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Abstract

Mass or body-size measures of ‘condition’ are of central importance to the study of ecology and
evolution, and it is often assumed that differences in condition measures are positively and linearly
related to fitness. Using examples drawn from ecological studies, we show that indices of
condition frequently are unlikely to be related to fitness in a linear fashion. Researchers need to be
more explicit in acknowledging the limitations of mass-based condition measures and accept that,
under some circumstances, they may not relate to fitness as traditionally assumed. Any
relationship between a particular condition measure and fitness should first be empirically
validated before condition is used as a proxy for fitness. In the absence of such evidence,
researchers should explicitly acknowledge that assuming such a relationship may be unrealistic.
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Introduction

The concept of “‘condition’, which is often based on a mass- and body-size measure, is of
central importance in the study of ecology and evolution for two reasons: 1) animals in
better condition are better able to withstand harsh environmental events (e.g., Evans 1969)
and 2) sexual selection theory posits that the development and expression of secondary
sexual traits often are condition dependent (e.g., Andersson 1986). Moreover, whilst most
biologists have an understanding of condition, they frequently differ in how they define it.
Here, we use Rowe & Houle's (1996) definition of condition, which is an animal's bodily
energy reserves after maintenance costs have been accounted for. This definition emphasises
the trade-offs that animals must make to exploit and respond to their environment.
Therefore, animals in better condition ought to have more body fat because excess energy is

Address correspondence to Craig A. Barnett. optimalforager@hotmail.com.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barnett et al.

Page 2

stored as fat. Ecologists have, thus, traditionally weighed animals to be able to estimate their
fat reserves and infer relative differences in Darwinian fitness among individuals (Hayes &
Shonkwiler, 2001; Labocha & Hayes, 2012). This focus has engendered two points of
concern in the literature: 1) how do measures of mass reflect body composition and fat
levels, and 2) whether mass levels vary and whether this variation is related to fitness. Here,
we deal with the second point as others have dealt with the first (e.g., Green, 2001; Hayes &
Shonkwiler, 2001; Schulte-Holstedde et al., 2005; Salewski et al., 2009; Schamber et al.,
2009; Labocha and Hayes, 2012).

Normally, condition is assumed to relate to fitness as a positive, linear function (e.g., Wilson
and Nussey, 2010) (Figure 1a). This relationship between condition and Darwinian fitness is
likely based on the wider belief that phenotypic variability represents underlying genetic
variation (Lloyd, 1977; Maynard Smith, 1978; Grafen, 1984; Cheverud, 1988; Roff, 1996).
However, is this assumption realistic? For example, differences in mating systems could
have important implications for the nature of the relationship between condition and fitness.
In monogamous species with low rates of extra-pair paternity, most males recruited into the
breeding population are likely to reproduce despite potentially large differences in condition
among individuals (Figure 1b). Conversely, the relationship between fitness and condition of
males in polygynous species is likely to be the opposite of that in monogamous species
(Figure 1c), with females choosing only males in the best condition as mates and many
males failing to reproduce irrespective of their condition. Despite examples of such non-
linear relations between condition and reproductive success, the relationships are still
positive (Figure 1b,c). However, there are also situations where the relation between fitness
and condition might not be positive (Figure 1d). We focus on some examples to illustrate
this point and show that maximal condition might not always yield maximal fitness. In doing
S0, we hope to question this normally assumed positive relation between fitness and
condition.

Our examples are drawn mainly from vertebrate taxa; however, we recognise that
invertebrates also provide some compelling examples of the complexities of studying
condition. For example, as with vertebrate taxa, some authors suggest that fat reserves are a
primary determinant of condition in insects (e.g., Moya-Larafio et al. 2008; Arrese &
Soulages 2010). However, reduction in the availability of a protein (apolipophorin I11) limits
the ability of crickets (Gryllus texensis) to utilize fat stores after energetically demanding
activities (e.g., flight). This, in turn, reduces the immune response (mortality of individuals
when injected with heat-killed bacteria [Serratia marcescens]) of the crickets (Adamo et al.
2008). Therefore, many other factors besides fat reserves (or mass) may determine condition
in insects as well as in vertebrates.

