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Interindividual variability:
an underutilized resource

ALBERT F. BENNETT

o principal analytical approaches have been used in studies of organismal
ysiology. These are represented by the terms "comparative physiology"
"physiological ecology." The former compares functional characters in
o or more populations, species, o r higher taxa in an attempt to understand
chanism. Biological diversity is used t o help understand principles of
ysiological design. Often the experimental species are chosen specifically
ause their systems demonstrate an extreme phenomenon o r because the
perimental preparation is technically accessible. The selection of a species
these grounds is known as the Krogh Principle (Krogh, 1929; Krebs,
75), which has been very influential and successful in guiding studies in
mparative physiology for more than fifty years.
The second approach, physiological ecology o r ecological physiology,
amines the physiological attributes of a species and interprets them in the
ntext of the natural environment or ecological niche of an animal. These
dies concentrate on analysis of adaptive pattern, of how physiology, morology, and behavior interact to permit survival and reproduction in a given
vironment. In this approach, emphasis is placed on ecological and evolunary aspects of physiological function. Monitoring the organism in its
tural environment and speculation on selective factors that influenced the
olution of characters are the principal interpretive contexts of these
dies.
These two approaches are by no means exclusive and have often proved
mplementary. They have yielded a substantial understanding of how anials work and function in the natural world. However, my thesis here is
at both approaches have overlooked a valuable source of information. In
eir concentration on population-, species-, or higher-level phenomena,
ey have failed t o analyze and take advantage of biological differences
mong individuals. As traditionally practiced, physiological studies neglect
fferences among individual animals and attempt t o describe the functional
sponse in the average animal of the group. I believe that this approach has
en very short-sighted and that the study of interindividual differences has
147

ch to contribute to both comparative physiology and physiological ecol. I will argue that the analysis of the bases and consequences of interindual variability can provide new tools for both types of physiological
ysis. I believe that it is also capable of building new and important
ges to other allied fields of biology, especially ecology, ethology, evolu, and genetics.
tyranny of the Golden Mean

e framework of physiological studies implicitly emphasizes the descripand analysis of central tendency. Depending on the data, this involves
calculation of mean values or the development of least-squares regression
ations. After these values are determined, they take on a life of their own
become the only point of analysis and comparison. The complete
adth of biological variation determined in the investigation then is forten. Measures of variability (e.g., variance, standard deviation) are calcud and reported only to stipulate confidence limits about the mean or slope
he regression line. Groups are then compared to determine whether they
different from one another or from hypothesized values. The variability
erent in the original data is seen only as "noise," through which the
e" value of the central tendency can be glimpsed with appropriate statisl techniques.
his assumption of a "true" or "real" central tendency, which biological
ity only approximates, stems from Platonic philosophical traditions.
se maintain that ideal archetypes exist that can be perceived only imperly through perceptual sensation. The concept of an ideal form of a strucor process was central to the thinking of medical physiologists of postaissance Europe and heavily influenced the functional biologists of the
eteenth century. These physiologists and morphologists, in their search
proximate causation, maintained a typological approach to experimenon and analysis and were largely unaffected by contemporaneous develments in evolutionary biology and genetics (cf. Mayr, 1982, for a more
ailed discussion). Analysis of variability played an important role in these
er fields, but it was ignored by functional biologists at the time and
ains largely unexplored by them even today.
o dispel any doubt that analysis of central tendency and neglect of variity is the dominant or exclusive analytical mode in organismal physiol, I reviewed all papers published during 1985 in the Journal of Compare Physiology, the Journal of Experimental Biology, and Physiological
logy. These are some of the best and most forward-looking journals in
field. Nearly all the articles reported mean values or regression equations
did statistical analyses. However, less than 5 % of the articles even
orted the range of values of the data obtained, and out of more than 250

BURST SPEED ( c r n l s )
DISTANCE CRAWLED (m)

F I G U R E 7.1 Frequency distributions of burst speed and total distance
crawled under pursuit by individual newborn garter snakes (Thamnophis radix). Each individual observation is the mean of two trials conducted on two successive days; individual repeatability is highly significant (r = 0.60 for burst speed and 0.55 for distance; p < .001).
Distance crawled is reported on a logarithmic axis. (Data from Arnold
and Bennett, in press.)

articles, only one (Taigen and Wells, 1985) analytically examined the variability in the observations.
The concentration on central tendency has been and will continue to be
very useful in testing certain hypotheses, but it has distracted us from an
examination of the causes and consequences of biological variability. An
example of this variability is given in Figure 7.1, in this case variability in
locomotor performance capacity of newborn garter snakes. Maximal burst
speed and the total distance crawled under pursuit were measured in nearly
150 laboratory-born animals shortly after birth (Arnold and Bennett, in
press). These behaviors are individually repeatable (see below) and represent
the breadth of response of the population at birth, before natural selection
by the external environment has had the opportunity to act. Both these performance measures show strong central tendencies, but they also show enormous interindividual variability. The fastest snake has a burst speed ten times
that of the slowest; the endurance of some individuals is more than twenty
times that of others. Assuming for a moment that these individual differences
are real (see below), these observations immediately suggest two sorts of questions. First, what is the functional basis of these individual performance differences? Which physiological or morphological factors make a fast snake
fast and which account for the relatively low stamina of some other animals?

