
Introduction 

Interindividual variability: 
an underutilized resource 
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Tw
o principal analytical approaches have been used in studies of organism

al 
physiology. T

hese are represented by the term
s "com

parative physiology" 
and "physiological ecology." T

h
e form

er com
pares functional characters in 

tw
o or m

ore populations, species, o
r higher taxa in an attem

pt to understand 
m

echanism
. 

B
iological diversity is used to

 help understand 
principles of 

physiological design. O
ften the experim

ental species are chosen specifically 
because their system

s dem
onstrate an extrem

e phenom
enon o

r because the 
experim

ental preparation is technically accessible. T
h

e selection of a species 
on 

these grounds is know
n as the K

rogh Principle (K
rogh, 1929; K

rebs, 
1975), w

hich has been very influential and successful in guiding studies in 
com

parative physiology for m
ore than fifty years. 

T
he second approach, physiological 

ecology o
r ecological physiology, 

exam
ines the physiological attributes of a species and interprets them

 in the 
context of the natural environm

ent or ecological niche of an anim
al. T

hese 
studies concentrate on analysis of adaptive pattern, of how

 physiology, m
or- 

phology, and behavior interact to perm
it survival and reproduction in a given 

environm
ent. In this approach, em

phasis is placed on ecological and evolu- 
tionary aspects of physiological function. M

onitoring the organism
 in its 

natural environm
ent and speculation on selective factors that influenced the 

evolution 
of 

characters are the 
principal 

interpretive 
contexts of 

these 
studies. 

T
hese tw

o
 approaches are by no m

eans exclusive and have often proved 
com

plem
entary. T

hey have yielded a substantial understanding of how
 ani- 

m
als w

ork and function in the natural w
orld. H

ow
ever, m

y thesis here is 
that both approaches have overlooked a valuable source of inform

ation. In 
their concentration on population-, species-, or higher-level phenom

ena, 
[hey have failed to

 analyze and take advantage of 
biological 

differences 
am

ong individuals. A
s traditionally practiced, physiological studies neglect 

differences am
ong individual anim

als and attem
pt to

 describe the functional 
response in the average anim

al of the group. I believe that this approach has 
been very short-sighted and that the study of interindividual differences has 
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m
uch to contribute to both com

parative physiology and physiological ecol- 
ogy. I w

ill argue that the analysis of the bases and consequences of interin- 
dividual variability can provide new

 tools for both types of 
physiological 

analysis. I believe that it is also capable of 
building 

new
 and im

portant 
bridges to other allied fields of biology, especially ecology, ethology, evolu- 
tion, and genetics. 

T
h

e tyran
n

y of the G
o

ld
en

 M
ean

 

T
h

e fram
ew

ork of physiological studies im
plicitly em

phasizes the descrip- 
tion and analysis of central tendency. D

epending on the data, this involves 
the calculation of m

ean values or the developm
ent of least-squares regression 

equations. A
fter these values are determ

ined, they take on a life of their ow
n 

and becom
e the only 

point 
of 

analysis 
and com

parison. T
h

e com
plete 

breadth of biological variation determ
ined in the investigation then is for- 

gotten. M
easures of variability (e.g., variance, standard deviation) are calcu- 

lated and reported only to stipulate confidence lim
its about the m

ean or slope 
of the regression line. G

roups are then com
pared to determ

ine w
hether they 

are different from
 one another o

r from
 hypothesized values. T

he variability 
inherent in the original data is seen only as "noise," 

through w
hich the 

"true" value of the central tendency can be glim
psed w

ith appropriate statis- 
tical techniques. 

T
his assum

ption of a "true" 
or "real" 

central tendency, w
hich biological 

reality 
only approxim

ates, stem
s from

 
P

latonic 
philosophical 

traditions. 
T

hese m
aintain that ideal archetypes exist that can be perceived only im

per- 
fectly through perceptual sensation. T

he concept of an ideal form
 of a struc- 

ture o
r process w

as central to the thinking of m
edical physiologists of post- 

R
enaissance E

urope and heavily influenced the functional biologists of the 
nineteenth century. T

hese physiologists and m
orphologists, in their search 

for proxim
ate causation, m

aintained a typological approach to experim
en- 

tation and analysis and w
ere largely unaffected by contem

poraneous devel- 
opm

ents in evolutionary biology and genetics (cf. M
ayr, 1982, for a m

ore 
detailed discussion). A

nalysis of variability played an im
portant role in these 

latter fields, but 
it w

as ignored by 
functional biologists at the tim

e and 
rem

ains largely unexplored by them
 even today. 

T
o

 dispel any doubt that analysis of central tendency and neglect of vari- 
ability is the dom

inant o
r exclusive analytical m

ode in organism
al physiol- 

ogy, I review
ed all papers published during 1985 in the Journal of C

om
par- 

ative Physiology, the Journal of 
E

xperim
ental B

iology, and Physiological 
Z

oology. T
hese are som

e of the best and m
ost forw

ard-looking journals in 
the field. N

early all the articles reported m
ean values or regression equations 

and did statistical analyses. 
H

ow
ever, less than 

5
%

 of 
the articles even 

reported the range of values of the data obtained, and out of m
ore than 250 
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Frequency distributions of burst speed and total distance 
craw

led under pursuit by individual new
born garter snakes (T

ham
no- 

phis radix). Each individual observation is the m
ean of tw

o trials con- 
ducted on tw

o successive days; individual repeatability is highly signif- 
icant (r =

 0.60 for burst speed and 0.55 for distance; p <
 .001). 

D
istance craw

led is reported on a logarithm
ic axis. (D

ata from
 A

rnold 
and B

ennett, in press.) 

articles, only one (T
aigen and W

ells, 1985) analytically exam
ined the varia- 

bility in the observations. 
T

he concentration on central tendency has been and w
ill continue to be 

very useful in testing certain hypotheses, but it has distracted us from
 an 

exam
ination of 

the causes and consequences of biological variability. A
n 

exam
ple of this variability is given in Figure 7.1, in this case variability in 

locom
otor perform

ance capacity of new
born garter snakes. M

axim
al burst 

speed and the total distance craw
led under pursuit w

ere m
easured in nearly 

150 laboratory-born anim
als shortly after birth (A

rnold and B
ennett, 

in 
press). T

hese behaviors are individually repeatable (see below
) and represent 

the breadth of response of the population at birth, before natural selection 
by the external environm

ent has had the opportunity to
 act. B

oth these per- 
form

ance m
easures show

 strong central tendencies, but they also show
 enor- 

m
ous interindividual variability. T

he fastest snake has a burst speed ten tim
es 

that of the slow
est; the endurance of som

e individuals is m
ore than tw

enty 
tim

es that of others. A
ssum

ing for a m
om

ent that these individual differences 
are real (see below

), these observations im
m

ediately suggest tw
o sorts of ques- 

tions. First, w
hat is the functional basis of these individual perform

ance dif- 
ferences? W

hich physiological o
r m

orphological factors m
ake a fast snake 

fast and w
hich account for the relatively low

 stam
ina of som

e other anim
als? 



