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A consideration of some physiological (rates of oxygen consumption, the scope ot grdwth) and
Lettular (the cytochemical latency of a lysosomal cnzyme) processes in bivalve molluscs suggests that
animal size and seasonal changes refated to the gametogenic cycle are important sources of natural varia-
wility, Correcting for size using regression techmiques, and limiting measurements to one part of the
sametogenic cycle, reduces observed natural variability considerably. Differences between populations
Lre then still apparent, but the resuits of laboratory experiments with hydrocarbons from crude oil
.uggest that it should be possible to detect sub-lethal effects due to pollution (the ‘signal’y in the presence
ol the remaining natural variability {the ‘noise’}. Statistical considerations, taken together with results
irom current studies on Mywilus eduliv and Scobicularic plana, indicate that sample sizes of 10-15
ndividuals should suffice for the detection of possible pollution effects. The physiological effects to be
~xpecied in the presence of sub-lethal levels of polluting hydrocarbons are on a scale that can cause signi-
ficant ecological damage o a population through a reduction in fecundity and the residual reproductive
vatue of the individoals.

ney words: bivalve moliuscs, stress responses, natural variability, hydrocarbons, sampling strategy,
ceological effects

INTRODUCTION

[n measuring the biological effects of poliutants, three questions arise, (1) Can the
elffect be detected in the environment, amongst the natural variability to be expected
hetween animals in nature? (2} If an effect is evident, what signimicance has this for
the animal’s fitness? {3) Can the effect be ascribed to a particular poliutant? Many
papers in this Symposium bear on the third of these questions. We wish to consider
questions of detection and, more briefly, of ecological significance. We use data
obtained by the Stress and Pollution team at LM.E.R. (see Acknowledgements),
working with the commeon mussel, Mytilus edulis L. and the clam Scrobicularia
plana (da Costa). The various methods employed are described in detail in the
original papers referred to in the text.
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In considering the detection of a ‘pollution effect’, two major, natural cayse,
variance must he considered, viz, the size of the animal and seasonal variahif,:
which is finked to the stage of the gametogenic cycie. Recognizing, and removy
these sources of variance can greatly increase the change of detecting an offe,
(physiological or biochemical} due to a pollutant. We discuss sorme examples o

among the natural variance {or ‘noise’} if a poliution effect is to be established: .
illustrate from data the sample sizes that are necessary in such studies. Research iy
the ecological relevance of such effects is stil] ar an early stage, but some SUggesThy .
can be made on the basis of our results,

RESULTS
Two natural causes of varignee

Size If individual animals of very similar size (= weight) can be chosen i
measurement, the precision in determinations of rates of oxygen consumption {V,,
and rates of feeding (= clearance rates, CR) can be high. In Table I (line A) Ve, and
CR measurements are quoted as means + 2 SE, together with the coefficient o
variation, for a group of 12 Mytilus which were sefected to be closely matched in

shell fength and flesh weight. More realistically, a sample with a greater range of

individual sizes is normally the best that is available (Table I, line B); iess precision s
then possible, with coefficients of variation of 20-30% to be expected,
An allometric model of the form:

rate = a- weight?,

where @ and b are fitred parameters, is normally used to describe the relationship
between g physioiogical rate and the weight of the animal. In the statistical treat-

TABLE |

Measurements of the rates of oxvgen consumption (V<'32? ml Oy h™% and of clearance rate {CR;
litres-h =’y in Mytilus of mean dry weight 1.66 g Values are means +2 SE,
variation [(sp/mean) x 100] in parentheses. A: animals chogen to be very simil

ar in size; B: animals
selected with less attention to similarity in size.
I R _ N

Dry weigh: Vo, CR
A 163 £0.0i6 0,431 .:0.022 2.55+0.34
{1.6%p) (8.2%%) (21.3%%)
B 1.68+0.193 0.400 + 0,050 2,565 0.49
(18.2%) (20.0%,) (30.4%)
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raBLE 11
lysis of covariance in 14 data sets relating the rate of oxygen consumption by Scrobicularia plang

An ana

. pody size {(dry fiesh weight), The £ value ror differences between means is significant at the 19, level.
\'“\mrce of variance d.f. R MS F

.I'mal residual variance 238 6.86 0.029

jifferences between slopes 14 (.45 0.032 142

sub-toiat residual variance 252 7.31 0.029

pifferences between means 14 10.17 0.719 24.8

folals 266 17.38

qent of such data the allometric equation is usually fitied (on logi scales) by least-
squAares regression analysis; it is then possibie o ‘correct’ thé'physiologicai determi- .
qations for variation in body size by dividing by weight taken to the power b i.c.
rate - weight ™. .

