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A multiple-regression equation was derived in which the statistical significance of
the effects of six independent variables on metabolic rate could be arranged in the
following order: exposure temperature, body weight, starvation period, feeding period,
acclimation temperature, and percentage of lipids. Two multiple-regression equations
were required to express the metabolism of Ligia oceanica without loss of accuracy
when reapplied to the individual experimental data. One equation accounted for 849,
of the variation of metabolism in animals acclimated to 5 or 12 C; the second accounted
for 859, of the variation of metabolism in animals acclimated to 18 or 26 C. The
rate:temperature curve for aerobic metabolism was sigmoid. A region of reduced
temperature sensitivity occurred at intermediate exposure temperatures. Thermal
acclimation had little effect on the level of metabolism of well-fed Ligia. The maximum
metabolic rate shifted from 27.6 C in fed animals acclimated at 5 C to 28.2 C in those
acclimated at 12 C, to 33.1 C in those acclimated at 18 C, and to 33.4 C in those ac-
climated at 26 C. The region of reduced temperature sensitivity shifted from 15-25C
at low acclimation temperatures to 20-35C at high acclimation temperatures. The
effects of starvation on oxygen consumption are controlled by body size, duration of
starvation, and acclimation temperature. Metabolism is suppressed in small animals
sooner than large ones at each acclimation temperature; high acclimation temperatures
enhance the onset and magnitude of such effects. Exposure temperature and the period

of starvation influenced the effect of body size on metabolism.

INTRODUCTION

The influence of environmental and
endogenous factors on the aerobic me-
tabolism of intertidal invertebrates has
been widely reported in the literature
(for review, see Newell 1973a, 1973b).
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Environmental factors have included
both long-term and short-term tempera-
ture stresses (Newell and Bayne 1973),
salinity (Rao 1958; Duncan 1966; Kle-
kowski and Duncan 1966), photoperiod
(Dehnel 1958; Webb and Brown 1958;
Roberts 1964, 1967 ; Unglaub Silverthorn
1973), and oxygen availability (for re-
view, see Mangum and Van Winkle
1973). Among the endogenous factors,
the most widely studied has been the
effect of body size (Zeuthen 1953,
Hemmingsen 1960), although there are
now many instances where other factors
such as activity (McFarland and Pickens
1965; Halcrow and Boyd 1967; Thomp-
son and Bayne 1972; Bayne, Thompson,
and Widdows 1973; Widdows 1973),
nutritional conditions (Hagerman 1970;
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Thompson and Bayne 1972; Wallace
1972, 1973; Marsden, Newell, and Ahsa-
nullah 1973) and stage in the reproduc-
tive cycle were important. Rhythmical
changes in the rate of oxygen consump-
tion (Ansell 1973; Aldrich 1975) may
also complicate the interpretation of
such factors. Finally, the excitation due
to disturbance may induce elevated rates
of oxygen consumption even in the
absence of locomotory activity in some
crustaceans (Newell, Wieser, and Pye
1974; Aldrich 1975), as in many verte-
brates.

It is thus apparent that the results of
experimental studies on the oxygen con-
sumption of intact organisms may con-
trast sharply with one another and will
largely reflect the particular combination
of conditions which have been in-
corporated into the experimental pro-
cedure. Following starvation of the crab
Carcinus maenas, for example, the oxygen
consumption of small specimens is sup-
pressed more thanin large crabs (Marsden
et al. 1973). Presumably this is because
the higher weight-specific metabolic rate
of small crabs causes a utilization of the
metabolic reserves more quickly than in
large ones. Again, the temperature at
which the animals are starved might be
expected to influence the rate of deple-
tion of the metabolic reserves and hence
affect the onset of such reduced rates of
oxygen consumption. Few generaliza-
tions can therefore be made on the in-
fluence of starvation on aerobic metabo-
lism unless both starvation temperature
and body size have been systematically
taken into account.

Inspection of the literature on the
oxygen consumption of invertebrates
suggests that there may be other ex-
amples of such interactions between
environmental and endogenous factors.
In the gastropod Littorina littorea, for
example, there is an interaction between
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body size and exposure temperature in
controlling the level of oxygen consump-
tion, that of small animals being less
affected by acute temperature changes
than large ones (Newell and Roy 1973);
similar effects have been noticed in
Carcinus (Marsden et al. 1973). Data
cited for the amphipod T'alorchestia and
the sand crab Emerita (Rao and Bullock
1954), for the amphipod Orchomonella
(Armitage 1962), for Uca (Vernberg
1959), and for Arion (Roy 1969) also
suggest that body size influences the
relationship between oxygen consump-
tion and exposure temperature. Discus-
sion of the specific effect of temperature
on the metabolism of such animals may
be misleading unless details of body size
and nutritional state are reported.

We therefore considered it important
to make an integrated study of the in-
fluence of a variety of both environ-
mental and endogenous factors on the
oxygen consumption of invertebrates, in
which a wide variety of variables were
systematically taken into account. In
the first instance, we analyzed the inter-
action between seasonal and other fac-
tors controlling the aerobic metabolism
of Littorina (Newell and Roy 1973; see
also Newell 1975). Since then it has
become evident that other factors, in-
cluding nutritional level, should be in-
corporated into the analysis. According-
ly, the second phase of our work was to
study the effects on metabolism of
acclimation temperature, short-term ex-
posure temperature, starvation time,
lipid content, acclimation time, and
body size. The isopod Ligia oceanica was
selected because it lives well in the
laboratory and was available in a wide
variety of sizes. There is also some
information in the literature on its rate
of oxygen consumption in air (Ellenby
1951; Ellenby and Evans 1956; Remmert
1967; Wieser 1972), suggesting that the
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MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

metabolic energy requirements are en-
tirely met by aerial gas exchange. This
has distinct advantages experimentally
since it is not necessary to shake the
respirometer vessels, as it is in organisms
in a volumetric respirometer which
respire aquatically. The animals also
remain motionless for long periods in
moist aerial conditions, so that measure-
ments could be made without intro-
ducing activity as a variable. Each of
the experimental variables and various
combinations of them could then be
related quantitatively to the oxygen
consumption of quiescent Ligia using
the multiple-regression technique de-
scribed elsewhere (Newell and Roy 1973).

Although we have not been able to
incorporate activity or seasonal factors
into the equation at this stage, the
results are generally similar to those ob-
tained on Littorina. Comparative studies
on other organisms should be worthwhile
to determine whether similar multiple-
regression equations can be applied to
organisms from different environmental
conditions. Then it will be possible to
make meaningful predictions of the
effects of complex combinations of en-
vironmental factors on aerobic metabol-
ism under natural conditions.

MATERIAL AND METHODS
COLLECTION AND CULTURE OF ANIMALS

Specimens of Ligia oceanica were col-
lected from beneath stones and among
grass roots on the upper shore at Wem-
bury, Devon, U.K., on January 25,
1973, when the air temperature was
approximately 7 C. Large numbers of all
sizes were common in this locality, and
after collection they were transported
to the laboratory in plastic boxes con-
taining moist algae. They were then
placed at 12 C in plastic boxes lined with
filter paper moistened with seawater and
containing food consisting of fresh pear,
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which was eaten by all sizes of animals.
After 5 days, a group of approximately
200 animals was separated from the
main culture and divided into two sub-
groups, one of which was presented
with excess food and the other starved.
Both subgroups were placed at 5 C under
a light regime of 12 h light and 12 h
darkness, synchronized approximately
with the natural photoperiod. At the
same time, another group of 200 animals
was removed from the main culture, and
both starved and fed subgroups were
placed at 12 C under a 12-h light:dark
regime (fig. 1).