S
econd, w

hat are the ecological and evolutionary consequences of these dif- 
ferences? Is there differential survivorship or grow

th under natural condi- 
tions based on locom

otor perform
ance capacities? T

hese questions reflect the 
som

ew
hat artificial dichotom

y raised earlier betw
een com

parative physiol- 
ogy and physiological ecology, but both o

f them
 reflect com

pelling questions 
of general biological interest. T

hey are obscured, how
ever, if one concen- 

trates only on central tendency. T
his is the tyranny of the G

olden M
ean: it 

restricts our vision of the data and narrow
s our conceptual fram

ew
ork so 

that w
e cannot take advantage of all the analytical possibilities of biologica 

variability. 
T

h
e failure to consider interindividual variability is not that of ecologica 

or com
parative physiology alone. A

lm
ost identical com

m
ents and com

pari 
sons could be m

ade about any other field of organism
al biology. 

In 
our concentration 

on 
central 

tendency, 
w

e 
have 

failed 
in 

severa 
respects: 

1.. W
e have ignored interesting biological problem

s and questions. 
2. W

e have not been particularly interested in the consequences of the dati 
w

e have gathered for survivorship or fitness. 
3. W

e have failed to
 utilize the breadth of our data in assessm

ent of physio 
logical hypotheses. 

4. W
e have failed to provide sufficient inform

ation in our research report 
that w

ould perm
it others to

 analyze biological variability. 

T
he reality o

f interindividual variability 

I believe rhat part of the difficulty rhat m
ost ecological and com

parative phys 
iologists have in reporting and utilizing variability is a suspicion of its realit] 
and inform

ation content. B
iological m

easurem
ents are inherently highly var 

iable as com
pared to those m

ade by physicists or chem
ists. C

oefficients o 
variation of 20 to 30%

, values that w
ould cause a physical scientist to blanch 

are routine in m
ost physiological m

easurem
ents. T

o
 w

hat extent, how
ever 

is this variability real and useful? It seem
s to m

e that there are three potentia 
objections to its use: 

I. E
xtrem

e values are atypical 
or abnorm

al and d
o

 not reflect the trut 
response of m

ost individuals. 

T
his view

 is essentially a restatem
ent of the typological concept: the aver 

age is the real. E
xtrem

e perform
ance certainly is "atypical" 

and "abnorm
al' 

in the strict sense of the w
ords, but that does not m

ean that it is not real. A 
physiologist m

ust be sure that experim
ental anim

als are in good condition, 
but it shouId go w

ithout saying that one m
ust have external cause to doubt 

any data point. It cannot be questioned only because it happens to lie on the 
extrem

e of the range. 



T
his view

 suggests that the experim
enter has m

ore confidence in values 
that lie closer to

 the m
ean than those at the extrem

es. If this is the case, then 
not all points should receive equal w

eighting: those closer to
 the m

ean should 
be w

eighted m
ore highly. T

h
e circularity of this logic is apparent. F

urther, 
norm

al param
etric statistics are inappropriate in such a circum

stance. E
ither 

all data points receive equal confidence and equal w
eight, o

r the analytical 
m

ethods w
e norm

ally use are inapplicable; one cannot have it both w
ays. 

2. O
bserved variability 

is due to
 instrum

entation o
r procedural error; the 

observed range does not result from
 real biological differences but from

 
inaccuracies in experim

ental setups o
r procedures. 

A
ccording to

 the type of 
m

easurem
ent, this objeccion 

m
ay 

have som
e 

validity. H
ow

ever, the precision of m
odern physiological equipm

ent is typi- 
cally less than 

1%
 and is consequently a doubtful explanation of 

m
uch 

higher apparent biological variability. F
urther, if such errors are felt to

 be 
im

portant, their m
agnitude m

ust be quantified and analyzed (although they 
alm

ost never are) even in studies that are interested only in central tendency. 
If the errors are random

, then the m
ean values w

ill be correct, but the m
ea- 

surem
ents of variance and standard deviation of the m

eans w
ill be inflated. 

As 
statistical com

parisons betw
een groups are dependent on the extent of 

intragroup variability, incorrect judgm
ents m

ay be m
ade if experim

ental o
r 

instrum
entation error is not analyzed and rem

oved. C
onsequently, 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. T
he variation 

m
easured is 

real but reflects 
random

 an
d

 unrepeatable 
responses of individuals; 

that is, intraindividual variability is so high that 
there is n

o
 significant interindividual com

ponent to
 total variance. 

T
his is by far the m

ost serious potential objeccion to
 the analysis of vari- 

ability: if the responses are random
 w

ith respect to
 individuals, then analyz- 

ing the differences am
ong individuals is futile. T

h
e m

easurem
ents required 

to dem
onstrate w

hether this is an im
portant problem

 are a series of repeated 
observations on the sam

e individuals and analysis of the significance of the 
individual com

ponent. F
or instance, if one is interested in oxygen transport 

capacity, one m
ight m

easure m
axim

al oxygen consum
ption in each of several 

individuals o
n

 sequential days to
 determ

ine w
hether som

e individuals have 
consistently high o

r low
 capacities. 

G
iven the general lack of interest in interindividual variability, analyses of 

intra- versus interindividual variability are relatively 
few

 in ecological o
r 

com
parative physiological studies. M

ost of these relate to
 data on locom

otor 
perform

ance capacity, and m
any of the exam

ples in this discussion w
ill be 

draw
n from

 this area. Individual locom
otor perform

ance ability has a sig- 
nificant repeatable interindividual com

ponent in every study in w
hich it has 
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onstrating significant interindividual 
variability in locom

otor perform
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N
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. o
f species 

Lizards 
burst speed 

6" 
1 2
c 

2
d

 
1' 

stam
ina 
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1' 
l
d

 
defensive b

e
h

a
vio

r 
1" 

S
nakes 

burst speed 
In 
1 
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ina 

1
 

defensive behavior 
1

 ' 
A

nurans 
stam

ina 
2' 

"ennett 
(1 980). 

b
C

ro
w

le
y and P

ietruszka (1
9

8
3

). 
'H

u
e

y a
n

d
 H

e
rtz (1 98

4
). 

dG
arland (1 984, 1985). 