Some problems with condition

The recent debate on individual quality, a concept that often uses measures of condition as a
proxy (Wilson & Nussey, 2010; Bergeron et al., 2011; Lailvaux & Kasumovic, 2011), calls
attention to an important point: whether traditional condition measures (especially mass-
based) are good measures of condition and whether they are related to an animal's
Darwinian fitness at all. We consider this point by presenting five examples that together
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call into question the continued, uncritical use of traditional condition indices under a range
of commonly encountered situations.

First, because there is a trade-off between mass and predation-risk, small birds rarely carry
their physiological maximum of body fat. When birds eat more than is necessary for
maintenance, they store the excess energy as fat, which is reflected in mass gain. This
reduces their probability of starving to death, but also increases their risk of capture by
predators (Lima, 1986). Therefore, once a bird has gained sufficient mass to avoid
starvation, there is no advantage to gaining further mass because of the increase in the risk
of predation (dotted lines in Figure 1d). This suggests that the presence of predators can
have a significant effect on the body mass of their prey (Gosler, 1996). For example, in parts
of the U.K., the abundance of sparrow hawks (Accipiter nisus) declined during the 1960s as
a result of widespread pesticide use; concomitantly, the mass of their prey, great tits (Parus
major), increased. The tits then became lighter again as sparrow hawk numbers increased in
the 1970s and 1980s to the point where they were again comparable to those recorded in the
early 1950s (Gosler et al., 1995). Because the dispersion pattern of predators is not uniform
within and among environments, their effects will not be perceived equally among
individuals in prey populations. Therefore, assuming that perceived and actual predation risk
is equal among individuals or populations may lead to misinterpretation of the fitness-
related differences in mass-based measures of condition.

Second, social status can affect individuals' food access and, therefore, the amounts of fat
that they should carry. In many species, dominant individuals carry less body fat (and are
thus lighter) than subordinates (Krams et al., 2010; Ratikainen & Wright, 2013). Socially
dominant great tits under normal conditions are lighter than subordinate individuals (Krams
et al., 2010) because subordinates must carry fat to avoid starvation when dominants deny
them access to food. In contrast, dominant individuals with free access to food do not need
to store fat as a buffer (Krams et al., 2010; Ratikainen & Wright, 2013). However, when the
temperature is very low or when day-length becomes short, the benefits of body reserves
become more important and dominant individuals increase their fat reserves relative to
subordinates (Krams et al., 2010). This interaction between social status and the
environment complicates the relation between mass-based condition measures and fitness, a
complication that is rarely considered.

Third, the length of time that individuals of different species of animals can survive without
eating (i.e., fasting ability) is related to their overall body size (Linstedt & Boyce, 1985;
Blem, 1990). Individuals of larger species can survive longer without access to food than
individuals of smaller species. Thus, the fat reserves (and therefore condition indices) of
smaller animals are more changeable over short periods of time than those of larger animals
(Linstedt & Boyce 1985; Krams et al., 2010). For example, condition indices of a small
species can change spectacularly over a two-day period, whereas the change in a larger
species over the same period is much less dramatic (Blem, 1990). Even within species, size
dimorphism may contribute to differences in mass regulation strategies. Furthermore, the
reproductive success (and fitness) in animals is the culmination of fitness differences that
might persist between individuals within a population over a period of months or years.
Therefore, the changeability of mass-based measures of condition in smaller species means
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that their importance in relation to condition-dependent traits, reproductive success, or
fitness is diminished. Despite this, body-size and how it might affect the changeability of
condition over time is rarely considered in studies of condition (Krams et al., 2010).