EXPERIMENTAL METHODS

Group 1 animals.—On the following
day, the rate of oxygen consumption of
18 different-sized animals from the stock
culture was measured in a Gilson dif-
ferential respirometer (Model G.R. 20)
at a variety of different exposure tem-
peratures between 5 and 30 C. Two

Group |
S - Starved
straight from shore F - Fed
Group 2 > Group 3
Ta 5°or 12°C Ta 18°0r 26°C
S

Ta 12°C Ta 18°C Ta 26°C

Ta 5°C

F16. 1.—Flowchart of the experimental design of
laboratory acclimation of fed and starved Ligia
oceanica.
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flasks containing a filter paper moistened
with pasteurized seawater and with 159
KOH in a side tube were used as con-
trols. The same individuals were used
for all exposure temperatures, which
were normally presented in the sequence
5, 15, 10, 25, 20, and 30 C to prevent
short-term acclimation occurring during
the experimental period. The animals
were placed in 10-ml flasks with a side
tube containing 0.5 ml 159, KOH. Each
flask also contained a horizontal scroll
of filter paper moistened with pasteurized
seawater and placed so that the Ligia
could remain in air on the paper. Under
these conditions, the animals remained
motionless throughout the experiment.
They were left for 30 min to equilibrate
to the temperature of the water bath,
after which readings were made for 30
min at 3-min intervals. The vessels were
carefully left undisturbed for the dura-
tion of the experiment. Then the tem-
perature was altered and, after a further
equilibration period of 30 min, a new set
of readings was taken. At the end of the
experiment, the animals were removed
from the flasks, dried to constant weight
at 60 C, and weighed. The dried speci-
mens were then placed in stoppered
vials and their total lipid content mea-
sured as described elsewhere (Armitage,
Newell, and Roy 1976). These animals
are referred to as ‘“group 1’ specimens
and form a reference from which the
acclimatory responses and starvation
effects can be derived.

Group 2 animals.—After 7 days, 18
specimens of the Ligia which had been
kept at 5 C with food were placed in the
respirometer and their oxygen consump-
tion measured at temperatures between
5 and 35 C. During the equilibration
periods, measurements were made in the
same sequence on 17 of the starved
animals which had meanwhile been
placed in a second respirometer. In this
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way, an alternating series of measure-
ments of the rate of oxygen consumption
at exposure temperatures of 5, 15, 10,
25, 20, 30, and 35 C was completed on
both starved and fed subgroups in 1 day.
On the following day (i.e., after 8 days
of acclimation), identical measurements
were made on animals which had been
held at 12 C. After 13 days, a further
group of starved and fed animals were
removed from the culture at 5 C and
their oxygen consumption measured; the
same was carried out after 14 days on the
animals maintained at 12 C. Finally,
measurements were made after 20 days
on the starved and fed animals accli-
mated to 5 C and after 21 days on those
which had been acclimated to 12 C. In
this way, data were collected on the
effect of starvation time, body size, lipid
content, acclimation time, acclimation
temperature, and exposure temperature
on the metabolism of Ligia. The animals
from which these data were obtained are
referred to as ‘“group 2” specimens in
the results.

Group 3 animals.—These animals were
studied in the same way as group 2
animals, except that they were accli-
mated at 18 C and 26 C; and respiration
was measured on starved and fed animals
at a series of exposure temperatures
after 8, 14, and 21 days at 18 C and 6,
12, and 19 days at 26 C (fig. 1). These
data, the starting point of which was a
measurement on animals maintained and
fed in the stock culture at 12 C for 3 wk,
are referred to as ‘“group 3” in the
results. In all cases, the oxygen con-
sumption was expressed as ul 0y/h and
both total dry weight and lipid-free dry
weight (g) were recorded.

ANALYSIS OF DATA
GENERAL PROCEDURE

The data obtained from the experi-
ments described above were related to

This content downloaded from 129.237.46.100 on Thu, 28 Aug 2014 17:16:39 PM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

the following seven variables: log dry
body weight in milligrams (Ld), ex-
posure temperature (Te), acclimation
temperature (Ta), feeding period in days
(Fd), starving period in days (Sd), per-
centage of lipids (P!), and log metabolic
rate (mm® oxygen/h) (Lm). The first
six variables are considered here as
independent variables affecting the rate
of oxygen consumption, which is treated
as the dependent wvariable. Feeding
period and starving period also reflect a
component of the acclimation period.
For example, an animal fed and accli-
mated for 7 days to a particular tempera-
ture was recorded as having experienced
a Fd of 7 days and a Sd of 0 days.
Conversely, an animal starved during
acclimation for 7 days was recorded as
having a Fd of 0 days and a Sd of 7
days. Lipid content was accounted for
as percentage of lipids, rather than lipid
weight or log lipid weight, so that this
variable could be rendered more in-
dependent of total dry body weight in
the statistical analysis.

In all, 3,130 observations were ob-
tained on the oxygen consumption of
Ligia oceamica in relation to the six
variables defined above. These data were
distributed into 181 subgroups, within
each of which Te, Ta, Fd, and Sd had
fixed values. As mentioned, 17 or 18
different-sized animals were used in the
experiments (an average of 17.3 for the
whole of the data), so that the relation
of metabolic rate to body size could be
evaluated as a simple regression line
based on the well-known equation

Im=a+4b-Ld (1)

the validity of which has been previously
discussed by Newell and Roy (1973).
The 181 simple-regression lines obtained
are shown graphically in figures 2-6.
The influence Te, ranging from 5 to
40 C, on Lm is more important in the
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present data than that of Ld, which
ranges from approximately 1.2 to 2.2.
Because the oxygen consumption of each
animal was determined at six to eight
different temperatures, the influence of
Te is very clearly defined in the data.
Accordingly, our next step in the analysis
was to merge the data from the 181
small subunits into 25 intermediary sub-
groups within which Ta, Fd, and Sd had
a fixed value and where the simultaneous
effects of Ld and Te could be evaluated.
The first of such intermediary subgroups
is for animals measured soon after
collection from the shore (i.e., at ““accli-
mation time 0’’). Then there are six
intermediary subgroups for each of the
four Tas used. These six consist of
starved and fed animals, each con-
sidered after three different acclimation
periods.

We have adopted the mathematical
model proposed by McLaren (1963)
describing the relationship between meta-
bolic rate (M) and Te:

M = abTe (2)

which can be conveniently transformed
for statistical evaluation into a semi-
logarithmic equation:

Lm=a+b- Te 3)

where @ = log . This equation is valid
for relatively short intervals of Te,
within which the relation of Lm to Te
can be considered as rectilinear. How-
ever, when nearly the whole range of
tolerable Tes is used, as in the present
case, the relation becomes definitely
curvilinear. When plotting the raw data

4 Tables containing the numerical values of the
individual 181 regression lines with their correlation
coefficients have been added as an appendix in
manuscript copies of this paper kept at the Bib-
liothéque de biologie, département des sciences
biologiques, Université de Montréal, from which
they can be consulted through the regular inter-
library loan procedure.
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F16. 2.—Simple-regression lines obtained at each experimental temperature when Lm of Ligia oceanica
is plotted as a function of Ld, directly after collection from the shore on January 25, 1973. These are “‘group
1 data” prior to laboratory acclimation. The lengths of the lines are drawn according to the range of body

weights in the group of data.

for Lm of Ligia as a function of T'e within
each subgroup (e.g., fig. 7), most of the
individual rates, each corresponding to
one particular specimen, are extremely
complex, showing peaks of oxygen con-
sumption and zones of reduced rates.
Much the same pattern emerges when
the level of the simple-regression lines
shown in figures 3-6 is plotted as a func-
tion of Te (fig. 8). Because the simple-
regression lines are not parallel, the
levels used in figure 8 were evaluated at
the common Ld value of 1.7, which is
close to the general mean of Ld values
in the whole data. Rate:temperature
curves of this general form estimated
from data for individual rates and from
simple-regression lines are not uncommon
in the literature (see Sandison 1967;
Barnes and Barnes 1969; Newell 1975)

and require a fifth-degree polynomial
for correct mathematical representation:

Lm=a + blTe + b2T€2
+ b3T83 + b4T64 + b5T65 . (4)

In order to account for the varying
body sizes within the 25 subgroups,
equations (1) and (4) were combined to
give
Lm = a 4 biLd + b;Te + bsTé?