Second, what are the ecological and evolutionary consequences of these differences? Is there differential survivorship or growth under natural conditions based on locomotor performance capacities? These questions reflect the
somewhat artificial dichotomy raised earlier between comparative physiology and physiological ecology, but both of them reflect compelling questions
of general biological interest. They are obscured, however, if one concentrates only on central tendency. This is the tyranny of the Golden Mean: it
restricts our vision of the data and narrows our conceptual framework so
that we cannot take advantage of all the analytical possibilities of biologica
variability.
The failure to consider interindividual variability is not that of ecologica
or comparative physiology alone. Almost identical comments and compari
sons could be made about any other field of organismal biology.
In our concentration on central tendency, we have failed in severa
respects:

1.. We have ignored interesting biological problems and questions.
2. We have not been particularly interested in the consequences of the dati
we have gathered for survivorship or fitness.
3. We have failed to utilize the breadth of our data in assessment of physio
logical hypotheses.
4. We have failed to provide sufficient information in our research report
that would permit others to analyze biological variability.

The reality of interindividual variability
I believe rhat part of the difficulty rhat most ecological and comparative phys
iologists have in reporting and utilizing variability is a suspicion of its realit]
and information content. Biological measurements are inherently highly var
iable as compared to those made by physicists or chemists. Coefficients o
variation of 20 to 30%, values that would cause a physical scientist to blanch
are routine in most physiological measurements. T o what extent, however
is this variability real and useful? It seems to me that there are three potentia
objections to its use:
I . Extreme values are atypical or abnormal and do not reflect the trut
response of most individuals.
This view is essentially a restatement of the typological concept: the aver
age is the real. Extreme performance certainly is "atypical" and "abnormal'
in the strict sense of the words, but that does not mean that it is not real. A
physiologist must be sure that experimental animals are in good condition,
but it shouId go without saying that one must have external cause to doubt
any data point. It cannot be questioned only because it happens to lie on the
extreme of the range.

This view suggests that the experimenter has more confidence in values
that lie closer t o the mean than those at the extremes. If this is the case, then
not all points should receive equal weighting: those closer to the mean should
be weighted more highly. The circularity of this logic is apparent. Further,
normal parametric statistics are inappropriate in such a circumstance. Either
all data points receive equal confidence and equal weight, or the analytical
methods we normally use are inapplicable; one cannot have it both ways.

2. Observed variability is due t o instrumentation o r procedural error; the
observed range does not result from real biological differences but from
inaccuracies in experimental setups o r procedures.
According to the type of measurement, this objeccion may have some
validity. However, the precision of modern physiological equipment is typically less than 1% and is consequently a doubtful explanation of much
higher apparent biological variability. Further, if such errors are felt t o be
important, their magnitude must be quantified and analyzed (although they
almost never are) even in studies that are interested only in central tendency.
If the errors are random, then the mean values will be correct, but the measurements of variance and standard deviation of the means will be inflated.
As statistical comparisons between groups are dependent on the extent of
intragroup variability, incorrect judgments may be made if experimental o r
instrumentation error is not analyzed and removed. Consequently, if this type
of error is a problem, it is not a special problem in the'analysis of variability
alone. It also affects any kind of analysis, including that of central tendency.
3. The variation measured is real but reflects random a n d unrepeatable
responses of individuals; that is, intraindividual variability is so high that
there is no significant interindividual component to total variance.
This is by far the most serious potential objeccion to the analysis of variability: if the responses are random with respect t o individuals, then analyzing the differences among individuals is futile. The measurements required
to demonstrate whether this is an important problem are a series of repeated
observations on the same individuals and analysis of the significance of the
individual component. For instance, if one is interested in oxygen transport
capacity, one might measure maximal oxygen consumption in each of several
individuals on sequential days t o determine whether some individuals have
consistently high or low capacities.
Given the general lack of interest in interindividual variability, analyses of
intra- versus interindividual variability are relatively few in ecological o r
comparative physiological studies. Most of these relate to data on locomotor
performance capacity, and many of the examples in this discussion will be
drawn from this area. Individual locomotor performance ability has a significant repeatable interindividual component in every study in which it has
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TABLE 7.1 Studies demonstrating significant interindividual
variability in locomotor performance
-