Such a procedure would be most useful if values for b for any particular physio-
logical process were constant or at least reasonably similar, over time. Table 11
shows the results of regression and co-variance analyses of 14 data sets for oxygen
consumnption by Serobicularia plana measured at seasonally ambient temperatures
petween May 1977 and June 1979 {data by courtesy of J. widdows and C.M.
worrail). In the analysis of covariance no significant differences between the fitted
values for b emerged, whereas differences between intercepts {=ainthe allometric
pquation) were highly significant (see also Bayne and Widdows, 1978; Newell and
Bayne, 1980). In these circumstances a common value for b can be derived for all
data sets andd used to reduce the variance due (o hody size as

L’E)N_' W b‘

This treatment ascribes o particuiar biological relevance to the fitted vatue for b;
it is, rather, a cratistical convenience 1O reduce the physiological rate data to &

IABLE 11

‘easurements of the rates of oxygen consumption {VOJ; mi O,-h” Yy and of clearance rate (CR:
tires-h ) in Mprifus of mean dry weight §.66 g, corrected for variability in tody size by use of the fitted
narameter b from expressions relating Vg and CR to dry flesh weight W (see text). As animals chosen 10
ne very similar in size; g: animals selected with less attention to similarity in size (ef. Table 1).

Dyy welght Ve, w069 CR- Wb

A 1.65x0.016 0.304 +0.016 2.09+0.28
{1.6%) {8.2%) {21.5%)

i3 1.68 0,193 0.279+£0.023 2.08+0.30
{18.2%0) {12.9%) {22.9%)
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stage. Low (I, gameiogenesis at an eariy s
e coefficient of variation {CV) from 30.4¢,

common bedy size. In the experiments referred to in Table I, b values of 0.69 (o
Voz) and 0.41 (CR) were recorded over a wide size-range of animals. When these
values were used to correct for variation in body size, no improvement in precision
resulted for the sample carefully selected for size simjlarity {Table 11, tine A) but s

significant improvement was achieved for the more randomly chosen sample
(Table I1I, tine B).

The gamefogenic cycle  In Fig. 1,

17 values for OXygen consumption rate by
Mytilus are plotted; after each measure

ment, the animal was examined by a stereo-
logical procedure (Lowe et al., 1981) to determine the stage of eametogenic develop-
ment, Over the entire data set the coefficient of variation was 30%: when (wo
groups were distinguished, one of individuals late in the gametogenic cycle (high
gamete index, GI} and the other of individuals early in the cycle (low GI), the coeffi-
cient of variation was reduced to 199% and 16%, respectively. This effect was inde-
pendent of any size differences between the 1wo groups.

The eifects of the gametogenic stage on variability in the biological response are
most apparent, of course, when measurements are made at intervals over a year.
The latency of the lysosomal enzyme N-acetyl-f-hexosaminidase provides a sensitive
general index of the stress response in Mytilus (Moore, 1976, 1980; Bayne et al.,
1979), Measurements made on a single population over 1 ¥r (Fig. 2} showed two
periods of reduced labilization period (=latency), in April and in October. These
periods coincide with Spawning in this population (Lowe et al., 1981) and experi-
mental evidence (Bayne et al., 1978) has confirmed that mussels immediately after
Spawning, at a time of enhanced autolysis in the tissues, show reduced latency of
lysosomal enzymes. However, measurements made at all other times of the year

i

D SO TG

g R

5 )
___________ ) —
,,,,,,, F - L
20 [ i

o

. . ol

... 2, The labilization pertod (min} od
ilis. measured under standard LOUI}
. the dashed lines indicate the 95%

October samples.

(Fig. 2} did not differ signific;
values in this study ha.ci a‘ (;0@
Larger seasonal variability
oxygen consumption rate. T
iemperature, salinity, the com
tension. However, heFe als‘c;
(Fig. 1). Bayne and Wic‘ldow‘
ment explained 58% of the‘
field-ambient conditions. W
ot feasibie, therefore, popu
vear, accepting the increase
éan1etogenic condition. Two

Variability in the scope Jor,

During October, 1978 t.er
were measured for the sumlu
of the scope for growth viz
excretion rate and absprpti
size and the physio!cagical ¥
an animal of 1 g dry fleﬁh %
ments over a wider weigt
results of the scope ’fe.r ar
scatter of points within €

ficant differences betweer



dutlis velated ; '
yies ielated to the state of gametq.