+ b4Te® + bgTe* + beTe* . (5)

This equation is a generalized one
which satisfactorily accounts for the
variation of the log metabolism when
all the data are pooled into one group.
However, when applied to individual
subgroups of data where the number of
Tes is small, curves were predicted from
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equation (5), which, although mathe-
matically valid, often showed very low
interpolated values not supported by
actual data between Te values of 5 and
10 C or between 10 and 15 C. Through-
out the analysis we have taken the
original data as a reference point to
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check the wvalidity of the multiple-
regression equations, and in this case
it was necessary to omit the term 5,7
from the general multiple-regression
equation (5). This yields

Lm = a + bLd + b.Te + b3Te?

+ bsTet + bsTeb . (6)

-
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F1c. 3.—Simple-regression lines obtained at each Te when Lm of Ligia oceanica is plotted as a function
of Ld, following laboratory acclimation at 5 C (Ta 5) for 7-20 days. The lengths of the lines are drawn
according to the range of body weights in each subgroup of data.
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The effects predicted by equation (6)
of Te on the aerobic metabolism of L.
oceanica directly after collection from
the shore are shown in figure 9, while
similar curves for starved and fed
animals after different periods of accli-
mation to a variety of temperatures are
shown in figure 10.
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We consider that the 24 multiple
regressions which yield the family of
curves illustrated in figure 11 show
definite trends from one subgroup to the
other, although the trends themselves
are subject to the normal and expected
intergroup random variation. In order to
check the consistency of such trends

T T 1 T T T
FED 8 Days FED 14 Days FED 21 Days
20 - Te 20 -
Te 35 Te
25 30 30
%‘5; 25 / 25
15 15 - 52— - 35
38
10/ :Z
10 ° %
10 5 - -
e
I
Qo5+ - -
)
b3
=
5’ Y t t ; + } t
§ STARVED STARVED STARVED
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=z '"3;2 Te
) 5 30
Q 0 ot 25
215 2 - 30 - 20
15
15 25 35
" / 35
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15 38
5
10 10
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0 15 20 10 15 20 0] 5 20 25

LOG. DRY WEIGHT, MG

F1c. 4.—Simple-regression lines obtained at each Te when Lm of Ligia oceanica is plotted as a function
of Ld, following laboratory acclimation at 12 C (Te 12) for 8-21 days. The lengths of the lines are drawn
according to the range of body weights in each subgroup of data.
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and also to clarify the general influence
of Ta, Fd, Sd, and PI, the 24 subgroups
illustrated in figure 11 were successively
merged into eight, four, and two sub-
groups of larger and larger extension, by
adding appropriate terms to the model
represented by equation (5). This equa-
tion was used to evaluate the data in
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each of the 25 subgroups, using a compu-
ter program, REmUL. The independent
variables were introduced one by one,
tested for statistical significance, and
either kept, replaced by another one, or
removed (see Effroymson 1960). This
procedure is similar to that which we
used in an analysis of data for Littorina
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Fic. 5.—Simple-regression lines obtained at each Te when Lm of Ligia oceanica is plotted as a function
of Ld, following laboratory acclimation at 18 C (Ta 18) for 8-21 days. The lengths of the lines are drawn
according to the range of body weights in each subgroup of data.
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and is designed to give the most probable
mathematical representation of the data
in which all the partial-regression co-
efficients are statistically significant.
After the final numerical results are
obtained from the equation, the program
can also produce a series of graphical
representations of the relation of each

R. C. NEWELL, A. ROY, AND K. B. ARMITAGE

factor (or raw independent variable) to
the dependent variable when the other
factors have a defined value within
their experimental ranges.

The complexity of the Lm:Te curves,
together with the fact that Te has only
nine different values in all the data,
made the optimal determination of the
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F16. 6.—Simple-regression lines obtained at each Te when Lm of Ligia oceanica is plotted as a function of
Ld, following laboratory acclimation at 26 C (Ta 26) for 6-19 days. The lengths of the lines are drawn
according to the range of body weights in each subgroup of data.
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F1c. 7.—Responses of representative individual rates of Lm plotted against Te. These curves form a
reference set of data with which the multiple-regression models were compared.
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F16. 8.—Effect of temperature on the Lm level of a hypothetical specimen of Ligia of 50 mg dry wt

(Ld 1.7) held at various Tas for 1-3 wk. Continuous lines indicate fed animals, broken lines indicate starved
animals. Curves are obtained from the level of the simple-regression lines shown in figs. 3-6.
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F16. 9.—Graphs illustrating the construction of a four-dimensional diagram to illustrate multiple-regres-
sion eq. (8). a-d, Flattened three-dimensional representations of Lm as a function of Ld and Sd, when P!
has a fixed value of 25, Ta is fixed at 18, Fd is fixed at 0, and T'e has fixed values of 5, 15, 25, or 38. ¢,
Flattened three-dimensional representation of Lm as a function of Te and Sd when PI, Ta, and Fd have
fixed values as above, and Ld is fixed at 1.2. f, Four-dimensional representation of Lm as a function of Ld,
Sd, and Te obtained by assembling four Lm:Sd:Ld and two Lm:Sd:Te panels along the Lm:Sd lines
they have in common.
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MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

successive multiple regressions a some-
what difficult problem. Indeed, it was
not feasible to include in one mathemati-
cal expression all the curvilinearity and
interaction terms suggested by a careful
examination of figures 3-6 and 11. At
each step of the merging procedure we
again returned to these figures, which
can be considered as representing the
unbiased raw data. In this way we could
assess the accuracy of the different
versions obtained, which were also judged
according to their probability level.

Our ultimate aim of representing all
of the 3,130 data by one multiple-
regression equation describing the re-
sponses of the metabolism of L. oceanica
to a variety of environmental and
endogenous factors thus was not achieved
in this study, because many of the
specific features of the individual results
for each acclimation regime which we
considered important were eliminated by
the analysis. Possibly cold-acclimated
(Ta = 5 or 12 C) Ligia have qualita-
tively different metabolic pathways from
those of warm-acclimated (Ta = 18 or
26 C) animals. This difference would
explain why a generalized equation
generated from all the data did not
predict curves which adequately re-
semble the raw data from each group of
animals. Thus, the metabolism of Ligia
is best described by two basic equations
(table 1) which can be applied to the
animals acclimated to 5 and 12 C and
to those acclimated to 18 and 26 C,
respectively.

The mathematical model finally select-
ed for these two equations is not the
only possible one. Several other alterna-
tives were tried; the model retained
appeared to us to represent best all the
data. The six factors affecting metabolic
rate in this investigation may be ar-
ranged in the order of their overall
statistical significance: Te, Ld, Sd, Fd,
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Fic. 10.—Effects of Te on Lm for hypothetical
specimens of Ligia oceanica of 16 mg (Ld 1.2), 50
mg (Ld 1.7), and 160 mg (Ld 2.2) dry tissue wt.
Data predicted for group 1 Ligia.

Ta, Pl. Alternative mathematical models
altered only slightly the estimation of
the general influence of Te and Ld but
gave somewhat different (but not contra-
dictory) patterns for the influence of
the other variables.