Group
Lizards

Snakes

Anurans

bCrowley and Pietruszka (1983).
"ennett (1 980).
'Huey and Hertz (1984).
dGarland (1984, 1985).
'Crowley (1 985).
'John-Alder (1 984).
h ~ r n o l and
d Bennett (in press).
Garland and Arnold (1983).
'Arnold and Bennett (1984).
'Putnam and Bennett (1981).

een examined (Table 7.1). An example of individual constancy of day-to-day
fferences in locomotor performance is given in Figure 7.2 (Bennett, 1980).
Maximal burst speed was measured in fifteen adult fence lizards on five
quential days. Rank order of performance was conserved through the reetitive trials ( p < .001). These individual differences in burst speed capacity
ere independent of both sex and body mass, Similarly, individual perfor
ance rank is stable even when the internal environment of the animals is
rossly altered, as during changes in body temperature. Individual rankings
f burst speed performance of alligator lizards a t different body temperatures
re given in Table 7.2. Again, individual differences are highly significant (P
< .OOI): some animals are fast and some are slow at all body temperatures
ee also Huey and Hertz, 1984).
I believe that locomotor measurements would a priori be among the least
epeatable of any of the potential spectrum of "physiological" measurements.
hey may be influenced by a great many motivational and psychological facors, as well as differences in underlying physiological o r morphological

F l G U R E 7.2 Rank order performance of burst speed in fifteen adult
fence lizards (Sceloporus occidentalis) measured on five successive
days. Rank 1 is the fastest animal, rank 15 is the slowest. Dots indicate
rank performance on each day; vertical bars, range; horizontal bars,
mean rank. Individual ranking effects are highly significant (p < .001
by Kendall's coefficient of concordance). (Data from Bennett, 1980,
and unpublished observations.)

capacity. From that viewpoint, a significant interindividual component in
measurements of locomotor capacity might suggest that many other physiological variables would also have individual fidelity.
Significant interindividual differences have been demonstrated in such
diverse systems and measures as maximal oxygen consumption in amphibians and lizards (Pough and Andrews, 1984; Wells and Taigen, 1984; Sullivan
and Walsberg, 19853, enzymatic activities in fruit flies (Laurie-Ahlberg et al.,
1980), cuticular water loss in cicadas (Toolson, 19841, muscular morphology
of birds (Berman, Cibischino, Dellaripa, and Montren, 19851, skeletal morphology of salamanders (Hanken, 19831, kinematics and muscle activity patterns during feeding in salamanders (Shaffer and Lauder, 1985a, 1985b), foraging tactics in fish (Ringler, 1983), food preferences in snakes (Arnold,
1981), and regulated body temperatures of lizards (Christian, Tracy, and Porter, 1985).
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T A B L E 7.2 Rank order of burst speed at different body temperatures in twelve
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Note: Rank 1 = fastest; p
Source: Bennett (1980).

In my opinion, the large majority of physiological variables that can be
sampled repeatedly will show real and significant interindividual variation.
T h e question then becomes how we can utilize this variability t o our benefit
in asking analytical questions.
The analytical utility of interindividual variation

I suggest four different types of studies in which the exploration of interindividual variability might play a crucial role. Some represent new sorts of
investigations for ecological o r comparative physiology. Others permit a new
approach t o both current and classical questions in the fields.
The testing of correlative hypotheses
A common analytical approach in comparative physiology is t o measure the
correlation between two o r more variables in two o r more groups (e.g., populations, species) and to infer mechanistic relationships if significant correlations exist. For example, if positive associations are found between the
length of the loops of Henle in kidneys of various mammals and their ability
to concentrate urine,. one might conclude that these may be functionally
linked. These correlational examinations have been central in building the
field of comparative physiology. They have, however, been criticized for their
failure t o take into account the phylogenetic history of the experimental animals involved (Gould and Lewontin, 1979; Felsenstein, 1985; Chapter 4).
A companion approach t o interspecific analyses is the examination of
interindividual correlations of variables within a species. This approach
maintains the benefits of comparative analysis without some of the objections
associated with using organisms that are distantly related phylogenetically