'C
row

ley 
(1 985). 

'Jo
h

n
-A

ld
e

r (1 984). 
G

a
rla

n
d

 and A
rn

o
ld

 (1983). 
h

~
rn

o
ld

 
and B

ennett (in
 press). 

'A
rn

o
ld

 a
n

d
 B

e
n

n
e

tt (1984). 
'P

utnam
 and B

ennett (1981). 

been exam
ined (T

able 7.1). A
n exam

ple of individual constancy of day-to-day 
differences in locom

otor perform
ance is given in Figure 7.2 (B

ennett, 1980). 
M

axim
al burst speed w

as m
easured in fifteen adult fence lizards on five 

sequential days. R
ank order of perform

ance w
as conserved through the re- 

petitive trials (p <
 .001). T

hese individual differences in burst speed capacity 
w

ere independent of both sex and body m
ass, Sim

ilarly, individual perfor 
m

ance rank is stable even w
hen the internal environm

ent of the anim
als is 

grossly altered, as during changes in body tem
perature. Individual rankings 

of burst speed perform
ance of alligator lizards at different body tem

peratures 
are given in T

able 7.2. A
gain, individual differences are highly significant (P 

<
 .O

O
I): som

e anim
als are fast and som

e are slow
 at all body tem

peratures 
(see also H

uey and H
ertz, 1984). 

I believe that locom
otor m

easurem
ents w

ould a priori be am
ong the least 

repeatable of any of the potential spectrum
 of "physiological" 

m
easurem

ents. 
T

hey m
ay be influenced by a great m

any m
otivational and psychological fac- 

tors, as w
ell as differences in underlying physiological 

o
r m

orphological 
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 7.2 
R

ank order perform
ance of burst speed in fifteen adult 

fence lizards (Sceloporus occidentalis) m
easured on five successive 

days. R
ank 1 is the fastest anim

al, rank 1
5

 is the slow
est. D

ots indicate 
rank perform

ance on each day; vertical bars, range; horizontal bars, 
m

ean rank. Individual ranking effects are highly significant (p <
 .001 

by K
endall's coefficient of concordance). (D

ata from
 B

ennett, 1
9
8
0
, 

and unpublished observations.) 

capacity. F
rom

 that view
point, a significant interindividual com

ponent in 
m

easurem
ents of locom

otor capacity m
ight suggest that m

any other physi- 
ological variables w

ould also have individual fidelity. 
Significant interindividual 

differences 
have been 

dem
onstrated in such 

diverse system
s and m

easures as m
axim

al oxygen consum
ption in am

phibi- 
ans and lizards (P

ough and A
ndrew

s, 1984; W
ells and T

aigen, 1984; Sullivan 
and W

alsberg, 19853, enzym
atic activities in fruit flies (L

aurie-A
hlberg et al., 

1980), cuticular w
ater loss in cicadas (T

oolson, 19841, m
uscular m

orphology 
of birds (B

erm
an, C

ibischino, D
ellaripa, and M

ontren, 19851, skeletal m
or- 

phology of salam
anders (H

anken, 19831, kinem
atics and m

uscle activity pat- 
terns during feeding in salam

anders (Shaffer and L
auder, 1985a, 1985b), for- 

aging tactics in 
fish (R

ingler, 1983), food preferences in snakes (A
rnold, 

1981), and regulated body tem
peratures of lizards (C

hristian, T
racy, and Por- 

ter, 1985). 
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 7.2 R

ank order of burst speed at different body tem
peratures in tw

elve 
individual alligator lizards (C

errhonotus m
ulticarinatus) 
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N
ote: R

ank 1 =
 fastest; p <

 ,001 by K
endall's coefficient o

f concordance. 
S

ource: B
ennett (1 980). 

In m
y opinion, the large m

ajority of physiological variables that can be 
sam

pled repeatedly w
ill show

 real and significant interindividual variation. 
T

h
e question then becom

es how
 w

e can utilize this variability to
 our benefit 

in asking analytical questions. 

T
h

e an
alytical u

tility o
f in

terin
d

ivid
u

al variatio
n

 

I suggest four different types of studies in w
hich the exploration of interin- 

dividual variability m
ight play a crucial role. Som

e represent new
 sorts of 

investigations for ecological o
r com

parative physiology. O
thers perm

it a new
 

approach to
 both current and classical questions in the fields. 

T
he testing of correlative hypotheses 

A
 com

m
on analytical approach in com

parative physiology is to
 m

easure the 
correlation betw

een tw
o

 o
r m

ore variables in tw
o o

r m
ore groups (e.g., pop- 

ulations, species) and to infer m
echanistic relationships if significant corre- 

lations exist. For exam
ple, if positive associations are found betw

een the 
length of the loops of H

enle in kidneys of various m
am

m
als and their ability 

to
 concentrate urine,. one m

ight conclude that these m
ay be functionally 

linked. T
hese correlational exam

inations have been central in building the 
field of com

parative physiology. T
hey have, how

ever, been criticized for their 
failure to

 take into account the phylogenetic history of the experim
ental ani- 

m
als involved (G

ould and L
ew

ontin, 1979; Felsenstein, 1985; C
hapter 4). 

A
 com

panion approach to
 interspecific analyses is the exam

ination of 
interindividual correlations of 

variables 
w

ithin a species. T
his approach 

m
aintains the benefits of com

parative analysis w
ithout som

e of the objections 
associated w

ith using organism
s that are distantly related phylogenetically 



(see C
hapter 4). If tw

o factors are functionally related, they should be signif- 
icantly correlated am

ong individuals w
ithin a species. In fact, if evolutionary 

or functional trends are proposed, the argum
ent is strengthened if intraspe- 

cific associations can be dem
onstrated, because selection on traits w

ithin 
populations m

ust be the ultim
ate source of adaptation. 

