held in a small paddock near the handling 
facilities for 1-2 days before processing, but con- 

sumption was not recorded, so we know nothing 
about their prior nutrition. Stage of production 
(e.g., 4 of the 6 wild elk were pregnant) also can 
influence insulin-like growth factor-i (Gluckman 
et al. 1987), but we would predict an overestima- 
tion bias instead, if this was the explanation. Nev- 
ertheless, our results suggest both serum indices 
are excessively influenced by confounding factors 
and should not be used for assessing body condi- 
tion in wild elk. 

Our accuracy and precision analysis (Fig. 4B) 
suggested that models tended to have less pre- 
dictive accuracy for wild elk than captive elk. 
However, such differences were small (<1.5 fat 

percentage points) except for most of the same 
variables for which we observed elevated bias. 

Again, these variables with elevated bias appar- 
ently are affected by a variety of factors such as 

gut fill, short-term nutrition, and others, and 
their predictive ability is influenced by their poor 
or highly nonlinear relation to condition. 

In addition, our data also suggest that accuracy 
and precision of body-condition score and the 
multivariable model LIVINDEX + scapula + loin 
declined when applied to wild elk. Both rely in 

part on scoring or measuring the longissimus dorsi 

just behind the withers. Wild elk data collected 
from a variety of habitats (coastal, Cascade Moun- 
tains, plains of central Washington, and the Rocky 
Mountains) suggest that differences in muscle 
characteristics, particularly at the withers, proba- 
bly account for this (Cook et al., unpublished 

data). Elk persisting in mountainous regions seem 
to have thicker longissimus dorsi muscles (1 to 
1.5 cm thicker based on ultrasonography) than 
elk from flatter habitats, or particularly elk in con- 
trolled captive settings (Cook 2000). Thus, body- 
condition scores in particular and the multivari- 
able LIVINDEX scores would be higher in wild 
versus captive elk for any given level of body fat. 
In addition, we have found that animal position 
(e.g., drugged and sternally recumbent versus 
unsedated, hobbled, and laterally recumbent) also 
affects both muscle measurements. This would 
reduce accuracy and precision as well. 

Our body-condition score involves the palpa- 
tion of the ribs, withers, and rump areas; the aver- 

age of these scores is used to estimate body fat 
(Cook 2000). The withers score is derived from 

palpating muscle tissue (longissimus dorsi mus- 
cle), whereas the rump portion of the body-con- 
dition score depends more on palpating fat than 
muscle (except at very low levels of condition). 
The rump portion of the body-condition score 
worked equivalently to the entire body-condition 
score for our captive elk (Cook et al. 2001), yet is 
much less affected than the withers score to dif- 
ferences in musculature and position (Cook et 
al., unpublished data). We therefore recom- 
mend using only the rump portion of the body- 
condition score for data collection from wild elk. 

Field Applicability 
Unfortunately, models that our analyses indi- 

cate are the most accurate may not be the most 

practical. For dead animal evaluation, kidney, 
femur, and mandible fat indices are the most 

practical to collect in a variety of field settings, 
but each have a small to moderate range of utili- 

ty and limited accuracy and precision. Converse- 

ly, the modified Kistner score is far superior but 
is impractical in many field settings because it 

requires the assessment of 6 body components 
(Kistner et al. 1980, Cook et al. 2001). The Kist- 
ner subset score (Cook et al. 2001) using only the 
heart, pericardium, and kidneys (those parts 
most obtainable) provides a practical alternative 
with virtually no loss in model performance (Fig. 
4A,B). The Wyoming index represents an even 

simpler and more practical technique (especially 
for hunter-killed animals) but did not perform as 
well when restricted to within-season variation 
and is restricted to use in elk with subcutaneous 
fat (e.g., summer and/or autumn assessments). 

For live-animal evaluation, use of either LIVIN- 
DEX or maximum subcutaneous rump fat thick- 
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ness requires measurements using ultrasonogra- 
phy. Our ultrasonograph weighs 10 kg, fits into a 

backpack, and can be powered using small 12-volt 
batteries. Thus, it is sufficiently portable for field 
use even in rugged terrain. Ultrasonographs are 

expensive, however, and users require training. 
In addition, maximum subcutaneous rump fat 
thickness alone may be of little value for midwin- 
ter through spring evaluations in many elk herds 
if substantial portions of elk in wild herds have 
less than 6% body fat at this time (our experience 
indicates this situation predominates in the 
northwestern United States). The body-condi- 
tion score (full or only the rump score) requires 
no equipment but does require modest training 
to use and the technque tends to be more sub- 
jective than ultrasound. 

MANAGEMENT IMPLICATIONS 
Declines in productivity and population num- 

bers in elk herds, a phenomenon that is becom- 

ing increasingly severe and widespread in the 
Northwest (Irwin et al. 1994, Gratson and Zager 
1999), demand a better understanding of how 
nutrition influences elk populations. This re- 

quires condition indices for elk that are compa- 
rable across seasons and years. Variations in for- 
age quantity, forage quality, winter severity, and 
summer drought, for example, can be related to 

changes in individual body condition and subse- 

quently individual and population productivity. 
However, we found that most condition indica- 
tors available to biologists were not strongly relat- 
ed to actual nutritional condition (Cook et al. 
2001). These condition indicators often showed 
nonlinear relations and were insensitive to small 

changes in condition. 
For assessing nutritional condition of dead elk, 

if biologists have access to the entire carcass, we 
recommend the modified Kistner score or the 
Kistner subset score using only the heart, peri- 
cardium, and kidneys. If managers must rely on 
hunters to obtain samples, then we recommend 
using the Kistner subset score, a combination of 
kidney fat mass and the modified Wyoming 
index, or the CONINDEX, with the caveat that 
interpretations of CONINDEX should reflect 
limitations of both marrow fat and kidney fat 
data. For predator-killed elk, we recommend 
scoring based on soft tissues, if available. If ade- 
quate soft tissue is unavailable, we recommend 
using femur rather than mandible fat, again with 
due consideration of its limitations (see Cook et 
al. 2001). 

For assessing nutritional condition of live elk, 
serum and urine indices are unsuitable. Instead, 
we recommend using either the rump body-con- 
dition score or the rLIVINDEX. These indices 
offer the greatest accuracy and precision, are lin- 
ear, and cover the entire range of nutritional con- 
ditions likely to be encountered with wild elk. 
Such models work reasonably well for within-sea- 
son evaluations. However, results of the bias 
analysis shows a tendency for these indices to 
overestimate fat at low levels of condition, and 
suggests that the slightly curvilinear form of 
rLIVINDEX presented by Cook et al. (2001) is 
the more biologically correct expression. Train- 
ing is required for both body-condition scoring 
and ultrasonography. 

Unfortunately, the better techniques that we 
evaluated require animals or carcasses in hand. 
Technology to reliably assess nutritional condi- 
tion based on feces or urine apparently does not 
yet exist. However, we concur with Hobbs (1987) 
that the necessity of reliability should always pre- 
cede the need for applicability because unreli- 
able predictions can be misleading no matter 
how easily obtained. 
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