(see Chapter 4). If two factors are functionally related, they should be significantly correlated among individuals within a species. In fact, if evolutionary
or functional trends are proposed, the argument is strengthened if intraspecific associations can be demonstrated, because selection on traits within
populations must be the ultimate source of adaptation.
The experimental protocol required to investigate interindividual variability is similar to that of interspecific comparative studies, except that observations on functional traits of interest must be made on the same individuals
and analyzed on that basis. The researcher then correlates one trait with the
other to determine whether they are positively o r negatively associated. If so,
the hypothesis of functional relationships among the traits is supported, and
further experimentation can be planned t o explore the nature of the relationship (see Huey and Bennett, 1986). If n o significant association is found,
then the traits are not functionally linked and the hypothesis is rejected.
One important step in this analysis is the determination of the dependence
of the traits in question on body size (mass) and the elimination of such a
dependence in the analysis. So many morphological, physiological, and
behavioral traits are dependent on body size (see Calder, 1984; Schmidt-Nielsen, 1984) that it is very easy to obtain positive correlations among otherwise
unrelated traits because of their mutual dependence on mass (see Appendix
for a further discussion and example). Allometric analyses should be performed (see Chapter 10) and, if mass effects are significant, the mass-corrected
residuals'should be analyzed for correlation.
An illustrative example of the use of interindividual variability in testing
correlative hypotheses may be beneficial here. These data are drawn from
some observations on the skeletal muscle physiology and locomotor performance of tiger salamanders (Else and Bennett, 1987, and unpublished observations). Close (1964,1965) proposed a correlation between the speed of isometric and isotonic contractions of skeletal muscle: the maximal velocity of
shortening (isotonic) is supposed t o be positively related t o the rate of tension
development in an isometric twitch o r tetanus. This proposal is a straightforward mechanistic linkage that is supported by interspecific comparative
studies. W e can test this hypothetical connection by making observations of
all these factors on individual animals and determining whether they are
associated within individuals. A further correlation that might also be investigated is the association between muscle contractile speed and locomotor
speed: are the animals that have the greatest intrinsic speed of muscle contraction also the fastest? First, all variables are mass-corrected and the residuals are then correlated with each other in Table 7.3. Correlations are significant among isometric variables and between isotonic variables, but no
associations are significant
between any isotonic and isometric variable nor
between burst speed and any measure of muscle contractile performance.

.13

Locomotion
(burst swim
speed)
-

Tetanic
force

Tetanic
contraction
rate

Isometric muscle factors

Twitch
force

Twitch
contraction
rate

Maximal
rate of
shortening

.71*

Maximal
power
output

Isotonic muscle factors

TABLE 7.3 Correlation coefficients (r)a m o n g mass-corrected residuals o f locomotor performance a n d muscle contractile
factors i n t h e salamander Ambystoma tigrinurn nebulosum at 20 "C ( n = 20)

Burst run speed
Burst swim speed
Tetanic force
Twitch force
Tetanic contraction
rate
Twitch contraction
rate
Maximal rate of
shortening
Note: Asterisks indicate significant correlations (r > 0.56, p 4 0.01).
Source: Unpublished data of A. F. Bennett, P. L. Else, and T. Garland.
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These results argue against any necessary mechanistic association among
these factors.
This is only one example of an approach that can be utilized in many different physiological o r functional studies. For instance, the role of maximal
heart rate in limiting maximal oxygen consumption o r that of a particular
muscle in generating force during feeding o r locomotion could be investigated using an appropriate analysis of interindividual variability.
Examining the functional bases of organismal or physiological variables
Another use that can be made of interindividual variability is the determination of which of a potential suite of characters might influence performance a t a higher level of biological organization. This is a multivariate statistical approach based on an array of characters measured in identified
individuals of a species. The researcher measures a performance variable,
such as burst speed or lower critical temperature, and a number of morphological and/or physiological predictor variables that might reasonably be
associated with it (e.g., limb length and maximal velocity of muscle shortening, o r fur density and body temperature, respectively). All these measurements are made on the same series of individuals. Mass dependence of any
of the factors is analyzed and removed, as discussed previously. Then stepwise multiple regression analysis (or another appropriate technique, such as
canonical correlation) is used to determine which, if any, of the predictor
variables are associated with the performance variables.
An example of this approach is provided by the study of Garland (1984)
on locomotor performance by a lizard, Ctenosaura similis. Endurance, burst
speed, and maximal distance run under pursuit were measured in a series of
individuals, along with a variety of physiological and morphological variables, including body mass and length; standard and maximal rates of oxygen
consumption and carbon dioxide production; mass of thigh muscle, heart,
and liver; hematocrit and hemoglobin concentration of the blood; myofibrillar ATPase activity of thigh muscle; and activities of three selected metabolic
enzymes in heart, liver, and skeletal muscle tissue. Body mass effects were
removed by regressing all variables o n mass and analyzing only mass-corrected residuals. Each measure of locomotor performance was then regressed
as a dependent variable on the suite of morphological and physiological characters as independent variables. The results of these analyses are given in
Table 7.4. Nearly 90% of the mass-corrected interindividual variation in
endurance could be attributed t o four predictive factors, including maximal
oxygen consumption, skeletal muscle and heart mass, and hepatic aerobic
enzyme activity. This is a remarkable amount of predictive power. More than
half the variation in maximal distance run is correlated with maximal carbon
dioxide production and anaerobic enzyme activity of the skeletal muscle.
None of the variables measured in this study was significantly associated with
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Partial R2

the lizard Ctenosaura similis
Variable

0.893

0.086
O.OUO

0.405
0.1 77

(p = .0022)