Fourth, the terminal investment life-history strategy may decouple the relation between an
animal's apparent condition and its reproductive success (e.g., Bowers et al. 2012). This
hypothesis posits that when an animal's residual reproductive value is low, it should increase
current reproductive effort because its current reproductive attempt is likely to be its last
(Williams, 1966). Such individuals may often be in poor condition, and individuals that are
old or immune-challenged have indeed been found to invest more in their current
reproductive attempt than others (Velando et al., 2006; Weil et al., 2006; Bowers et al.,
2012). Therefore, old or immunologically challenged individuals may have higher
reproductive success within breeding attempts than younger or unchallenged individuals.
Again, this may be contrary to the relationship that we would normally expect between
condition measures and fitness.

Finally, whilst energy availability is an important component affecting reproductive success
in many species, it may not be the only constraint limiting individual reproductive effort and
success. Rather, animals may be limited by specific components of their diets rather than
overall caloric content of their food. For example, female birds may be constrained by
calcium availability during egg formation and laying (Pabian & Brittingham, 2011) and bats
may also be limited by calcium for milk production when nursing offspring (Barclay, 1994).
If reproduction is limited by an animal's access to specific dietary components, mass-based
condition indices might lead to erroneous conclusions.

Conclusions and Recommendations

The study of condition is complicated because it assumes there is some relationship between
body mass, body size, or fat reserves and Darwinian fitness. We have argued here that using
indices of condition as a short-term proxy of fitness is problematic because ecologists often
uncritically view differences in condition among individuals as being related to fitness. The
relations between short-term measures of condition and life-time reproductive success and
Darwinian fitness are still poorly understood in most free-living animals. We do not deny
that differences in condition may relate to fitness, but we emphasize that they may do so in
unexpected ways.

If there is reason to believe that there is a relationship between a particular condition
measure and fitness, researchers should explicitly present evidence when they draw
conclusions based on their measures of condition. In the absence of such evidence,
researchers might be better to abandon the use of the term “condition” and simply name
which phenotypic traits they measured. Researchers should also explicitly acknowledge that
assuming that there is a relationship between condition and fitness may be unrealistic
because differences in fitness accrue over much longer time-spans than differences in fat
reserves and body mass may persist. Mass-based measures of condition are essentially
snapshots of animal energy reserves, and condition becomes more unreliable as a proxy of
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fitness the greater the amount of time separating the measurement of condition and the
estimate of fitness (Horak et al., 2002; Hatch & Smith, 2010).

This also applies as new measures of condition, such as physiological measures (Wingfield
& Farner, 1976; Grubb, 2006; Davis et al., 2008; Willie et al., 2010), become more widely
used. These and other approaches (e.g., Milot et al., 2014) hold promise, but they are prone
to the same problems as mass-based measures of condition. For example, recent studies
show that within individuals different measures of immune responsiveness can be
uncorrelated (pied flycatcher, Ficedula hypoleuca; Gonzalez-Braojos et al., 2013) or even
negatively correlated (house wrens, Troglodytes aedon; Forsman et al., 2008). Therefore,
without a good understanding of how a particular new measure relates to fitness, we risk
making the same mistakes we have been whilst using mass-based measures of condition.

We thus recommend that ecologists avoid assuming that short-term determination of any
measure of condition provides an estimate of anything other than short-term condition. This
change in approach need not dramatically alter how ecologists conduct research, but it does
restrict the conclusions that they might draw from such data. However, until we have more
knowledge of how the various measures of condition relate to Darwinian fitness, this is the
safest practice.
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Figure 1.
The relationship between condition (e.g., mass) and fitness is generally assumed to be

positive and linear (a). However, in cases of highly monogamous species with low rates of
extra-pair paternity (b) and polygynous species (c), the relationship may be positive, but
non-linear. In some circumstances, the relationship between condition and fitness could be
more complicated than in a—c. For example, the trade-off between mass and predation risk
may make it costly for birds to gain mass because it increases their chances of being caught
by predators (d). The dotted line indicates the optimal fitness yield for condition.
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