T
he experim

ental protocol required to investigate interindividual variabil- 
ity is sim

ilar to that of interspecific com
parative studies, except that obser- 

vations on functional traits of interest m
ust be m

ade on the sam
e individuals 

and analyzed on that basis. T
he researcher then correlates one trait w

ith the 
other to determ

ine w
hether they are positively o

r negatively associated. If so, 
the hypothesis of functional relationships am

ong the traits is supported, and 
further experim

entation can be planned to
 explore the nature of the rela- 

tionship (see H
uey and B

ennett, 1986). If n
o

 significant association is found, 
then the traits are not functionally linked and the hypothesis is rejected. 

O
ne im

portant step in this analysis is the determ
ination of the dependence 

of the traits in question on body size (m
ass) and the elim

ination of such a 
dependence in the analysis. 

So m
any m

orphological, physiological, 
and 

behavioral traits are dependent on body size (see C
alder, 1984; Schm

idt-N
iel- 

sen, 1984) that it is very easy to obtain positive correlations am
ong otherw

ise 
unrelated traits because of their m

utual dependence on m
ass (see A

ppendix 
for a further discussion and exam

ple). A
llom

etric analyses should be per- 
form

ed (see C
hapter 10) and, if m

ass effects are significant, the m
ass-corrected 

residuals'should be analyzed for correlation. 
A

n illustrative exam
ple of the use of interindividual variability in testing 

correlative hypotheses m
ay be beneficial here. T

hese data are draw
n from

 
som

e observations on the skeletal m
uscle physiology and locom

otor perfor- 
m

ance of tiger salam
anders (E

lse and B
ennett, 1987, and unpublished obser- 

vations). C
lose (1964,1965) proposed a correlation betw

een the speed of iso- 
m

etric and isotonic contractions of skeletal m
uscle: the m

axim
al velocity of 

shortening (isotonic) is supposed to
 be positively related to

 the rate of tension 
developm

ent in an isom
etric tw

itch o
r tetanus. T

his proposal is a straight- 
forw

ard m
echanistic linkage that is supported by interspecific com

parative 
studies. W

e can test this hypothetical connection by m
aking observations of 

all these factors on individual anim
als and determ

ining w
hether they are 

associated w
ithin individuals. A

 further correlation that m
ight also be inves- 

tigated is the association betw
een m

uscle contractile speed and locom
otor 

speed: are the anim
als that have the greatest intrinsic speed of m

uscle con- 
traction also the fastest? First, all variables are m

ass-corrected and the resid- 
uals are then correlated w

ith each other in T
able 7.3. C

orrelations are sig- 
nificant am

ong isom
etric variables and betw

een isotonic variables, but no 
associations are significant betw

een any isotonic and isom
etric variable nor 

- 
betw

een burst speed and any m
easure of m

uscle contractile perform
ance. 
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r p
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T
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T
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M
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etanic 
T

w
itch

 
contraction 

contraction 
rate o
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rate 

shortening 
output 

B
urst ru

n
 speed 

.13 
-
 

B
urst sw

im
 speed 

T
etanic force 

T
w

itch
 force 

T
etanic contraction 

rate 
T

w
itch

 co
n

tra
ctio

n
 

rate 
M

a
xim

a
l rate o

f 
.71* 

shortening 

N
ote: A

sterisks indicate significant correlations (r >
 0.56, p

 4
 0.01). 

S
ource: U

n
p

u
b

lish
e

d
 data of A

. F. B
ennett, P

. L. E
lse, and T. G

arland. 
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T
hese results argue against any necessary m

echanistic association am
ong 

these factors. 
T

his is only one exam
ple of an approach that can be utilized in m

any dif- 
ferent physiological o

r functional studies. F
or instance, the role of m

axim
al 

heart rate in lim
iting m

axim
al oxygen consum

ption o
r that of a particular 

m
uscle in generating force during feeding o

r locom
otion could be investi- 

gated using an appropriate analysis of interindividual variability. 

E
xam

ining the functional bases of organism
al or physiological variables 

A
nother use that can be m

ade of interindividual variability is the determ
i- 

nation of w
hich of a potential suite of characters m

ight influence perfor- 
m

ance at a higher level of biological organization. T
his is a m

ultivariate sta- 
tistical approach based 

on an array of 
characters m

easured 
in 

identified 
individuals of a species. T

he researcher m
easures a perform

ance variable, 
such as burst speed o

r low
er critical tem

perature, and a num
ber of m

orpho- 
logical an

d
/o

r physiological predictor variables that m
ight reasonably be 

associated w
ith it (e.g., lim

b length and m
axim

al velocity of m
uscle short- 

ening, o
r fur density and body tem

perature, respectively). A
ll these m

easure- 
m

ents are m
ade on the sam

e series of individuals. M
ass dependence of any 

of the factors is analyzed and rem
oved, as discussed previously. T

hen step- 
w

ise m
ultiple regression analysis (or another appropriate technique, such as 

canonical correlation) is used to determ
ine w

hich, if any, of the predictor 
variables are associated w

ith the perform
ance variables. 

A
n exam

ple of this approach is provided by the study of G
arland (1984) 

on locom
otor perform

ance by a lizard, C
tenosaura sim

ilis. E
ndurance, burst 

speed, and m
axim

al distance run under pursuit w
ere m

easured in a series of 
individuals, along w

ith a variety of physiological and m
orphological vari- 

ables, including body m
ass and length; standard and m

axim
al rates of oxygen 

consum
ption and carbon dioxide production; m

ass of thigh m
uscle, heart, 

and liver; hem
atocrit and hem

oglobin concentration of the blood; m
yofibril- 

lar A
T

P
ase activity of thigh m

uscle; and activities of three selected m
etabolic 

enzym
es in heart, liver, and skeletal m

uscle tissue. B
ody m

ass effects w
ere 

rem
oved by regressing all variables o

n
 m

ass and analyzing only m
ass-cor- 

rected residuals. E
ach m

easure of locom
otor perform

ance w
as then regressed 

as a dependent variable on the suite of m
orphological and physiological char- 

acters as independent variables. T
h

e results of these analyses are given in 
T

able 7.4. 
N

early 90%
 of the m

ass-corrected interindividual variation in 
endurance could be attributed to

 four predictive factors, including m
axim

al 
oxygen consum

ption, skeletal m
uscle and heart m

ass, and hepatic aerobic 
enzym

e activity. T
his is a rem

arkable am
ount of predictive pow

er. M
ore than 

half the variation in m
axim

al distance run is correlated w
ith m

axim
al carbon 

dioxide production and anaerobic enzym
e activity of the skeletal m

uscle. 
N

one of the variables m
easured in this study w

as significantly associated w
ith 
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ise m
ultiple regression analysis of locom

otor perform
ance of 

the lizard C
tenosaura sim

ilis 

P
erform

ance 
V

ariable 
P

artial R
2 

E
ndurance 

T
h

ig
h

 m
uscle m

ass 
0.540 

M
a

xim
a

l oxygen consum
ption 

0.187 
H

e
a

rl m
ass 

0
.0

8
6

 
Liver aerobic enzym

e a
c

tiv
~

~
y

 
O

.O
UO

 

T
otal 

0.893 
(p

 <
 .0001) 

D
istance ru

n
 

M
a

xim
a

l carbon d
io

xid
e

 p
ro

d
u

ctio
n

 
0.405 

T
high anaerobic enzym

e activity 
0.1 77 

T
otal 

0.582 
(p

 =
 .0022) 

B
urst speed 

N
o

n
e

 
N

.5. 

