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used to functionally separate mass of nutrient reserves from
mass of structural size by scaling body mass with measures
of body size. This is most often done by using one of two
methods: 1. calculating simple ratios of body mass and
linear body size measures (ratios; e.g., Owen and Cook
1977, Iverson and Vohs 1982, Dufour and Weatherhead
1991), or 2. calculating the residuals from a regression of
body mass against size indicators (residuals; e.g., Ormerod
and Tyler 1990, Brown 1996). Although use of these size-
adjusted indices is common, a surprisingly small humber
have been verified (i.e., tested against measured values of fat
and protein) to outperform the use of unadjusted body
mass. Unfortunately, this dearth of validated indices has led
to the widespread use of unverified condition indices,
wherein researchers have applied indices developed for other
species or have arbitrarily selected indices and provided no
justification for their use. That is, indices were created from
an available data set of body size metrics and were assumed
to provide a more precise index of body condition than use
of body mass alone. This approach assumes that any
correction for body size, whether verified or not, represents
condition better than uncorrected body mass. However,
various published predictive equations, which are based on
regressions of size-adjusted body mass on actual values of fat
and protein obtained from dead animals (e.g., Conway et
al. 1994, van der Meer and Piersma 1994), varied inter-
specifically (Sparling et al. 1992), suggesting that indices are
inappropriate for species other than those for which the
index was developed (Chappell and Titman 1983). More-
over, index applicability within species may vary by sex
(Sparling et al. 1992) or age (Ringelman 1988, Sparling
et al. 1992), and is likely complicated by variation in
geographic area and/or season (Miller 1989, Castro and
Myers 1990, Sparling et al. 1992). Thus, limitations on the
use of validated indices suggest that the use of unverified
indices is questionable and several authors have cautioned
against their use (e.g., Ormerod and Tyler 1990, Sparling
et al. 1992, van der Meer and Piersma 1994).

In this paper, we use data from several waterfowl species
to evaluate the use of various, commonly applied indices as
indicators of lipid and protein. For a number of reasons,
waterfowl are useful taxa to use for this exercise. First,
numerous studies have examined variation in body condi-
tion throughout the annual cycle, resulting in accessible
data sets where structural measures and total body protein
and lipid have already been determined. Secondly, water-



proxy for goldeneye because field body mass was unavail-
able), tarsus, and culmen.

For each species, we used the available (four or two)
body size metrics to construct the first principal component
(PC1) based on the correlation matrix from a principal
components analysis (SAS Institute 2003). PC1 loadings for
pintail, scaup, and wigeon were positively correlated with all
morphological measures (ranges of loadings 0.37-0.55,
0.27-0.62, and 0.38-0.56, respectively), accounting for
43%, 40%, and 45% of total variance, respectively. PC1 for
harlequin was positively correlated with measures of culmen
and tarsus and explained 62% of total variance. In each
analysis of male and female goldeneye, PC1 was positively
correlated with tarsus, but described a negative correlation
with culmen. PC1 explained 80% and 86% of total
variance for males and females, respectively.

We estimated total body fat (fat) and ash-free lean (afl;
i.e., approximated protein), using standard proximate body
composition analyses. In brief, carcasses were dried, homo-
genized, and lipid was extracted from a subsample using
petroleum ether in a soxhlet apparatus (Dobush et al.
1985). We determined afl through combustion of lipid-free
material in a muffle furnace for 24 h to determine
proportions of protein and mineral (Ankney and Afton
1988). Total fat and protein were estimated by extrapolat-
ing the composition of the subsample to the dry mass of the
entire carcass.

We examined sex differences in thaw mass of goldeneye
by using a small-sample version of Akaike’s information
criterion (AIC; Burnham and Anderson 2002) to contrast a
model with a sex term against an equal means model. The
most parsimonious model of the candidate set, that is, the
model that best fits the data without over-parameterization,
will have the lowest AIC. and a high AIC weight (w;) on a
0 to 1 scale.

Predictive equations

We developed predictive models of absolute fat and
protein for all species using ordinary least squares (OLS)
regressions (PROC GLM, SAS Institute 2003); including
log-transformed body mass and structural measurements as
independent variables. To satisfy assumptions of linearity
and homoscedasticity using allometric variables in our
analyses, we also log-transformed the estimated values of
fat and protein.