( p < .0001)

T A B L E 7.4 Stepwise multiple regression analysis of locomotor performance of

Performance
Thigh muscle mass
Maximal oxygen consumption
Hearl mass
Liver aerobic enzyme a c t i v ~ ~ y

Maximal carbon dioxide production
Thigh anaerobic enzyme activity
Total
N.5.

0.540
0.187

Endurance

Total
Distance run

None

0.582

Burst speed
Source: Garland (1 984).

burst speed. Thus, a multivariate statistical approach does not necessarily find
a significant association among any set of variables. It may uncover strong
correlations (as in the case of endurance) or no correlation (as with burst
speed). A subsequent investigation on another species of lizard found significant interindividual correlations between burst speed and glycolytic enzymatic activity of skeletal muscle and an inverse relationship between burst
speed and muscle fiber diameter (T. Gleeson, unpublished data).
A multivariate statistical approach can be particularly powerful when
numerous underlying variables might be expected t o influence higher-level
performance. It can help to single out the most significant factors from an
entire array and allow a researcher t o concentrate further on those. The
result of the analysis may serve to confirm a priori associations or may suggest entirely unexpected linkages that can be explored further. This multivariate analysis should be regarded as a first-stage approach, to be followed
by more detailed comparative and experimental research on the factors identified with this technique. These further studies h a y also take advantage of
interindividual variability.
Measurement of selective importance of traits under field or
experimental conditions
Physiological ecologists and comparative physiologists usually assume that
the traits that they study are of adaptive significance, that is, that they
enhance survivorship and reproductive potential. This assumption is, however, almost never tested directly (Arnold, 1983; Endler, 1986). Using interindividual variability, one can evaluate whether performance of any given

siological o r organismal trait is in fact correlated with differential surorship under natural conditions. T h e observations required involve scora trait on a large number of individual animals, releasing them into their
ural environment, and recapturing the survivors after exposure to this
ironment. The survivors are then examined to determine whether they
drawn from any subset of the original distribution.
election might operate in a number of ways to favor different portions of
original distribution of the trait (Simpson, 1953; Lande and Arnold, 1983;
dler, 1986). It might be directional and favor individuals at one end of the
ge of variability. For example, d o birds with greater insulation survive
er during the winter o r do caterpillars that eat more metamorphose more
idly and successfully? Do newborn snakes that are very fast or have a high
urance (see Figure 7.1) accrue an advantage under natural conditions such
t they are more likely to survive to reproductive age? Selection may also
stabilizing, favoring animals with modal values for a given trait, thereby
ucing variability and reinforcing central tendency in the population. In
se cases, both very well and poorly insulated birds, caterpillars with both
ge and small appetites, and very fast and very slow snakes would be
ected against. Selection might also be disruptive, favoring animals at both
remes of the distribution and tending to increase overall variability. The
l hypothesis against which the presence of selection must be tested is the
ence of any detectable effect of the variable on such indices of fitness as
vivorship, growth, o r reproduction. In the examples above, variability in
mage quality, feeding capacity, or speed would have no detectable influe on fitness under field conditions.
This correspondence between physiological or performance characters
survivorship or fitness under field conditions is termed the "fitness grant" (Arnold, 1983). Its determination is judged to be essential for the charerization of the ecological and evolutionary implications of any physioical variable. However, comprehensive studies of the fitness gradient have
ely been attempted for any variable. The effects of natural selection on
ysiological variation generally are unknown (Endler, 1986). A lack of corpondence between maximal oxygen consumption and some measures of
roductive performance has been reported in adult male toads (Wells and
gen, 1984; Sullivan and Walsberg, 1985), but its effect on differential surorship up to adulthood has not been measured. Studies on the effects of
omotor performance on postnatal survivorship are currently underway on
ce lizards (R. Huey, University of Washington) and garter snakes (my labtory). T h e direct measurement of the impact of a character on perfornce under natural conditions, in spite of its obvious importance t o field
logy and evolutionary biology, is almost unexplored. It may be operanally difficult o r even impossible on some types of organisms, but I believe