S
ource: G

arland (1 984). 

burst speed. T
hus, a m

ultivariate statistical approach does not necessarily find 
a significant association am

ong any set of variables. It m
ay uncover strong 

correlations (as in the case of endurance) or no correlation (as w
ith burst 

speed). A
 subsequent investigation on another species of lizard found signif- 

icant interindividual correlations betw
een burst speed and glycolytic enzy- 

m
atic activity of skeletal m

uscle and an inverse relationship betw
een burst 

speed and m
uscle fiber diam

eter (T
. G

leeson, unpublished data). 
A

 
m

ultivariate statistical 
approach can be 

particularly pow
erful w

hen 
num

erous underlying variables m
ight be expected to

 influence higher-level 
perform

ance. It can help to single out the m
ost significant factors from

 an 
entire array and allow

 a researcher to
 concentrate further on those. T

he 
result of the analysis m

ay serve to confirm
 a priori associations or m

ay sug- 
gest entirely unexpected linkages that can be explored further. T

his m
ulti- 

variate analysis should be regarded as a first-stage approach, to be follow
ed 

by m
ore detailed com

parative and experim
ental research o

n
 the factors iden- 

tified w
ith this technique. T

hese further studies h
ay

 also take advantage of 
interindividual variability. 

M
easurem

ent of selective im
portance of traits under field or 

experim
ental conditions 

Physiological ecologists and com
parative physiologists usually assum

e that 
the traits that they study are of 

adaptive significance, that is, that they 
enhance survivorship and reproductive potential. T

his assum
ption is, how

- 
ever, alm

ost never tested directly (A
rnold, 1983; E

ndler, 1986). U
sing inter- 

individual variability, one can evaluate w
hether perform

ance of any given 



physiological o
r organism

al trait is in fact correlated w
ith differential sur- 

vivorship under natural conditions. T
h

e observations required involve scor- 
ing a trait on a large num

ber of individual anim
als, releasing them

 into their 
natural environm

ent, and recapturing the survivors after exposure to
 this 

environm
ent. T

h
e survivors are then exam

ined to
 determ

ine w
hether they 

are draw
n from

 any subset of the original distribution. 
Selection m

ight operate in a num
ber of w

ays to favor different portions of 
the original distribution of the trait (Sim

pson, 1953; L
ande and A

rnold, 1983; 
E

ndler, 1986). It m
ight be directional and favor individuals at one end of the 

range of variability. For exam
ple, d

o
 birds w

ith greater insulation survive 
better during the w

inter o
r do caterpillars that eat m

ore m
etam

orphose m
ore 

rapidly and successfully? D
o

 new
born snakes that are very fast or have a high 

endurance (see Figure 7.1) accrue an advantage under natural conditions such 
that they are m

ore likely to survive to
 reproductive age? Selection m

ay also 
be stabilizing, favoring anim

als w
ith m

odal values for a given trait, thereby 
reducing variability and reinforcing central tendency in the population. In 
these cases, both very w

ell and poorly insulated birds, caterpillars w
ith both 

large and sm
all appetites, and very fast and very slow

 snakes w
ould be 

selected against. Selection m
ight also be disruptive, favoring anim

als at both 
extrem

es of the distribution and tending to
 increase overall variability. T

h
e 

null hypothesis against w
hich the presence of selection m

ust be tested is the 
absence of any detectable effect of the variable on such indices of fitness as 
survivorship, grow

th, o
r reproduction. In the exam

ples above, variability in 
plum

age quality, feeding capacity, or speed w
ould have no detectable influ- 

ence on fitness under field conditions. 
T

his correspondence 
betw

een physiological 
or perform

ance 
characters 

and survivorship or fitness under field conditions is term
ed the "fitness gra- 

dient" (A
rnold, 1983). Its determ

ination is judged to be essential for the char- 
acterization of the ecological and evolutionary im

plications of any physio- 
logical variable. H

ow
ever, com

prehensive studies of the fitness gradient have 
rarely been attem

pted for any variable. T
he effects of natural selection on 

physiological variation generally are unknow
n (E

ndler, 1986). A
 lack of cor- 

respondence betw
een m

axim
al oxygen consum

ption and som
e m

easures of 
reproductive perform

ance has been reported in adult m
ale toads (W

ells and 
T

aigen, 1984; Sullivan and W
alsberg, 1985), but its effect on differential sur- 

vivorship up to adulthood has not been m
easured. Studies on the effects of 

locom
otor perform

ance on postnatal survivorship are currently underw
ay on 

fence lizards (R
. H

uey, U
niversity of W

ashington) and garter snakes (m
y lab- 

oratory). T
h

e direct m
easurem

ent of the im
pact of a character on perfor- 

m
ance under natural conditions, in spite of its obvious im

portance to
 field 

ecology and evolutionary biology, is alm
ost unexplored. It m

ay be opera- 
tionally difficult o

r even im
possible on som

e types of organism
s, but I believe 



it is in fact feasible for m
any different types of anim

als in m
any different 

environm
ents. 