!, gametogenesis at an early stage -

of variafion {CV) from 30.49, 10

‘able I, & values of 0.69 (for
nge of animals. When thege
1§ Improveinent in precision
rity {Tabie I1I, line A)but g
» randomly chosen sample

Xygen consumption rate by
I was examined by a sterep-
1ge of gametogenic develop-
ation was 30%: when two
he gametogenic cycle (high
€ cyele (low GI), the coeffi-
ively. This effect was inde-

the biological response are
fe at intervals over a year,
inidase provides a sensitive

1976, 1980; Bayne et al.,
1 yr (Fig. 2) showed two
il and in October, These
eetal, 1981) and experi-
mussels immediately after
. show reduced latency of
Il other times of the vear

:
£
!
:
.

163

2517

g T

L A T -
’;204 ! ! *
e —+ ’
= ¢ ’— L “‘ ~~~~~
o I
5
a i . Iy
§ 104 i t
I 1

i

JF M A M J 4 A S O N D

Fig. 2. The labilization period (min) of lysosomai N-acetyl-g-hexosamividase in digesiive cells of Myeilus
edutis; measured under standard conditions over-i. yr.. Values are means £ 95% confidence limits (CL)
and the dashed lines indicate the 95% CL of the mean value for the population, excluding the April and
(Jctober samples.

(Fig. 2) did not differ significantly from a mean of 18 min + 0.4 {SE); a total of 40
values in this study had a coefficient of variation of 34%.

Larger seasonal variability is apparent in some physiological processes, such as
oxygen consumption rate. These processes tend to be responsive to changes in
remperature, salinity, the concentration of suspended particulate matter and oxygen
sension. However, here also there is a correlation with the gametogenic stage
(Fig. 1). Bayne and Widdows (1978) found that the stage of gametogenic develop-
ment explained 38% of the variance in measures of Voz in Mytilus, made under
field-ambient conditions. Where a full characterization of these seasonal cycles is
not feasible, therefore, population comparisons must be made at the same time of
vear, accepting the increased varfance that will result from slight differences in
gametogenic condition. Two examples of such a study are briefly considered below.

Variability in the scope for growth and in [ysosomal latency

During October, 1978 ten mussels from each of five sites in the Shetland Islands
were measured for the suite of physiological processes necessary to the calculation
of the scope for growth viz, rate of oxygen consumption, clearance rate, ammonia
excretion rate and absorption efficiency. The mussels were chosen to be of similar
size and the physiological rates all converted to a weight-specific rate, equivalent to
an animal of 1 g dry flesh weight, using exponents fitted by least squares to measure-
ments over a wider weight range made in May, 1978 (Widdows et al., 1981), The
results of the scope for growth calculations are shown in Fig. 3. In spite of a wide
scatter of points within each population, an analysis of variance indicated signi-
ficant differences between populations and an S-N-K test (Sokal and Rolf, 1969)
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The effects of hydrocarbons

Bayne et g). (1979), Moore et 4l (1980) and Widdows et al. (1981) have reported
results from laboratory experiments in which mussels were exposed Lo low levels of
the water-accommodated fraction {WAF) of North Seg crude o] for long periods
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rhe labilization period of [-N-acetylhexosaminidase in digestive cells of Mytilus, measured on five popu-
sions from the Shetland Islands, UK.

Population

Ronas Voe  Gluss Voe Inner Houb  Outer Houb  Orca Voe

L abilization 24.0+5.2 252427 22.8+2.7 22.8 £4.0 19.8+1.6
period (min:
pean £ 50 for A=3)

wnalysis of variance d.f. 58 M5 F

source of variance

perween populations 4 80.6 20.2 .67 n.s,
within populations 20 241.2 i2.]

f Fotal 24 1218 -

and various physioiogical, cytochemical and biochemical effects observed. In one
such experiment (not reported in the papers cited) the scope for growth in control
mussels (water without oil) and in mussels exposed to 20-35 ug WAF- 17! was
measured after 1 and again after 5 wk; the sample size was 12, and the mussels were
carefully selected to be of similar size at approximately 1 g dry flesh weight. During
[his experiment the ration conditions improved, resulting in higher values for the
wope for growth after 5 wk in both coaditions (Fig. 4). Nevertheless, a significant
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after 1 wk. As with the results in Fig, 3, the individual scope for growy

high sensitivity to the oil, At these low and entirely sub-lethal COnCentTaliv:.
WAF, the ‘signal’ (i.e. a depression of the scope for growth) was > 1005,
The latency of lysosomal hexosaminidase has similarly proved to be SENsit,

WAF (Widdows et al.,, 1981). At a concentration of 7.7 ug WAF .1~ the 1

»

zation period was reduced from 21.2+ 3.5 min to 12.5 + 4.6 min.
These experiments Suggest that the effects of low levels of hydrocarbon.