it is in fact feasible for many different types of animals in many different
environments.
This approach has great potential to measure the importance of selection
on traits in natural populations in natural environments. It also can be used
in situations in which the environment has been experimentally altered. In
this case, the response of the trait in the population can be compared t o a
priori expectations about the effect of such alteration. For instance, one
might remove predators and determine whether burst speed o r endurance
declines in a population in the absence of this particular selective agent. One
might supplement animals living in saline ponds o r deserts with fresh water
and investigate whether osmotic tolerance o r fluid-concentrating capacity
changes as a result of altered environmental circumstances. An excellent
example of this experimental approach is provided by the study of Ferguson
and Fox (1984). A combination of studies, examining responses of populations in both natural and experimentally manipulated environments, has a
great deal of potential t o help us understand the importance of various physiological processes t o total fitness of organisms. This approach presents a
protocol for testing assumptions about adaptation, not simply asserting them
axiomatically. I believe this is one of the most exciting new developments
and directions for physiological ecology as a field.
Determination of heritabilities of organismal or physiological
characters
For adaptation and evolution of a trait t o occur, it must have a genetic basis.
Without a heritable basis, selection on a trait within each generation will not
influence the variability o r distribution of the trait in ensuing ger,erations. It
is necessary, for example, for fast parents t o have fast offspring if the population is t o respond t o a new agent that selects against slower individuals.
Studies of the heritnbility of physiologicnl traits are n valunble supplement to
ecological studies because they permit the determination of both the potential of the trait t o evolve and the rapidity with which the response can occur.
Some progress has been made in particular systems in identifying effects
of individual loci on organismal physiology and performance (e.g., Watt,
1977, 1983; DiMichele and Powers, 1982; Chappell and Snyder, 1984; Barnes
and Laurie-Ahlberg, 1986; Chapters 5 and 8). While individual loci may have
identifiable effects, many of the traits of interest t o a physiological ecologist
will be under multilocus control. Consequently, the techniques of quantitative genetics will be the most appropriate for examining the inheritance of
these characters (see Falconer, 1981, and Chapter 9 for a general discussion
of the field and appropriate methodology). Techniques involve examining the
similarities of traits in parents and offspring a n d l o r among the offspring of
given parents. They require that the organisms in question can be bred suc-

ssfully in the laboratory o r that gravid females can be obtained that will
eliver offspring in the laboratory.
Few studies have examined the heritability of physiological o r perforance characters. Most of them have dealt with the inheritance of locomor performance. Significant heritabilities have been found for speed in race
orses (Langlois, 1980; Tolley, Notter, and Marlowe, 1983), speed in humans
Bouchard and Malina, 1983a, 1983b), burst speed and stamina in lizards (van
erkum and Tsuji, in press; R. B. Huey, unpublished data) and snakes (S. J.
rnoId and A. F. Bennett, unpublished data; T. Garland, unpublished data).
efensive behaviors in snakes are also heritable (Arnold and Bennett, 1984).
these locomotor studies, a minimum of 30 t o 5 0 % of the variability among
dividuals is genetic. Other types of physiological traits have also been
und t o be heritable: for example, growth rate and efficiency in pigs (Smith,
ing, and Gilbert, 1962), reproductive output of chickens (Emsley, Dickern, and Kashyap, 1977), and thermoregulatory behaviors of mice (Lacy and
ynch, 1979). Observations are so few at this point that a case may be made
r a general investigation of t.he topic of heritability per se of physiological
ystems in different types of animals. Future studies may concentrate on more
ecific genetic issues concerning this inheritance, but, given the multilocus
ature of these traits, these are bound t o be more difficult.

onclusions

nterindividual physiological variability is rarely studied. However, this variion is real and repeatable in many physiological traits. I believe that the
nalysis of the causes and consequences of interindividual variability has
ajor promise as an analytical tool in physiological studies. Ecological and
omparative physiology have often been characterized as major branches of
rganismal biology, but their view of the organism has been ideal o r typogical. It has been that of the nonexistent animal that possesses the average
alue of all physiological, morphological, and behavioral attributes of the
opulation. Such animals d o not exist. Real individuals are unique combiations of traits, some above and some below average. It is time t o recognize
e uniqueness of the individual and t o turn it t o our advantage as biologists.
The analysis of variation can be useful in studies on physiological corretion and mechanism, on the importance of the variable t o fitness under
atural conditions, and on the potential for inheritance of the trait, with the
onsequent possibility of its adaptation and evolution. I d o not suggest that
e study of variation should supplant other approaches nor that it is even
asible for all physiological variables. But where such study is applicable, it
an be a powerful analytical tool, for analysis of both mechanism and adaption. Its particular advantage is that it can pull together so many different
spects of biology, not only physiology and ecology, but also behavior, mor-

phology, population biology, and evolution. Biologists often treat these as
different areas, but of course individual organisms d o not make these arbirary divisions and distinctions. They react t o problems and opportunities as
ntegrated organisms. Appreciating and studying individual differences can
be a synthetic approach that puts the individual organism back into organsmal biology and gives us a much broader understanding of animals and
heir evolution.