T
his approach has great potential to m

easure the im
portance of selection 

on traits in natural populations in natural environm
ents. It also can be used 

in situations in w
hich the environm

ent has been experim
entally altered. In 

this case, the response of the trait in the population can be com
pared to

 a 
priori 

expectations 
about the effect of 

such alteration. 
F

or instance, one 
m

ight rem
ove predators and determ

ine w
hether burst speed o

r endurance 
declines in a population in the absence of this particular selective agent. O

ne 
m

ight supplem
ent anim

als living in saline ponds o
r deserts w

ith fresh w
ater 

and investigate w
hether osm

otic tolerance o
r fluid-concentrating capacity 

changes as a result of altered environm
ental circum

stances. A
n 

excellent 
exam

ple of this experim
ental approach is provided by the study of F

erguson 
and F

ox (1984). A
 com

bination of studies, exam
ining responses of popula- 

tions in both natural and experim
entally m

anipulated environm
ents, has a 

great deal of potential to
 help us understand the im

portance of various phys- 
iological processes to

 total fitness of organism
s. T

his approach presents a 
protocol for testing assum

ptions about adaptation, not sim
ply asserting them

 
axiom

atically. I believe this is one of the m
ost exciting new

 developm
ents 

and directions for physiological ecology as a field. 

D
e

te
rm

in
a

tio
n

 o
f heritabilities o

f organism
al o

r physiological 
characters 
F

or adaptation and evolution of a trait to
 occur, it m

ust have a genetic basis. 
W

ithout a heritable basis, selection on a trait w
ithin each generation w

ill not 
influence the variability o

r distribution of the trait in ensuing ger,erations. It 
is necessary, for exam

ple, for fast parents to
 have fast offspring if the popu- 

lation is to
 respond to

 a new
 agent that selects against slow

er individuals. 
S

tudies of the heritnbility of physiologicnl traits are n valunble supplem
ent to 

ecological studies because they perm
it the determ

ination of both the poten- 
tial of the trait to

 evolve and the rapidity w
ith w

hich the response can occur. 
S

om
e progress has been m

ade in particular system
s in identifying effects 

of 
individual loci on organism

al physiology 
and perform

ance (e.g., W
att, 

1977, 1983; D
iM

ichele and P
ow

ers, 1982; C
happell and S

nyder, 1984; B
arnes 

and L
aurie-A

hlberg, 1986; C
hapters 5 and 8). W

hile individual loci m
ay have 

identifiable effects, m
any of the traits of interest to

 a physiological ecologist 
w

ill be under m
ultilocus control. C

onsequently, the techniques of quantita- 
tive genetics w

ill be the m
ost appropriate for exam

ining the inheritance of 
these characters (see F

alconer, 1981, and C
hapter 9 for a general discussion 

of the field and appropriate m
ethodology). T

echniques involve exam
ining the 

sim
ilarities of traits in parents and offspring an

d
lo

r am
ong the offspring of 

given parents. T
hey require that the organism

s in question can be bred suc- 



cessfully in the laboratory o
r that gravid fem

ales can be obtained that w
ill 

deliver offspring in the laboratory. 
Few

 studies have exam
ined the heritability of physiological 

o
r perfor- 

m
ance characters. M

ost of them
 have dealt w

ith the inheritance of locom
o- 

tor perform
ance. Significant heritabilities have been found for speed in race 

horses (L
anglois, 1980; T

olley, N
otter, and M

arlow
e, 1983), speed in hum

ans 
(B

ouchard and M
alina, 1983a, 1983b), burst speed and stam

ina in lizards (van 
B

erkum
 and T

suji, in press; R
. B

. H
uey, unpublished data) and snakes (S. J. 

A
rnoId and A

. F. B
ennett, unpublished data; T

. G
arland, unpublished data). 

D
efensive behaviors in snakes are also heritable (A

rnold and B
ennett, 1984). 

In these locom
otor studies, a m

inim
um

 of 30 to
 5

0
%

 of the variability am
ong 

individuals is genetic. O
ther types of 

physiological 
traits have also been 

found to
 be heritable: for exam

ple, grow
th rate and efficiency in pigs (Sm

ith, 
K

ing, and G
ilbert, 1962), reproductive output of chickens (E

m
sley, D

icker- 
son, and K

ashyap, 1977), and therm
oregulatory behaviors of m

ice (L
acy and 

L
ynch, 1979). O

bservations are so few
 at this point that a case m

ay be m
ade 

for a general investigation of t.he topic of heritability per se of physiological 
system

s in different types of anim
als. Future studies m

ay concentrate on m
ore 

specific genetic issues concerning this inheritance, but, given the m
ultilocus 

nature of these traits, these are bound to
 be m

ore difficult. 

C
onclusions 

Interindividual physiological variability is rarely studied. H
ow

ever, this vari- 
ation is real and repeatable in m

any physiological traits. I believe that the 
analysis of the causes and consequences of interindividual variability has 
m

ajor prom
ise as an analytical tool in physiological studies. E

cological and 
com

parative physiology have often been characterized as m
ajor branches of 

organism
al biology, but their view

 of the organism
 has been ideal o

r typo- 
logical. It has been that of the nonexistent anim

al that possesses the average 
value of all physiological, m

orphological, and behavioral attributes of the 
population. Such anim

als d
o

 not exist. R
eal individuals are unique com

bi- 
nations of traits, som

e above and som
e below

 average. It is tim
e to

 recognize 
the uniqueness of the individual and to

 turn it to
 our advantage as biologists. 

T
he analysis of variation can be useful in studies on physiological corre- 

lation and m
echanism

, on the im
portance of the variable to

 fitness under 
natural conditions, and on the potential for inheritance of the trait, w

ith the 
consequent possibility of its adaptation and evolution. I d

o
 not suggest that 

the study of variation should supplant other approaches nor that it is even 
feasible for all physiological variables. B

ut w
here such study is applicable, it 

can be a pow
erful analytical tool, for analysis of both m

echanism
 and adap- 

tation. Its particular advantage is that it can pull together so m
any different 

aspects of biology, not only physiology and ecology, but also behavior, m
or- 



phology, population biology, and evolution. B
iologists often treat these as 

different areas, but of course individual organism
s d

o
 not m

ake these arbi- 
trary divisions and distinctions. T

hey react to
 problem

s and opportunities as 
integrated organism

s. A
ppreciating and studying individual differences can 

be a synthetic approach that puts the individual organism
 back into organ- 

ism
al biology and gives us a m

uch broader understanding of anim
als and 

their evolution. 