GRAPHICAL REPRESENTATION METHOD

The multiple-regression equations (see
table 1) are the equivalent of abstract
bodies located in a seven-dimensional
space which do not lend themselves to
graphical representation. However, the
equivalent of cross sections can be made
through the multidimensional space to
obtain simplified equations of a lower
level of complexity. For example, if the
symbol Pl of equation (8) (table 1)
is replaced by the numerical value 25
and algebraic simplification is applied to
the result, a simplified equation for the
influence of Ld, Te, Fd, Sd, and Lm for
animals having a lipid content of 25%,
is obtained. The new simplified equation
corresponds to a six-dimensional space.
If one cuts through the six-dimensional
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F1c. 11.—Rate: temperature curves for Lm of quiescent Ligia oceanica in response to laboratory accli-

(6).

mation. Continuous lines refer to data for fed animals and broken lines to starved specimens. Based on eq.
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MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

space by considering only the starved
animals acclimated to 18 C, Fd will be
replaced by 0 and Te by 18, and a new
simplified equation combining the in-
fluence of Ld, Te, and Sd on Lm will be
obtained. The resulting four-dimensional
space is represented graphically in figure
9.

If the four-dimensional space is re-
duced to a three-dimensional space by
giving a fixed numerical value to Te,
a simplified equation showing the effects
of Ld and Sd on Lm is obtained. Equa-
tions of this kind generally are repre-
sented as an inclined surface enclosed
in a cubic support or box. Finney (1952,
pp- 105, 109), using earlier suggestions
by Richards (1941), showed that the
inclined surface can be replaced, without
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any loss of visual meaning, by a quadri-
lateral figure containing two familes of
intercrossing lines drawn on a flat two-
dimensional space. The dependent vari-
able is displayed along the ordinate, as
usual, while the abscissa value of each
of the intersection points within the
quadrilateral corresponds to the sum of
the graphical scale values of the two
independent variables. The individual
graphical scales are shown along two
sides of the quadrilateral (see also
Fredette, Planté, and Roy 1967).

Such flattened representations of the
effects of Sd and Ld on Lm at a series of
Tes are presented in figure 9a—d. The
four drawings may be viewed either as
flat quadrilateral figures or as inclined
surfaces in a three-dimensional space,

TABLE 1

MULTIPLE-REGRESSION EQUATIONS REPRESENTING Lm BY “LIGIA
OCEANICA” AS A FUNCTION OF Ld, Te, Ta, Fd, Sd, AND P}

NUMERICAL VALUES OF @ AND OF PARTIAL-RE-

GRESSION COEFFICIENTS b AFTER
ELIMINATIONS

Eq. (7) for Animals
Acclimated to

COMPLETE MATHEMATI-

Eq. (8) for Animals
Acclimated to

CAL MoODEL 5o0r 12 C» 18 or 26 Cb
Lm=a.................... +0.02399 +0.3776
+bLd................ +0.6498 +0.5847
+ b Te................ co. —0.2017
G+ bsTer. .............. +0.001484 +0.03332
+ b Te................ —0.00002394 —0.002032
+bsTet. ... .. -+0.00005399
+ b Teb............... —0.0000005240
+b06Ta................ +0.006341
+bFd............. .. c.. +0.01519
+ b Sd. ... —0.03205 —0.03850
+boPl................ —0.01303 —0.003809
+ b PR +0.0004360 +0.00009537
+ b PB.. —0.000003832
+bsld-Te. ....... .. +-0.0003278
+buld-Té.......... - +0.00002215
+ bis Ld - Tet.......... —0.0000003767 —0.0000005735
+beld-Fd........... -+0.002148 —0.007544
+b7ld-Sd........... +0.01291 +0.02285
+bsSd-Te.......... +-0.000001800 +0.000002272
+ bSd - Tet.......... —0.00000004396 —0.00000005963
+b0Sd-Ta........... —0.0003829 —0.0007346

Note.—Here and in subsequent tables, Lm represents log oxygen consumption in mm3/h, Ld rep-
resents log dry weight, Te represents exposure temperature, 7a represents acclimation tempera-
ture, Fd represents feeding period in days, Sd represents starvation period in days, and P! repre-

sents percentage of lipids.

s N observations covered by one equation: 1,625; multiple correlation coefficient: .8448.
b N observations covered by one equation: 1,649; multiple correlation coefficient: .8538.
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even if the conventional cubic frame is
not explicitly shown. Figure 9e is
another flattened representation of a
three-dimensional relation, showing the
curvilinear effect of Te and the recti-
linear effect of Sd on Lm in the same
subgroup of the Ligia data, when Ld
has a fixed value of 1.2. If the homolo-
gous graph for Ld 2.2 is drawn, six panels
are produced, four corresponding to
Ld:Sd:Lm relations and two correspond-
ing to Te:Sd:Lm relations. Because the
two series of panels have some Sd:Lm
lines in common, they can be assembled
along those common lines (fig. 9f). Each
component panel maintains its own
symbolic meaning as previously defined,
while the complete graph becomes a
tangible representation of an abstract
body located in four-dimensional space.
The appearance of the figure with in-
clined walls and oddly bent floor and
roof should assist the nonmathematician
to localize the 43 individual lines that it
contains and appreciate the symbolic
meaning each keeps as if it were isolated
as a two-variable relation.

A more complete description of this
graphical method, giving rules for the
selection of the appropriate graphical
scales and showing applications to other
types of equations, is being prepared by
Roy.

RESULTS AND DISCUSSION

THE MULTIPLE-REGRESSION EQUATIONS

The final result of the statistical
analysis consists of two multiple-regres-
sion equations, identified as (7) and (8),
whose numerical values are listed and
compared in table 1. Equation (7) is
for group 2 animals acclimated to 5 or
12 C and fed or starved from 1 to 3 wk
(fig. 1). The equation also includes the
108 observations on animals tested
directly after collection from the shore
and prior to acclimation. Of these, half

R. C. NEWELL, A. ROY, AND K. B. ARMITAGE

were regarded as being acclimated to 5 C
at time O while the other half was
considered as representing acclimation
to 12 C at time 0. Equation (8) repre-
sents the data for group 3 animals
acclimated to 18 or 26 C for from 1 to 3
wk. The starting point for group 3 was
animals which were held at 12 C for
21 days in the presence of food. There-
fore, the 144 observations obtained fol-
lowing storage at Te 12 C for 21 days
in the presence of food were included in
the data used to compile equation (8).
In this case, half of the observations
were considered to represent animals
acclimated to 18 C at time O and the
other half, animals acclimated to 26 C
at time 0.

The two equations have multiple
correlation coefficients of .84 and .85, so
that they account for 849, and 859, of
the variation of Lm in the data on which
they are based.

THE INFLUENCE OF EXPOSURE TEMPERATURE

The effect of short-term Te on the
oxygen consumption of Ligia oceanica
is shown for 10 fully fed, different-sized
animals measured after 21 days’ acclima-
tion to 12 C (fig. 7a) or 18 C (fig. 7b).
The most important general feature
which is apparent is that, whereas the
aerobic metabolism of animals accli-
mated to 12 C declined after 30 C, that
of animals acclimated to 18 C declined
only after 35 C. Warm acclimation
apparently increases the heat tolerance
of the organisms. It also involves more
complex changes in the form of the
rate :temperature curves which cannot
be conveniently interpreted by mere
examination of the raw data. Such
changes are best illustrated by theo-
retical curves produced from the multiple-
regression equations and are introduced
in a definite time sequence in figures 10
and 11.
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MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

Figure 10 shows the curves generated
from multiple-regression equation (6)
for group 1 animals—that is, those
collected from the shore in January
1973 and measured at a variety of
exposure temperatures prior to labora-
tory acclimation. It may be regarded as
the starting point from which the
curves illustrated in figure 11 are derived.
Figure 11 shows the theoretical curves
relating Lm as a function of Te for
animals acclimated to 5, 12, 18, and
26 C for 1-3 wk. Continuous lines show
the data for fed animals, while the
broken lines show the corresponding
curves for starved animals. The graphs
also show the rate:temperature curves
for a theoretical animal of 160 mg dry
wt (Ld 2.2) and of 16 mg dry wt (Ld 1.2).