Appendix

T h e problem of mass-dependent correlation is so ubiquitous in correlation
analysis that I will provide an illustrative example of the utility of the analysis
of residuals. In Figure 7.3a, two physiological traits are found to be positively
associated when one is plotted as a function of the other. These might, for
example, be length of a Malphigian tubule and secretion rate in an insect, or
idal volume and anatomical dead space during ventilation in a mammal.
Such a result might lead one to conclude that the traits are positjvely linked
functionally. If, however, both traits are plotted as a function of body mass
(Figures 7.3b and 7 . 3 4 each is also found t o be strongly and positively mass
dependent. Are the traits truly linked to each other or is their apparent association due t o their mutual but independent relationship t o body mass? This
size influence may be removed by examining the deviation of each data point
from the mass regression line (i.e., the residuals of the regression). If these
mass-corrected residuals are then plotted against each other (Figure 7.3d),
heir relationship can be examined without the interfering effects of body
size. In the case illustrated, the traits are found t o be negatively related to
each other, which is exactly the opposite of the original conclusion based on
Figure 7.3a. Their apparent positive association was due only t o their mutual
correlation with body mass. This was, of course, a contrived example: the
residuals might also have been positively associated o r not significantly correlated with each other. T h e point is that an examination of the original,
uncorrected data in Figure 7.3a would not have permitted this assessment.
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F i G U R E 7.3 A hypothetical example of the effect of mass-correlated
effects o n the apparent association between two traits. Data are
reported for two traits and body mass in arbitrary units for ten individuals (A through J ) along with least-squares regression lines. (a) The two
traits are positively and significantly correlated when they are related
to each other directly. (b) and (c) Each trait is positively mass-correlated. (d) Mass effects are removed by calculating residuals, that is, the
difference between the observed value for each individual and the
value predicted by t h e mass regression. These are plotted against each
other, demonstrating a significant negative association between t h e
traits after the confounding effects of mass are eliminated. Note that
opposite conclusions about t h e relationship between the traits would
b e derived from (a) and (d).
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Discussion
L I N D S T E D T :I agree with Bennett t h a t there a r e identifiable individuals
which are low performers - they have a l o w m a x i m u m oxygen consumption,
a low m a x i m u m running speed, etc. - and there are o t h e r individuals that
are high performers. But o n any given day a low-performing animal may
outperform t h e high-performing animals: t h e ranges of their performances
overlap, even if their means are repeatedly different. T h e likelihood of finding mechanistic differences t o account for those mean differences may be
rather low. W e still need t o have t h e broader overview between species,
w h e r e w e have a higher signal-to-noise ratio.
B E N N E T T :I a m n o t advocating t h a t w e abandon all o t h e r approaches for
t h e study of variation, n o r t h a t w e should ignore t h e means. But w e should

terindividual variations into account in addition. Sometimes the least
ost able individuals overlap, but you can still find that the individual
nces are statistically repeatable.

S T E D Yes,
T : we do try to do that. By the same token, I think we have
autious about throwing out simpler statistics because they are simple,
ally if we risk losing some biological insight with greater statistical
tication. For example, in using stepwise multiple regression, it can be
o intuit what the result means. Also, we have found that as we increase
mple size, the total proportion of explained variation changes very litthe relative contributions of various independent variables to the total
ned variation changes a great deal. Again, that leads me to gain less
.

TT: I agree that many times the simple statistics are adequate, but
they are inadequate, we should not continue using the old models and
ys of doing things. The stepwise multiple regression approach seems
to be a tool to suggest further directions for study. If you find that no
are correlated with performance (measured as burst speeds), that may
u that you should be looking at other factors. When you do have sigt correlations, then you have a basis for further experimental analysis.
first pass in looking for important variables.

D : I agree that interindividual variability is really important. Nature
s to tell us something that we have mostly neglected so far. Now, is it
ue that if you want to address the interindividual variability, then you
o look at the intraindividual variability first? In fact, the only thing that
ns beyond intraindividual variability is true interindividual variability.

T T : That's right. You have to be able to make repeated measures on
duals. This is feasible for some factors and unfeasible for other factors.
are looking at whole-body lactate content, for instance, you can do
nly once. But there are a large number of physiological characters, such
od flow parameters, that we can now sample nondestructively because
roved instrumentation.