For pintail, scaup, and wigeon we considered models
that included only body mass, body mass+a single
morphometric (either tarsus, culmen, wing-chord, or body






Table 2. Relatt e mea ¢, & -f medelfi (>} m eg &8 i -f FAT (t-tal li*id) and PROT (t-tal * < tein) again tindice (b-d~as ; alic »

applicable. Additionally, in all but two cases, indices ecological attribute of interest. We repeated our analyses
predicted absolute fat and protein more precisely than using data that were not log-transformed, which is a
percent tissue values. Thus, the predictive ability of indices common though inappropriate practice when creating
is dependent upon whether an investigator considers body  condition indices, and found that the results were very
condition in absolute or proportional terms in light of their  similar and corroborated our original conclusions.
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s e tve.
M-det * S7ecia
Nr the n “intail Lasesca,”™  Ameican ige-n Hale ind,ck pa - ¢/ g-ldene @
Female Male
%FAT — %PROT  %FAT  %PROT  %FAT  %PROT  %FAT = %PROT %FAT %PROT  %FAT  %PROT
Mas 0.46 <0.01 0.19 0.08 0.18 0.11 0.78 <0.01 0.16 0.12 0.19 0.01
Rati% :
Mag /Tas § 0.43 0.08 0.21 0.10 0.31 0.18 0.50 0.02 0.01 0.02 0.10 0.01
Mag /CImen 0.43 0.06 0.22 0.05 0.13 0.22 0.66 <0.01 0.04 <0.01 0.29 <0.01
Mas /Wing 0.45 0.02 0.14 0.16 0.23 0.15
Mag /ged™ 0.44 0.04 0.12 0.12 0.31 0.22
Ra id,at :
Tas 0.49 0.02 0.22 0.10 0.20 0.12 0.52 0.02 0.24 0.12 0.1 <0.01
C,Imen 0.49 0.02 0.20 0.08 0.18 0.10 0.75 <0.01  0.19 0.11 0.18 0.01
Wing 0.48 0.01 0.18 0.12 0.24 0.15
ged™ 0.48 0.02 0.14 0.11 0.28 0.19
Tes § +C,Imen+ 0.52 0.05 0.16 0.13 0.24 0.12
Wing+g-d™
PC1 0.53 0.05 0.19 0.14 0.29 0.22 0.75 <0.01 0.25 0.12 0.14 <0.01
Tes § +C,Imen 0.42 0.03 0.14 0.10 0.10 <0.01

Abb ¢ iati-n fr m-del “a ametes : Mas =b-d~as , Tas § =diag-nal tas § , C,Imen =c,Imen length, Wing = ing chr d, g-d=b-d~
length, PC1 =fis t #*inci*al cem ™= nent.



Predictive equations

For all species, size adjustments to body mass resulted in
greater precision of fat or protein estimates over that of
body mass alone, which is in part an inherent function of
adding parameters to a regression model. However, the
magnitude of the improvements was highly variable.
Further, with only two exceptions across all cases (fat of
wigeon (0.18) and goldeneye (0.44 for males, 0.23 for
females)), the absolute improvement in r> was <0.09 for
both fat and protein. However, predictive equations
explained a moderate to high percentage of variation in
protein across species, although with the exception of
harlequin, the inclusion of morphometrics in predictive
models accounted for only 25%-59% of the variation in fat
across species. Thus, even with known quantities of fat or
protein, the potential improvement to precision is highly
variable, but often low and, in general, adjusting for body
size explains only a quarter to half of the variation in fat.

Ratio and residual indices

Many of the indices used in the literature are what we refer
to as unverified indices. That is, they are not validated or
tested against known values of fat and protein, and are
applied under the assumption that adjusting body mass by
measures of structural size in an arbitrary manner results in
a more precise index of body condition than use of body
mass alone. Our results indicated that this assumption is
frequently violated.