A
p

p
en

d
ix 

T
h

e problem
 of m

ass-dependent correlation is so ubiquitous in correlation 
analysis that I w

ill provide an illustrative exam
ple of the utility of the analysis 

of residuals. In Figure 7.3a, tw
o physiological traits are found to be positively 

associated w
hen one is plotted as a function of the other. T

hese m
ight, for 

exam
ple, be length of a M

alphigian tubule and secretion rate in an insect, or 
tidal volum

e and anatom
ical dead space during ventilation in a m

am
m

al. 
S

uch a result m
ight lead one to conclude that the traits are positjvely linked 

functionally. If, how
ever, both traits are plotted as a function of body m

ass 
(F

igures 7.3b and 7
.3

4
 each is also found to

 be strongly and positively m
ass 

dependent. A
re the traits truly linked to each other o

r is their apparent asso- 
ciation due to

 their m
utual but independent relationship to

 body m
ass? T

his 
size influence m

ay be rem
oved by exam

ining the deviation of each data point 
from

 the m
ass regression line (i.e., the residuals of the regression). If these 

m
ass-corrected residuals are then plotted against each other (F

igure 7.3d), 
their relationship can be exam

ined w
ithout the interfering effects of body 

size. In the case illustrated, the traits are found to
 be negatively related to 

each other, w
hich is exactly the opposite of the original conclusion based on 

F
igure 7.3a. T

heir apparent positive association w
as due only to

 their m
utual 

correlation w
ith body m

ass. T
his w

as, of course, a contrived exam
ple: the 

residuals m
ight also have been positively associated o

r not significantly cor- 
related w

ith each other. T
h

e point is that an exam
ination of the original, 

uncorrected data in F
igure 7.3a w

ould not have perm
itted this assessm

ent. 

A
ckn

o
w

led
g

m
en

ts 
1

 

I thank S. J. A
rnold, M

. E. Feder, T
. G

arland, R
. B. H

uey, G
. V

. L
auder, H

. B. Shaffer, 
and C

. R
. T

aylor for helpful discussions andlor com
m

ents on the m
anuscript. Support 

for the w
orkshop w

as provided by N
SF G

rant BSR 86-07794. Support for the author's 
research cited herein is from

 N
SF G

rants BSR 86-00066, D
C

B
 85-02218, D

E
B

 81- 
14656, and P

C
M

 81-02331. 



- 1
6

0
 ' 

260 
' 

3b0 
4

b
0

 
40 

TR
A

IT 2 
M

A
SS 

Fi G
U

 R
E

 7.3 A
 hypothetical exam

ple of the effect of m
ass-correlated 

effects o
n

 the apparent association betw
een tw

o traits. D
ata are 

reported for tw
o traits and body m

ass in arbitrary units for ten individ- 
uals (A

 through J) along w
ith least-squares regression lines. (a) T

he tw
o 

traits are positively and significantly correlated w
hen they are related 

to each other directly. (b) and (c) E
ach trait is positively m

ass-corre- 
lated. (d) M

ass effects are rem
oved by calculating residuals, that is, the 

difference betw
een the observed value for each individual and the 

value predicted by th
e m

ass regression. T
hese are plotted against each 

other, dem
onstrating a significant negative association betw

een th
e 

traits after the confounding effects of 
m

ass are elim
inated. N

ote that 
opposite conclusions about th

e relationship betw
een the traits w

ould 
b

e derived from
 (a) and (d). 
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D
iscussion 

L
IN

D
S

T
E

D
T

: I 
agree w

ith 
B

ennett th
at there are identifiable 

individuals 
w

hich are low
 perform

ers -
 they have a lo

w
 m

ax
im

u
m

 oxygen consum
ption, 

a low
 m

ax
im

u
m

 running speed, etc. - and there are o
th

er individuals that 
are high perform

ers. B
ut o

n
 any given day a low

-perform
ing anim

al m
ay 

outperform
 th

e high-perform
ing anim

als: th
e ranges of their perform

ances 
overlap, even if their m

eans are repeatedly different. T
h

e
 likelihood of find- 

ing m
echanistic differences to

 account for those m
ean differences m

ay be 
rather low

. W
e

 still need to
 have th

e broader overview
 betw

een 
species, 

w
h

ere w
e have a higher signal-to-noise ratio. 

B
E

N
N

E
T

T
: I a

m
 n

o
t advocating th

at w
e abandon all o

th
er approaches for 

th
e study of variation, n

o
r th

at w
e should ignore th

e m
eans. B

ut w
e

 should 



take interindividual variations into account in addition. Som
etim

es the least 
and m

ost able individuals overlap, but you can still find that the individual 
differences are statistically repeatable. 

L
IN

D
S

T
E

D
T

: 
Y

es, w
e do try to do that. By the sam

e token, I think w
e have 

to be cautious about throw
ing out sim

pler statistics because they are sim
ple, 

especially if w
e risk losing som

e biological 
insight w

ith greater statistical 
sophistication. For exam

ple, in using stepw
ise m

ultiple regression, it can be 
hard to intuit w

hat the result m
eans. A

lso, w
e have found that as w

e increase 
the sam

ple size, the total proportion of explained variation changes very lit- 
tle, yet the relative contributions of various independent variables to

 the total 
explained variation changes a great deal. A

gain, that leads m
e to

 gain less 
insight. 

BENNETT: 
I agree that m

any tim
es the sim

ple statistics are adequate, but 
w

here they are inadequate, w
e should not continue using the old m

odels and 
old w

ays of doing things. T
h

e stepw
ise m

ultiple regression approach seem
s 

to m
e to be a tool to

 suggest further directions for study. If you find that n
o

 
factors are correlated w

ith perform
ance (m

easured as burst speeds), that m
ay 

tell you that you should be looking at other factors. W
hen you do have sig- 

nificant correlations, then you have a basis for further experim
ental analysis. 

It is a first pass in looking for im
portant variables. 

SC
H

EID
: I agree that interindividual variability is really im

portant. N
ature 

intends to tell us som
ething that w

e have m
ostly neglected so far. N

ow
, is it 

not true that if you w
ant to

 address the interindividual variability, then you 
have to look at the intraindividual variability first? In fact, the only thing that 
rem

ains beyond intraindividual variability is true interindividual variability. 

BENNETT: 
T

hat's right. Y
ou have to be able to m

ake repeated m
easures on 

individuals. T
his is feasible for som

e factors and unfeasible for other factors. 
If you are looking at w

hole-body lactate content, for instance, you can d
o

 
that only once. B

ut there are a large num
ber of physiological characters, such 

as blood flow
 param

eters, that w
e can now

 sam
ple nondestructively because 

of im
proved instrum

entation. 