Clearly, after only 1 wk at Ta 5 C
the curves for both starved and fed
animals are essentially dependent upon
temperature with a maximal rate occur-
ring at approximately 30 C. Values for
both starved and fed animals are similar,
suggesting that laboratory starvation
has little effect on aerobic metabolism
at low Tas. The curves for animals held
for 13 days at Ta 5 C are also generally
similar to one another, although after
20 days the metabolism of the small
starved Ligia of 16 mg dry wt was
suppressed, compared with that of fully
fed specimens. This suppression seems
likely to be due to the higher utilization
of metabolic reserves by small animals
and resembles results obtained on the
shore crab Carcinus maenas (Marsden
et al. 1973).

The curves for animals held at Ta
12 C for between 8 and 21 days have
some general similarities to those ob-
tained for animals held at 5 C; the
curves for both starved and fed animals
are similar in level after only 1 wk of
storage but there is an increased suppres-
sion of the rate of small starved Ligia.
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The changes noted in response to
storage and starvation at 5 and 12 C
can be detected much earlier in animals
held at 18 or 26 C. In both cases, the
aerobic metabolism of small starved
animals is suppressed, compared with
large or well-fed animals after only 1 wk
of storage. The curves are also of a
complex form, with a region of reduced
temperature sensitivity over the range
20-30 C, much as we have noted in
specimens of Littorina littorea collected
directly from the shore in the summer
(Newell and Roy 1973).

It can be concluded, therefore, that
both time and acclimation temperature
are important in determining the re-
sponses of the aerobic metabolism of L.
oceanica to acute temperature change.
In general, starvation effects make
themselves felt first on smaller-sized
animals after 3 wk at Te¢ 5 C, 2 wk at
Ta 12 C, and 1 wk or less at tempera-
tures above T'a 18 C. An increase in the
upper limit of thermal tolerance is in-
duced after 3 wk at Ta 12 C, 2 wk at
Ta 18 C, and after 6 days or less at
Ta 26 C. The influence of acclimation
period itself appears to be rather variable
at low Tas. The temperature beyond
which a decline in aerobic metabolism
occurs is more clearly related to Ta
than to time. The average temperatures
at which the metabolic rate reaches its
maximum value after 1-3 wk acclimation
to 5, 12, 18, and 26 C are progressively
higher (table 2). These values illustrate
the increase in thermal tolerance which
is associated with thermal acclimation
in Ligia rather more clearly than in the
estimates obtained from the simple
regressions shown in figures 3-6 (see
fig. 8).

A reduction in temperature coefficient
for metabolism, with the development
of a region of reduced temperature
sensitivity over the middle part of the
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rate:temperature curve, appears con-
sistently in fed Ligia held at Ta 5 C or
Ta 12 C for 21 days and in fed specimens
held for only 8 days at Ta 18 C, but it
occurs in both starved and fed groups
at high Tas of 26 C. A reduction of
metabolic reserves induced by starvation
does not in itself appear to be a primary
cause of the reduced temperature sensi-
tivity noted in the rate:temperature
curves for this animal (see Newell
1973a, 1973b), although there is some
indication that it may be involved in a
modification of rate:temperature rela-
tionships at low Ta.

These features of the rate: temperature
curves are summarized in table 3, from

TABLE 2

TEMPERATURE AT WHICH MAXIMUM METABOL-
IC RATE OCCURS IN FED AND STARVED “LIGIA
OCEANICA” ACCLIMATED TO 5, 12, 18, AND
26 C

TEMPERATURE AT WHICHE
MaxiMuM METABOLIC
RaTE Occurs

Ta C Fed C Starved C
S 27.6 29.5
1200 28.2 29.8
18, . 33.1 29.9
26. . ... 33.4 32.4

Note.—Data represent the average for groups acclimated for
1-3 wk at each temperature. Based on the 24 multiple-regression
equations illustrated in fig. 10.
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which the shift of the region of tempera-
ture insensitivity from 15 to 25 C at low
Tas to 20-35 C at high T'as shows more
clearly than in the simple regressions
illustrated in figures 3-6 (see also fig. 8).

The discussion above is based on the
equations evaluated within 25 relatively
small subgroups of data according to
equation (6) which closely fit the actual
data (fig. 7). A more synthetic view of
the results and a smoothing of most of
the discontinuities of figure 11 into
partial-regression lines results from a
graphical representation of equations (7)
and (8). Figure 12, based on equation
(7), and figure 13, based on equation
(8), were constructed according to the
graphical procedures used to build figure
9.

These figures should be viewed as
four imaginary buildings which symbol-
ize four four-dimensional cross sections
through the multidimensional space
described by equation (7). The bent
ground floors of the buildings represent
the Lm:Te curves of 16-mg dry-weight
animals (Ld 1.2) at various acclimation
times between 0 and 21 days. The bent
roofs have the same meaning for 160-mg
dry-weight animals (Ld 2.2). A middle
floor representing the medium-sized ani-
mals (Ld 1.7) was omitted to avoid
clutter. The pair of curvilinear lines

TABLE 3

INTERVAL OF REDUCED TEMPERATURE COEFFICIENT IN THE METABOLISM
OF “LIGIA OCEANICA” ACCLIMATED FOR 1-3 WK
AT 5,12, 18, AND 26 C

ZoNE oF REDUCED-TEMPERATURE COEFFICIENT (C)

Fed Starved
(wk) (wk)

Ta C 1 2 3 1 2 3
S 15-25 15-25 20-30 15-25 15-25 15-30
12......... 15-25 20-30 20-30 10-20 20-30 20-30
18......... 10-25 20-35 20-35 20-30 20-30 .
26......... 20-35 20-35 20-35 20-30 20-25 20-35

Note.—Based on fig. 8 for medium-sized animals of 50 mg dry wt (Ld 1.7).

This content downloaded from 129.237.46.100 on Thu, 28 Aug 2014 17:16:39 PM
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

MULTIFACTOR MODIFICATION OF METABOLISM IN LIGIA

appearing to stand in the back of the
buildings, where they are connected
with the points for Fd 0 or Sd 0, corre-
spond to the Lm:Te curves for group 1
animals (fig. 12) or for group 2 animals
after 3-wk feeding at 12 C (fig. 13).
Together with the Ld lines with which
they are connected, they appear as the
transparent rear wall of each building
and represent the three-dimensional
Ld:Te:Lm relationship of the animals
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which serves as the common starting
point (see fig. 1).