D : W e now have improved techniques to work on uninstrumented,
esthetized animals, which is mandatory if you want t o ask questions
variability. I think that the techniques were not formerly available to
s this variability in a meaningful way.

: The standard statistical method of measuring repeatability is the
ass correlation coefficient, which measures the proportion of the varihat is due to difference among individuals versus within individuals.
t measure, sometimes the types of measurements that Bennett was

referring t o are highly repeatable: most of the variation is among individuals
and not within individuals. For example, Art Dunham and I looked at sprint
speeds of lizards in natural populations over a whole year, and the repeatabilities are on the order of 0.5 to 0.6, which is higher than in thoroughbred
horses. That is probably high enough that we, can begin to analyze the
mechanistic basis of individual variation and also look at the adaptive significance of that variation.
P O W E R SOne
:
problem of reproducing the same experiment on the same
individual is that some organisms become trained. In addition, we found that
we cannot put more than one individual in a track at a time because of behavioral interactions between them.
B E N N E T T For
: running speed, in about half of the species that we observe,
we see what we assume is a conditioning effect, from day one t o day two,
but after that the means stay exactly the same, the order of the individuals
stays the same. Some species show this initial effect, others don't.
P O W E R SOne
:
thing we have t o d o with fish is t o acclimate them t o water
that is moving at a constant speed, for thirty to sixty days. Everything from
then on is very reproducible. I am sure that a lot of the variation in the literature is a function of this training phenomenon and where the organisms
came from.
F L O R A N TI : think that developmental effects can be extremely important,
and I wondered whether you were rearing these animals in the lab or being
careful about the developmental processes that were going on prior to, during, and after birth.
BENNETT:All the animals that we have been dealing with are adult animals,
taken directly from the field and tested within a matter of days. In the breeding studies, gravid animals are collected and young animals are born under
constant conditions in the laboratory. The whole issue of developmental
effects and constancy of rank-ordered performance over time has not even
begun t o be explored.
FUTUYMA
Suppose
:
you are interested in very short term acclimation effects,
the capacity of the individual t o change its phenotype from moment to
moment, which is the opposite of repeatability. How do you deal with that?
There are interesting questions there as well.
B E N N E T TYOU
:
begin by immediately asking questions about your equipment and techniques, and get that out of the way first. Then perhaps you can
begin building correlations from moment to moment by measuring the variables sequentially, t o see whether you are getting tracking of one variable by
the other.
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A R N O L DWe
: can examine the capacity to change performance over short
r long periods of time as traits, and that's a virtually unexplored area. But
is not the opposite of repeatability. Suppose we define a new variable that
epresents the capacity to change performance as a function of an elevation
n temperature from 10 OC to 20 OC. We can measure its repeatability, we
an ask whether it is inherited, whether it is genetically correlated with other
raits, and so forth. The statistical field for dealing with such traits is somemes called profile analysis of variance.

E D E R :I want to shift the focus of this discussion to the point that Bennett
made about the prospect for performing natural experiments using natural
opulations. I am very excited about this prospect. Using the variation in
opulations as a substrate, altering an environmental variable for individuals
n a population or adding individuals to a population and looking at the
ffects could potentially be a very powerful technique. Dennis Powers said
hat it may soon be possible to take individual genes and move them into or
ut of individual organisms, which could offer us a lot of insight.

POWERS:
I t is already possible for some species. In lower vertebrates,.it will
probably take another year.

D A W S O NThere
:
are detraining or conditioning effects that go with captivty. When we studied cold resistance in small birds, we found that the animals maintained in outdoor flight cages, given the seeds of the type that they
were using naturally, abandoned their winter fattening, perhaps because they
had assured meals and more complicated cues. They also had much lower
cold resistance than freshly captured animals. If one is dealing with badly
distorted responses, which is sometimes a risk with wild animals, that ought
o be determined. A good deal of what one may be dealing with in animals
ong standing in captivity may not be relevant to the natural situation.

F L O R A N T : In keeping hibernators for many years in the lab, the hibernators
begin to free-run, and it is as if certain physiological responses occur at "nonadaptive" times of year. This obscures the optimal time that the animal performs a particular response under natural circumstances.

BENNETT: These are valid concerns. One way of keeping track of them is
o run appropriate controls, so that we can place boundaries on the magniude of the captivity responses.

DAWSON:By attempting to determine repeatability, if you start early
enough, -you can discern if there are any effects of that type. That is not done
a lot. This is a caveat about use of material from animal dealers, which may
have a very fuzzy history indeed.