SCH
EID: W

e now
 have im

proved techniques to
 w

ork o
n

 uninstrum
ented, 

nonanesthetized anim
als, w

hich is m
andatory if you w

ant to
 ask questions 

about variability. I think that the techniques w
ere not form

erly available to
 

address this variability in a m
eaningful w

ay. 

I H
U

EY
: T

h
e standard statistical m

ethod of 
m

easuring repeatability 
is the 

intraclass correlation coefficient, w
hich m

easures the proportion of the vari- 
ation that is due to

 difference am
ong individuals versus w

ithin individuals. 
By that 

m
easure, som

etim
es the types of 

m
easurem

ents that B
ennett w

as 



referring to
 are highly repeatable: m

ost of the variation is am
ong individuals 

and not w
ithin individuals. F

or exam
ple, A

rt D
unham

 and I looked at sprint 
speeds of lizards in natural populations over a w

hole year, and the repeat- 
abilities are on the order of 0.5 to 0.6, w

hich is higher than in thoroughbred 
horses. 

T
hat is probably 

high 
enough that w

e, can begin 
to analyze the 

m
echanistic basis of individual variation and also look at the adaptive sig- 

nificance of that variation. 

P
O

W
E

R
S

: 
O

ne problem
 of reproducing the sam

e experim
ent on the sam

e 
individual is that som

e organism
s becom

e trained. In addition, w
e found that 

w
e cannot put m

ore than one individual in a track at a tim
e because of behav- 

ioral interactions betw
een them

. 

B
E

N
N

E
T

T
: For running speed, in about half of the species that w

e observe, 
w

e see w
hat w

e assum
e is a conditioning effect, from

 day one to
 day tw

o, 
but after that the m

eans stay exactly the sam
e, the order of the individuals 

stays the sam
e. S

om
e species show

 this initial effect, others don't. 

P
O

W
E

R
S

: One thing w
e have to

 d
o

 w
ith fish is to

 acclim
ate them

 to
 w

ater 
that is m

oving at a constant speed, for thirty to sixty days. E
verything from

 
then on is very reproducible. I am

 sure that a lot of the variation in the lit- 
erature is a function of this training phenom

enon and w
here the organism

s 
cam

e from
. 

F
L

O
R

A
N

T
: 

I think that developm
ental effects can be extrem

ely im
portant, 

and I w
ondered w

hether you w
ere rearing these anim

als in the lab o
r being 

careful about the developm
ental processes that w

ere going on prior to, dur- 
ing, and after birth. 

B
E

N
N

E
T

T
: All the anim

als that w
e have been dealing w

ith are adult anim
als, 

taken directly from
 the field and tested w

ithin a m
atter of days. In the breed- 

ing studies, gravid anim
als are collected and young anim

als are born under 
constant conditions in the laboratory. T

he w
hole issue of developm

ental 
effects and constancy of rank-ordered perform

ance over tim
e has not even 

begun to
 be explored. 

F
U

T
U

Y
M

A
: 

S
uppose you are interested in very short term

 acclim
ation effects, 

the capacity of 
the individual 

to
 change its phenotype from

 
m

om
ent to 

m
om

ent, w
hich is the opposite of repeatability. H

o
w

 d
o

 you deal w
ith that? 

T
here are interesting questions there as w

ell. 

B
E

N
N

E
T

T
: 
Y

O
U

 begin by 
im

m
ediately asking questions about your equip- 

m
ent and techniques, and get that out of the w

ay first. T
hen perhaps you can 

begin building correlations from
 m

om
ent to m

om
ent by m

easuring the vari- 
ables sequentially, to

 see w
hether you are getting tracking of one variable by 

the other. 
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A
R

N
O

L
D

: 
W

e can exam
ine the capacity to

 change perform
ance over short 

or long periods of tim
e as traits, and that's a virtually unexplored area. B

ut 
it is not th

e opposite of repeatability. S
uppose w

e define a new
 variable that 

represents the capacity to
 change perform

ance as a function of an elevation 
in tem

perature from
 10 OC 

to
 20 O

C. W
e can m

easure its repeatability, w
e 

can ask w
hether it is inherited, w

hether it is genetically correlated w
ith other 

traits, and so forth. T
he statistical field for dealing w

ith such traits is som
e- 

tim
es called profile analysis of variance. 

F
E

D
E

R
: I w

ant to
 shift the focus of this discussion to

 the point that B
ennett 

m
ade about the prospect for perform

ing natural experim
ents using natural 

populations. I am
 very excited about this prospect. U

sing the variation in 
populations as a substrate, altering an environm

ental variable for individuals 
in a population or adding individuals to a population and looking at the 
effects could potentially be a very pow

erful technique. D
ennis P

ow
ers said 

that it m
ay soon be possible to take individual genes and m

ove them
 into or 

out of individual organism
s, w

hich could offer us a lot of insight. 

P
O

W
E

R
S

: 
It is already possible for som

e species. In low
er vertebrates,.it w

ill 
probably take another year. 

D
A

W
S

O
N

: 
T

here are detraining or conditioning effects that go w
ith captiv- 

ity. W
hen w

e studied cold resistance in sm
all birds, w

e found that the ani- 
m

als m
aintained in outdoor flight cages, given the seeds of the type that they 

w
ere using naturally, abandoned their w

inter fattening, perhaps because they 
had assured m

eals and m
ore com

plicated cues. T
hey also had m

uch low
er 

cold resistance than freshly captured anim
als. If 

one is dealing w
ith badly 

distorted responses, w
hich is som

etim
es a risk w

ith w
ild anim

als, that ought 
to be determ

ined. A
 good deal of w

hat one m
ay be dealing w

ith in anim
als 

long standing in captivity m
ay not be relevant to

 the natural situation. 

FLO
R

A
N

T: In keeping hibernators for m
any years in the lab, the hibernators 

begin to
 free-run, and it is as if certain physiological responses occur at "non- 

adaptive" tim
es of year. T

his obscures the optim
al tim

e that the anim
al per- 

form
s a particular response under natural circum

stances. 

BEN
N

ETT: T
hese are valid concerns. O

ne w
ay of keeping track of them

 is 
to run appropriate controls, so that w

e can place boundaries on the m
agni- 

tude of the captivity responses. 

D
A

W
S

O
N

: By 
attem

pting to
 determ

ine 
repeatability, 

if 
you 

start early 
enough, -you can discern if there are any effects of that type. T

hat is not done 
a lot. T

his is a caveat about use of m
aterial from

 anim
al dealers, w

hich m
ay 

have a very fuzzy history indeed. 