The Lm:Te curves of animals accli-
mated to 5 or 12 C have one peak
located between 25 and 30 C in large or
small fed animals. In the starved small
animals the peak of the Lm:Te curves
is slightly over 30 C. In the starved
large animals the peak stands close to
25 C at the beginning of acclimation
but is shifted close to 30 C at the end

(a) Fed animals

T (Ld) + (Fd) + (Te) + (Ta) -
o

(b) Starved animals

201

L5

1o

o (Ld) + (Sd) + (Te)-+ (Ta)__

F16. 12.—Multidimensional representation of eq. (7). a, Effect of Ld, Te, and Fd on Lm of Ligia oceanica
acclimated to 5 or 12 C. b, Effect of Ld, Te, and Sd on Lm. The graphical scales were set to optimize the
visual appreciation of the effects of Te, Fd, and Sd. The Pl is fixed at 25% of total dry weight. The (Ld),
(Fd), (Sd), (Te), and (Ta) are graphical values of Ld, Fd, Sd, Te, and Ta added to obtain the abscissa value

of each intersection or reference points of the graphs.
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of 21 days. A feature common to the
four diagrams is that the ascending and
descending portions of the Lm: Te curves
for large animals are steeper than they
are for small animals, so that homologous
Lm:Te curves are not parallel to each
other. This difference in slopes did not
appear in figures 10 and 11 because the
limited number of observations and
different values of T'e within each of the
25 subgroups of data did not permit
statistical evaluation of Lm:Te together
with Ld. Thus only pairs of parallel

25
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Lm:Te curves could be shown. Although
slope differences were apparent from one
pair to another (fig. 11), those differences
were smoothed when Ld, Te, and Sd
were combined (fig. 12).

Following acclimation to 18 or 26 C,
the Lm:Te curves have two peaks (fig.
13). The interval between the main
peak at 30-35 C and the secondary
peak at 15-20 C has a low temperature
coefficient associated with temperature
insensitivity. The main peak of Lm
shifted toward a higher Te value in

(a) Fed animals

1.0+

e Ta18

0.5~

1 o (Ld) + (Fd) + (Te) + (Ta)____

Ta 26

(b) Starved animals 30

20

lo—/"’

0.5~

LIn o (Ld) + (Sd) + (Te) + (Ta) -

F16. 13.—Multidimensional representation of eq. (8). Effect of Ld, Te, and Fd (graph a) or Sd (graph b)
on Lm in Ligia oceanica acclimated to 18 or 26 C after previously being fed and acclimated to 12 C for 21

days. Graphical scales as in fig. 12.
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large starved animals over the 21 days.
Also, as in animals acclimated to 5 or
12 C, the ascending and descending
portions of the Lm:Te curves are
steeper for large animals than for small
animals.

THE INFLUENCE OF NUTRITIONAL LEVEL

The influence of nutritional level on
oxygen consumption in L. oceanica is
clearly illustrated by equations (7) and
(8) (table 1) and figures 12 and 13,
which describe the metabolism of ani-
mals acclimated to 5 or 12 C (group 2)
and 18 or 26 C (group 3), respectively.
In equations (7) and (8), Fd and Sd
were included as rectilinear semiloga-
rithmic partial regressions shown in
figures 12 and 13 as a collection of Fd: Lm
and Sd:Lm lines. Although generally
the combination of fed-acclimation in-
creased aerobic metabolism and starved-
acclimation reduced metabolism, inspec-
tion of figures 12 and 13 shows that the
effect of starvation is not the mere
opposite of the effect of feeding. This
relationship is evident in the percentage
of increase or decrease in aerobic metabo-
lism following 3-wk acclimation.

The effect of 3-wk acclimation on the
metabolism of fed animals varies with
body size but not with Te or Ta (eqq.
[7] and [8], table 1). Among group 2
animals (fig. 12), the metabolic rate of
16-mg animals (Ld 1.2) increased 139,
and that of 160-mg animals (Ld. 2.2)
increased 26%,. Among group 3 animals
(fig. 13), the metabolic rate of 16-mg
animals increased 359 but that of 160
mg animals decreased 7%,.

The effect of starvation on metabolism
is more important than that of feeding.
After 3-wk acclimation, metabolism of
starved animals varied with body size,
Ta, and Te (table 4). The reduction of
metabolism of 16-mg animals was greater
at each higher 7e. The maximum reduc-
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TABLE 4

PERCENTAGE OF MODIFICATION OF AEROBIC ME-
TABOLISM OF “LIGIA OCEANICA” INDUCED BY
3-WK STARVATION ACCORDING TO BODY SIZE,
Ta, AND Te

Te

Boby S1ze Ta 5C 25 C 38 C

(mg Dry Wt) ©) (%) (%) (%)
16........... 5 —59 —-30 —42
12 —62 —40 —50

18 —69 —44 —69

26 —-79 —58 —73

160. .......... 5 —23 +30 + 8
12 —32 +14 -5

18 -6 +68 -5

26 —29 +27 —29

Note.—Based on eqq. (7) and (8).

tion of 7997, occurred at Te = 26 C and

Te = 5 C. Metabolism was reduced
somewhat at intermediate temperatures
(e.g., Te 25 C) than at either end of the
range of Te. Aerobic metabolism was
reduced less in 160-mg animals; the
maximum was 329, at Ta = 12 C and
Te = 5 C. Possibly large animals used
lese of their metabolic reserves. More-
over, the effect of starvation in the
large animals was reversed at Tes close
to those causing maximum metabolic
rate, and starvation was associated with
an increase, rather than a reduction, of
metabolic rate. This inversion of the
effect of Sd in large starved animals is
linked (figs. 12 and 13) with the pre-
viously noted shift to the right of the
peak of the Lm: Te curves. This inversion
emphasizes the interactions observed
among Ld, Sd, and Te.

These results thus emphasize that the
effects of starvation on oxygen con-
sumption in L. oceanica are controlled
not only by body size and duration of
starvation, as noted in Carcinus (Mars-
den et al. 1973), but also by the tempera-
ture at which the isopods are held with-
out food.
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THE INFLUENCE OF ACCLIMATION TEMPERATURE
AND ACCLIMATION PERIOD

The principal effect of thermal accli-
mation on the aerobic metabolism of
L. oceanica is to raise thermal tolerance,
or the point beyond which a decline
occurs, from approximately 27.5 C to
33 C (table 2). The influence of Ta and
acclimation period on the level of
aerobic metabolism, as opposed to effects
on heat tolerance, are, however, best
compared by means of equations (7)
and (8) (table 1). The effect of acclima-
tion period cannot be distinguished
from the effects of either feeding period
or starving period.

Figure 14 shows the effect of Ta after

R. C. NEWELL, A. ROY, AND K. B. ARMITAGE

21 days’ acclimation period on the
metabolic rate of fed or starved Ligia
at selected Tes. This figure is the equiva-
lent of another series of three-dimensional
cross sections through the multidimen-
sional space described by equations (7)
and (8). At each higher T¢, metabolic
rate of fed animals generally increases
and that of starved animals decreases,
so that the effect of Ta as such is not
definitely distinguishable from that of
feeding or starving for 21 days. The only
exceptions would be in large animals
(Ld 2.2, Fd 21) tested at Te of 5 or 25 C
whose average metabolic rate after accli-
mation to 18 or 26 C (group 3) appears
lower than that after acclimation to 5

Fed 2! days Fed 21 days
Te5 Te 15

(Ld) + (Ta)—»

Fed 21 days
Te 38

(Ld) + (Ta)

(Ld) + (Ta)

Starved 21 days Starved 21 days
Te5 Tel5

Lm o (Ld) + (Ta) — =

(Ld) + (Ta)

Starved 21 days
™22 Te 38

Starved 21 days

(Ld) + (Ta) o (Ld) + (Ta)__

F16. 14.—Three-dimensional representations of eqq. (7) and (8) showing the effect of Ld and Ta on Lm
of Ligia oceanica fed or starved for 21 days and tested at selected Tes. Lipid content held constant at 25%,
of total dry weight. Graphical scales were set to optimize the visual appreciation of the effect of Ta. The
left-hand shaded panel in each diagram is based on eq. (7); the right-hand shaded panel is based on eq.
(8). The connecting nonshaded area corresponds to the joint influence of an additional 21 days’ storage in

the laboratory and an increase of Ta from 12 to 18 C.
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or 12 C (group 2). However, since this
exception is complicated by the longer
laboratory storage of group 3 animals
and is not supported by metabolic rates
at Te of 15 and 38 C, where the slope for
Ta, between Ta 5 and 26 C, is either
horizontal or ascending, we conclude
that the effect of Te in Ligia fed ad
libitum does not comply with the well-
known reduction in metabolic rate which
follows warm acclimation in many in-
vertebrates (for review, see Prosser
1973). In this respect the results resemble
those for the isopod L. beaudiana
(Wieser 1972) and for Porcellio scaber
(Newell et al. 1974).