Mytilus should be detectable in field surveys where the main causes of HTTE
variability i.e. differences in animal size and in gametogenic development, 4.
been controllied or accounted for. The question follows: Is there a reliable do.

response relationship between the biological effect and the pollutant?

The dose-response relationship

Sub-lethal, physioiogical response studies of the type discussed have po-
examined the dose-response relationship in detail for any single class of poilutan:
The relationship need not be linear. Widdows (1978) determined the scope fis

growth in Mytilus at different combinations of femperature and ration level

described the results by means of multiple regression cquations and response surface
diagrams; a polynomial expression with 17 terms explained 98% of the variance i

125 data points.

Less is known of the form of relationship 1o be expected between scope for
growth (or lysosomal latency) and the concentration of a pellutant. Some data exist
for hydrocarbon effects on bivalves, however; Giltfillan ¢t al. (1976} observed an
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concentrations in the tissues of Mytitus edulis. The data are taken from Widdows et al, {1981).

h e
Mments were variable (low precision) within any one condition, but they show,

W0

e correlation betwleen'ca;}
T!‘ncarbon concentration in /v
j’;Liows ot al. {1981} have con\
ih of Myltilus and the Cc?n;
~.ch the animals we{e .expose

'Im-\‘ {for hexosammxda‘se) re
- :\ ﬁssue of Mytilus, with lat

ple size

\ieasurements of pt}ys;oiog
Lural habitats and In labor
~apulations that must be detec
=a%-\cr hand, knowledge' c?f th;:
cusonal effects, idenluf?es th
offects must be discnmufaate(
magnitude of the pollution
‘uqhuired size of sample.
Suppose that data are tor
nopulation at two separate»t
rate measurement (trzms.to
(a) Either yisnota fgnctlm
selected. Comparison o
by v is lineasly refated to‘z
'this relation is to be est
populations. A i-test
would then follow.
t¢) The regression lines y:n
assumed to have Comit
data and equality of m-
a f-test of the nuli‘hyp
A further case is als in (t
vatue () from previous ©
can be defined (see the ea

10 {a).
If any of the above tests

the number (n) of observ
determined by the power
the nuil hypothesis (of ns.
that is, when the true di!
Power is a function of 7
shout the mean y vajues (



‘dual scope for growth Measyr,.
1e condition, but they showeqd 4
ely _snub-leth'zzi concenirations g
or growth) was > 106%.
milarly proved to be sensitive o
of 7.7 jig WAF-1-4, the labi.
2.5+4.6 min,

low levels of hvdrocarbons on
ere the main causes of nanirg
jametogenic development, hgvs
llows: Is there a reliable dose.
and the pollutant?

the ‘type discussed have noy
or any single class of pollutan:.
978) determined the scope for
mperature and ration level and
1 equations and response surface
xpiained 98% of the variance in

be expected between scope for
i of a pollutant. Some data exist
[filian et al. (1976) observed an

5 )

12l enzyme Aeacetyl-f-hexosaminidase
o hydrocarbons) and the hydrocarbon
i from Widdows et al, (1981).

e

qaverse correlation between carbon flux (=scope for growth) and tissue aromatic
nydrocarbon concentration in Mya arenaria from sediments polluted by petroleum.
Wwiddows et al. (1981) have confirmed an inverse correlation between the scope for
srowth of Mytilus and the concentration of aromatic hydrocarbons in the WAF to
;\-‘hich the animals were exposed in the laboratory, Fig. 5 shows results for iysosomal
iency {for hexosaminidase) related to aromatic hydrocarbon concentration in the
nody tissue of Myrilus, with latency expressed as a percentage of the control.

sample size

Measurements of physiological and cytochemical responses by animals in their
aatural habitats and in laboratory experiments indicate the differences between
populations that must be detected in any programme of ‘effects monitoring’. On the
sther hand, knowledge of the natural variance in these responses, due fo size and to
seasonal effects, identifies ine overall variability within which potential pollutant
effects must be discriminated. These two properties of inherent variance and the
magnitude of the pollution ‘signal’ are, in turn, the criteria that determine the
required size of sample,

Suppose that data are to be collected from two populations, or from a single
popuiation at two separate times, in order to test for a difference in the mean of a
rate measurement v (tfransformed by taking log o). Three cases are considered:

(a) Either y is not a function of animal size, or animals all of the same size are to be
selected. Comparison of the populations is by a simple 2-sample’ £-test.

(h) v is linearly related to a covariate x, for example log;, weight. The slope § of
this relation is to be estimated from the data, assuming it is the same for both
populations. A f-test (equivalently, an F-test) of the equality of infercepts
would then follow.