In contrast to predictive equations, whether an investi-
gator is interested in either absolute or percent tissue values,
accounting for structural size in indices often did not
improve predictive ability relative to body mass alone.
Among indices, body mass estimated absolute protein
equally as well or more precisely (Ar®= <0.01-0.77)
than other indices we considered, and thus could be
regarded as the best predictor of absolute protein across
species. However, indices predicted percent protein poorly
and with considerably more variability. Similarly, the ability
of indices to predict absolute and percent fat was highly
variable, consistent with Sparling et al. (1992), the best
model structure in our analyses varied across species and
sex. Importantly, whether estimating values of fat or
protein, adjusting mass by structural size often actually
reduced model fit, in a few cases quite substantially.
Further, improvements to r? by using either a ratio or
residual index were negligible when compared to just using
field body mass. Thus, our results demonstrate that the
assumption that size-adjusted body mass indices are more
precise than direct measures of body mass is not universally
valid.

We provide demonstration of our results through a
hypothetical example. We envision a scenario where a
sample of lesser scaup were captured, weighed and
measured (these could be >1 of many morphometrics)
prior to banding and release, with the ultimate objective of
relating their subsequent reproductive performance to their
absolute body condition at the time of capture (i.e., “do
birds with more absolute fat lay larger clutches?”). To
address this question, we seek to create an index to body

condition using data collected. Clearly, there are sufficient
data to calculate an index but no means to validate such an
index. Thus, we are forced to select a previously published
(or verified) index for our species, use one developed for
another species, or arbitrarily select an index. Chappell and
Titman (1983) showed that a body mass x body length —*
index to spring and fall condition of lesser scaup was an
improved measure relative to body mass alone, although by
only 2%, thus, we might logically select this previously
published index for use in our study. However, according to
the results in Table 2, this index was the poorest predictor
of fat among indices we tested for lesser scaup and,
therefore, fails to provide a useful index relative to using
body mass alone (Ar®= —0.09) for this study. The
difference between our results and those of Chappell and
Titman (1983) can be attributed to the specificity of indices
to study populations and season (Miller 1989, Castro and
Myers 1990, Sparling et al. 1992), further disputing the
assumed universality of size-adjusted indices. Alternatively,
selection of an index developed for another species, such as
the mallard Anas platyrhynchos (body mass xwing %)
(Whyte and Bolen 1984), again fails to provide a useful
index relative to body mass (Ar®= —0.07) from our
sample of scaup. Our final option would be to arbitrarily
select an index based on the measures that were collected.
The residual of a PC1 regression (Sedinger et al. 1997) is
arguably the most common index in the literature,
yet, again, this is not a useful index relative to body mass
(Ar? = —0.02) for our scaup example. Ideally, we would
have selected the residual of body mass against tarsus which
would have maximized precision relative to body mass alone
(Ar* =0.02). But of course, given the available data, we
have no way of knowing any of the above information. Our
point in this example was to demonstrate that if an
investigator lacks the data necessary to validate size-
adjustments to body mass, the application of unverified
indices is dubious and investigators should understand the
potential consequences associated with this uncertainty.

Defining condition

Researchers applying indices must a priori define the term
condition. As we have shown, indices can be interpreted in
terms of absolute or relative proportions of protein and
lipid. However, our results demonstrate that indices of
absolute quantities of protein and lipid are confounded.
That is, both absolute protein and lipid were positively
correlated with index values. Accordingly, interpretations of
ecological relationships associated with these indices are
similarly confounded. For example, a positive relationship
between an index and reproductive investment could be due
to absolute quantities of either lipid or protein (or the
combination). Conversely, indices to proportions of body
mass were poorly related to percent protein and thus are



individual undoubtedly represents a balance of protein and
lipid reserves. For example, the storage and maintenance of
progressively larger lipid reserves may require increases in
structural size (i.e., increases in protein); Ankney and
Maclnnes (1978) found that structurally larger geese could
carry larger lipid reserves. The same process likely occurs
within most individuals such that increases in lipid reserves
require corresponding increases in structural protein. In
other words, fitness is maximized by some optimal ratio of
lipid and protein reserves, which may vary across taxa, or
cross-seasonally within taxa (Blem 1990). However, few
researchers have described or attempted to define body
condition in terms of optimal allocations of protein and
lipid, thus, use of the term ‘body condition’, and associated
indices, refers to a physiological state that is largely
undefined.
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