Thus the principal effect of laboratory
storage on the level of metabolism in
L. oceanica appears to be related to the
influence of time and temperature on
the level of metabolic reserves, rather
than to acclimatory responses to tem-
perature itself. Attempts to correlate the
effects of starvation time with the P/
of Ligia were, however, not satisfactory.
Although a significant correlation was
obtained between the level of aerobic
metabolism and P/, the reduction of
other reserves may be important in
inducing the reduced levels of oxygen
consumption following starvation, or
there may be a threshold level of lipid
below which metabolism is reduced.

THE INFLUENCE OF BODY SIZE

The 181 simple regressions of Lm as
a function of Ld have slopes that vary
widely from —0.48 to +2.01. Among
these, 128 (or 70.79,) have a value not
significantly different from 0.72 at the
5% level of probability, a value which
is similar to the slope for the inter-
specific regressions of Hemmingsen (1960)
and that of 0.726 reported for Ligia by
Ellenby (1951). Thirty-two of the regres-
sion lines (or 17.79,) have a slope which
is significantly lower than 0.72, while 21
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(or 11.6%,) have a slope which is signifi-
cantly higher than 0.72.

It is obvious that any environmental
or endogenous factor which has an un-
equal effect on large and small animals
will modify the slope of the relation
between metabolic rate and body size.
There are many examples in which the
temperature sensitivity of large and
small individuals is different, so that Te
and, to a lesser extent, Ta fall into this
category. But additional factors such as
nutritional level in the case of Ligia and
Carcinus (Marsden et al. 1973) interact
with body size and modify its influence
on metabolic rate.

Although equations (7) and (8) do
not completely explain the pattern of
variation of the Lm:Ld relation in L.
oceanica, they do show that part of this
variation is associated with the varia-
tions of Te, Fd, and Sd. In figure 9f, the
graphical scales were chosen to permit a
visualization of the variation of the
slopes of the Lm:Ld lines as associated
with different values of Sd and Te in
equation (8). However, a more complete
mathematical estimation of the slope
variation for Ld is obtained if the terms
containing Ld are isolated from the rest
of each equation. The regression coeffi-
cient of Ld then varies as follows:

According to equation (7), for Ligia
acclimated to 5 or 12 C for 0-21 days,
the regression coefficient of Ld varies
according to the following equation:

V = .6254 4+ .0003312 Te? — .3843 X 10~¢

Tet 4+ .005004 Fd + .01458 Sd.  (9)
The corresponding equation based on
equation (8), for Ligia acclimated to 18
or 26 C and stored in the laboratory for
21-42 days, is

= .5847 + .2215 X 10~ Te® — .2215

X 10-8 Te* — .007544 Fd + .02285 Sd . (10)
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TABLE 5

VARIATION OF THE REGRESSION COEFFICIENT OF Ld ON Lm IN “LIGIA OCEANICA,”
AS PREDICTED BY MULTIPLE-REGRESSION EQUATIONS (9) AND (10)

Te C
CONDITION OF ACCLIMATION 10 20 30 35 38
Fed 7daysat Sor12C............ 0.690 0.731 0.647 0.489 0.337
Fed 14daysat Sor12C........... 0.725 0.766 0.682 0.524 0.372
Fed 21 daysat Sor12C........... 0.760 0.801 0.717 0.559 0.407
Starved 7 daysat Sor12C......... 0.757 0.798 0.714 0.556 0.404
Starved 14 daysat Sor12C........ 0.859 0.900 0.816 0.658 0.506
Starved 21 daysat Sor12C..... ... 0.961 1.002 0.918 0.760 0.608
Fed 7daysat 180or26C........... 0.548 0.617 0.665 0.621 0.551
Fed 14 daysat 18 or26 C.......... 0.495 0.564 0.613 0.568 0.499
Fed 21 daysat 18 or26C.......... 0.443 0.512 0.560 0.515 0.446
Starved 7 days at 18 or 26 C........ 0.761 0.830 0.978 0.834 0.764
Starved 14 days at 18 or 26 C..... .. 0.921 0.990 1.038 0.994 0.924
Starved 21 daysat 180or 26 C....... 1.081 1.150 1.198 1.154 1.084

The regression coefficients of Ld, as
predicted from these equations, ranged
from 0.33 to 1.20 (table 5). In 78.59 of
the cases, the predicted slopes obtained
from equations (9) and (10) fall within
the fiducial interval of the value ob-
tained for the 181 simple regressions
determined within the original small
units at the 59, probability level. If the
fiducial intervals are evaluated at the
19 level, the percentage of conformity
becomes 86.2. The values for the regres-
sion coefficient for log metabolic rate as
a function of Lm are plotted against Te
in figure 15, which shows the values
predicted from equations (9) and (10)
for starved or fed Ligia held for 21 days
at 5 or 12 C and at 18 or 26 C.

Two main features are apparent from
inspection of table 5 and figure 15. First,
the regression coefficient for starved
Ligia is much greater than that for
well-fed animals. This difference is not
unexpected, because the marked suppres-
sion of aerobic metabolism of small
animals relative to large ones following
starvation has already been noted above.
Further, the enhanced effect of such
starvation on the oxygen consumption

of animals held at 18 or 26 C, compared
with those at 5 or 12 C, would account
for the differences between these two
groups in the regression coefficients for
starved animals shown in figure 10.

T T 1T T T 1
12 Ta 180r26;5Sd 21 dazs, —_— .
,/’ \\\
N -7 \
Ta 50r12;Sd 21days
Lo o - TS
- N
N e X
S
? gl Ta5or12;Rd2 -
\
\
8 7 \‘ -
o \
Fa 6 - -
w Ta 18or 26;Fd 21 da
a 5L -
.4 - -
3 L1 | I N B
(o] 10 20 30 40

EXPOSURE TEMPERATURE

F16. 15.—Variation in the slope of the regression
lines relating Lm to Ld in Ligia oceanica at different
Tes. Continuous lines for animals fed during accli-
mation and broken lines for starved specimens.
Based on eqq. (9) and (10).
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The second feature which is of im-
portance in figure 15 is that the variation
of the regression coefficient of Ld with
Te is curvilinear in L. oceanica. As can
be seen also in equations (7) and (8),
the slope of the lines relating Lm to Ld
increases with Te at low temperatures
and then decreases at higher tempera-
tures. This curvilinearity may account
for an apparent anomaly in the only two
other organisms which we have sub-
jected to the same kind of statistical
analysis. In the slug Arion circum-
scriptus (Roy 1969), measurements were
made at only four different values of Te
from 12.5 to 30 C. In this animal the
slope of the regression relating metabolic
rate to body size decreased with in-
creasing Tes, rather like the descending
portion of the curves for L. oceanica
(fig. 15). This trend also occurs in the
data for Megascolex (Saroja 1959). Uca
(Vernberg 1959), and several barnacles
(Barnes and Barnes 1969). On the other
hand, in the data for Littorina the values
for the slope of the regression lines
relating Lm to Ld increased with in-
creasing Te (Newell and Roy 1973),
much as reported for several other in-
vertebrates (Rao and Bullock 1954;
Newell 1976). In this case there were
16 different values of Te from 1 to 37.5
C; the lower Tes below 25 C were
particularly well represented in the data,
where they accounted for 759, of all the
observations. The large representation
of lower T'e could explain why the pattern
of variation of the slope of the regressions
for Littorina is similar in form to those
obtained in the lower part of the tem-
perature range in figure 15.