(¢) The regression lines y = + fix and y = a + fx for the two populations are not
assumed to have common slope. All four parameters will be estimated from the
data and equality of mean y values examined at a specified size x. This involves
a t-test of the null hypothesis (o + Boxg) — (ay + Brxp) =0 (see Appendix).

A further case is as in (b) except that § is not estimated from the data; a known
value {f,) from previous experiments is used. ‘Corrected’ measurements ¥’ =y — figx
can be defined (see the earlier discussion), and this case is then exactly equivalent
to (a).

If any of the above tests is carried out at a fixed significance level P=0.05 or 0.0%,
the number (n) of observations of y that should be taken from each population is
determined by the power of the test. This is defined as the probability of rejecting
the null hypothesis (of no difference between the population rates) when it is false,
that is, when the true difference between the mean y values {or intercepts) is Ae.
Power is a function of n, P, Aa, o and k, where o? is the usual ‘error’ variance
about the mean y values (or regression lines), assumed constant over ali observations

A
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n order to relate these findings to conditions in the patural environment, we have
sudied a population of mussels in which unseasonally high winter water tempera-
tures, combined with poor ration conditions, caused negative scope for growth 1n
(he winter and early spring (Bayne and Widdows, 1978; Bayne and Worrall, 1980).
As expected, fecundity was much reduced in this population; estimated mean
fecundity per spawning was 2 8 10° eggs per gram dry weight, compared with
14.2 % [0° eggs-g~ ' in a nearby population. We have also estimated mortality in
both populations (Worrall and Bayne, unpubl. data). From age (= weight) related
data for fecundity and mortality the residual reproductive value (RRV) can be cal-
culated as a fundamental component of fitness (Fisher, 1930), The results, normai-
ised to a value of 1.0 for the highest RRYV in either population, are plotied in Fig. 9.
Age-related RRV is much lower in the stressed poputation (the Cattewater). In
addition, the age of maximum RRYV increases in this population and this incurs
further disadvantage, since these older individuals comprise a smail proportion of
the breeding population (< 10%) compared with the age class of maximum RRV in
the Lynher (>30%). Sub-lethal environmental stresses that reduce the individuals’
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scope for growth clearly can have

population,
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APPENDIX

Let y;; denote the {log) rate from anim
where i=1,2 and ;= 1, 2,..,n, The three cases, and the null () a

hypothesis examined are:

(&) ¥, =a+ ‘error, Hy o=y, Hy: 0~y = Ao,
(b Yij= o+ x4+ ‘error’, Hy: =y, Hyog -
) yy=o+ Bixi;+ ‘error’, Hy oo+ fox,

{on + Bixg) = Aa.

Here the ‘error’ is assumed normal

Fi= Xy n V) = Y= 2)n, Clx, p) = Y, (ij"—ff)(.yfjAy.f)/”a

€tc., namely;

@ I'=(%-7)/2s52/n), where 52 = [r/(2n~
(b) T'=(@;—&)/(2k%>/n)* where Gr=p,~ fix; (i
and §%=[n/Q2n~ ML, W) - 2
€ T=[(a+ foxo) — (&, + fix)l/ (2h%s
(i=1,2) and * = [n/(2n -Hli

Defining ¢,(P/2) to be the upper 100 {P/2)% point of the ¢ distribution on v d.f,,
H is rejected by a 2-tailed test of significance level P if

Tt (P yor T< — 1{P/2)
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The power of such a test, against alternative Hy, can be shown to be the proba-

pility that
s =1, iP/2yor T, ;< — t{P/2y,

where T", 5 has a non-central ¢ distribution on v d.f., with non-centrality parameter
i=(n/2y(4a)/{ka). (See Scheffe (1959), Appendix IV, for a definition of the non-
central ¢ distribution.) Note that the power is a function of da, k and o? only
mrough the ‘scaled difference’ Ae/{ka); thus, for given P a single set of curves
Jetermines the power for all experimental conditions.

The non-central ¢ distribution does not have a closed form and routines for its
computation are not available o most computing systems. Thus if power caleu-
lations are required as part of a computer programme (or if curves are needed for
.alues of P and n not covered by Figs. 6 and 7) the following simple approximation

s suggested:
power =1 — ®(z(P/2) )+ P(~ ZP/2y—c),

where z(P/2} is the upper 100 (P/2)% point of the N0, 1) distribution (e.g. 1.96 if
p=0.05), D) is the NO, 1) distribution function, and

N
.\-..-5[1 —(z(P/2)) (2‘,* gvM '

1iie approximation relies only on widely available routines (or tables) for @(-); it is
adequate for v=8 and very accurate for vz 15,
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