Further data on a variety of other
invertebrates will be required to show
whether the variation in slope of the
regression lines relating Lm to Ld noted
in Arion, Littorina, and Ligia occurs in
other animals. However, it seems likely
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that, if a sufficient range of temperatures
is studied and if other factors such as
starvation are included in the analyses,
the different thresholds of sensitivity of
large and small animals to these factors
will be reflected in a regular variation
of the regression coefficient with Te.

CONCLUSIONS

Our results suggest that the rate of
aerial oxygen consumption of the isopod
Ligia oceanica is affected by a wide
variety of environmental and endoge-
nous factors, even in the absence of
locomotory activity. The principal en-
vironmental factors include short-term
Te and the period of starvation, although
the temperature at which this occurs is
also of importance in controlling the
level of aerobic metabolism. Attempts to
quantify these starvation effects in terms
of the Pl in the dried tissues of Ligia
yielded rather low correlations. Possibly
starvation effects are induced by the
reduction of some other metabolic sub-
strate, by the reduction of lipid to a
threshold level, by the lack of an op-
portunity to feed, or by some combina-
tion of these. Endogenous factors affect-
ing the oxygen consumption of quiescent
animals include, above all, body size.
Undoubtedly the level of overt activity
would, as in many other invertebrates
(for review, see Newell 1973b), be im-
portant in determining the level of
oxygen consumption in Ligia, but activ-
ity was not accounted for in the present
study.

Several crustaceans, including the
isopod Porcellio scaber (Newell et al.
1974), the crabs Cancer pagurus and
Maia squinado (Aldrich 1975), and the
crayfish Orconectes nais (Rice and Armi-
tage 1974), exhibit rates of oxygen con-
sumption elevated above predicted rates
in the absence of overt activity. These
elevated rates have been ascribed to the
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effects of initial ‘‘excitation” during
transfer into a respirometer and may
reflect muscular activity which cannot
be readily observed. While we have not
taken this effect systematically into
account in our experiments, probably
the initial equilibration period and the
large number of data pooled to generate
the multiple-regression equations mini-
mized the residual effects of initial
excitation in the predicted curves.

Of the environmental factors, it would
be true to say that, in general, the rate of
oxygen consumption of L. oceamica is
dependent upon temperature, much as in
L. beaudiana (Wieser 1972), the isopod
P. scaber (Newell et al. 1974), and in
many other invertebrates. This pattern
is especially true of specimens held at a
low Ta of 5 C; but, following storage at
higher Tas of 12, 18, or 26 C, the
rate:temperature curve for oxygen con-
sumption becomes definitely sigmoid,
with a region of reduced temperature
sensitivity over the middle part of the
range of thermal tolerance (see table 3).
This response to warm acclimation thus
resembles that obtained during seasonal
acclimation in the winkle Littorina lit-
torea. Somewhat to our surprise, how-
ever, the period and temperature of
acclimation has little obvious effect on
the level of oxygen consumption of L.
oceanica, much as has been reported for
L. beaudiana (Wieser 1972) and P.
scaber (Newell et al. 1974). In this
respect, the oxygen consumption of these
isopods does not show a “typical”
suppression following warm acclimation,
as reported in many invertebrates (see
Bullock 1955; Prosser 1973). Whether
this lack of a clear acclimatory response
is general in isopods is not yet established
(see Edney 1964a, 1964b). There is,
however, an increase in the heat toler-
ance from 27.5 to 33.4 C following ther-
mal acclimation (table 2), which re-

sembles the results for terrestrial isopods
cited by Edney (1964a). The rate at
which these changes in the form and
temperature relationships of aerobic
metabolism are induced is dependent
upon T'e and occurs after 3 wk storage
at 12 C, 2 wk at 18 C, and less than 1 wk
at 26 C.

The principal endogenous factor which
we have systematically taken into ac-
count in this study is body size, although
we also analyzed the total lipid content
in an effort to define the effects of
starvation. As in the case of many other
organisms, the slope of the regression
line relating Lm to Ld varies around a
value which is similar to that obtained
in interspecific studies (see Zeuthen
1953; Hemmingsen 1960). However, in
Ligia the responses of the large- and
small-sized animals to factors such as
starvation time and Te are different,
particularly at the extremes of the
range of temperature tolerance. Such
differences may partly explain the widely
different values reported in the literature
for the regression coefficients in even
quite closely related species obtained
under different experimental conditions
and underline the importance of body
size in an interpretation of the effects of
environmental factors on invertebrate
metabolism.

SUMMARY

1. Measurements were made of aerobic
metabolism (mm?®0,/h) of the supralit-
toral isopod Ligia oceanica in relation to
body size (dry weight in milligrams)
and exposure temperature following
laboratory storage under controlled con-
ditions.

2. Measurements of six independent
variables, log dry body weight (Ld),
exposure temperature (Te), acclimation
temperature (7a), feeding period in
days (Fd), starving period in days (Sd),
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and percentage of lipids (P/) were re-
lated to the dependent variable, log
metabolic rate (Lm).

3. A multiple-regression equation was
derived in which the statistical signifi-
cance of the effects of the independent
variables on Lm could be arranged in
the following order: Te, Ld, Sd, Fd, Ta,
Pl.

4. The method had the important
advantage that complex relationships
between the independent variables and
metabolism which could not be easily
interpreted by mere examination of the
3,130 individual observations constitut-
ing the raw data could be quantified.

5. The metabolism of Ligia could not
be conveniently expressed in terms of
one multiple-regression equation with-
out loss of accuracy when reapplied to
the individual experimental data. In-
stead, two equations were derived. The
first accounted for 849, of the variation
of Lm in animals acclimated to 5 or 12 C.
The second accounted for 859, of the
variation of Lz in animals acclimated to
18 Cor 26 C.

6. The multiple-regression equations
were then used in a predictive fashion to
quantify the effects of Te, nutritional
level, Ta, acclimation period, and body
size on oxygen consumption in Ligia.
Multidimensional graphics were used to
demonstrate visually the complex inter-
actions of the independent variables.

7. The rate:temperature curve for
aerobic metabolism was sigmoid, with
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a region of reduced temperature sensi-
tivity at intermediate Tes, much as in
other invertebrates.

8. Two main responses occurred fol-
lowing thermal acclimation. First, the
temperature at which the maximum
metabolic rate occurred was shifted from
27.6 C in fed animals acclimated to 5 C
to 28.2 C in those acclimated to 12 C;
33.1 C in those acclimated to 18 C, and
33.4 C in those acclimated to 26 C.
Second, there was a shift in the region of
reduced temperature sensitivity from
15-25 C at low Tas to 20-35 C at high
Tas.

9. Thermal acclimation has little effect
on the level of metabolism of well-fed
Lzgia. The principal effect of laboratory
storage is related to the influence of
temperature and time on the level of
metabolic reserves, rather than to accli-
matory responses to temperature itself.

10. The effects of starvation on oxygen
consumption in Ligia are controlled not
only by body size and duration of starva-
tion but also by the temperature at
which the isopods are held without food.
Small animals show a suppression of
metabolism sooner than large ones at
each Ta, and high Tas enhance the
onset and magnitude of such effects.

11. The influence of body size on
metabolism in Ligia varied according to
Te and period of starvation. The signifi-
cance of these results in relation to
studies on other invertebrates was dis-
cussed.
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