
THE UNIVERSITY OF MANITOBA

The Effects of Exposure to Predation on

Mean Vertebral and Fin Ray Counts in

the Fathead Minnow (Pimephales promelas)

by

GERÀLD YAREMCHUK

A THESIS

SUBMITTED TO THE FACULTY OF GRÀDUATE STUDIES

rN PARTTAL FULF]LLIVIENT OF THE REOUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

DEPARTMENT OF ZOOLOGY

WTNNIPEG, MANITOBA

March, 1981



THE EFFTCTS OF EXPOSURT TO PRTDATION ON

MEAN VERTEBRAL AND FIN RAY COUNTS IN

THE FATHEAD i4r NNOr,J ( p I T4EPHALES p R0MELAS )

BY

GIRALD YAREMCHUK

A tjlt'sis ..;Lrbntittcrl til thc IrucLrlty clf (ìr¿lclLraLcr Strrrl ics clf'

thc L ¡rivcrsity, ot' \lanitoba rn ilartial fulfillnle llt of thcr le qLrirentents

of llic tlcgre c oi'

MASTER OF SCIENCE

o l98l

Pclnrissit-rn llas bccn ¡lrantecl to the LIBIìAIìY OF THE UNiVER-

Sll-\' Olr M;\Nll-OIl¡\ to le nd or sell copics of'this thcsis, to

thc NA'l lON,,\L Lllllì,\liY OIr CANADA to nrrcrofilm this

lhcsi:, lr ncl to 1,,'llr.l ol scll ec.¡r1¡5 ol'tlic lilnl, aucl UNIVERSITY

il4l(-lit)lrlLNlS ro priblish iìn rrbstract of riris thesis.

'l'llc 
ri ir Llìor l'c:scLr,r.:s otlre r pLrblication rights, aucl lleither tllc

tllcsr:r ¡ltrr cxtcnsivc L'xtnrcts 1'rclnl it nrav be prirrteci or other-

*'isr: l-r.'l,r.orlLrcc(l \\,ìlllor¡t tlrt'autllor's writtell 1;enrtissiou.



ABSTRÄCT

Fathead minnows (Pimephales promelas) of varying length

\.{ere exposed to predation by yellow perch (Perca fl-avescens)

at several- water temperattLres. Body rengths and counts for

seven meristic characters (dorsal and pectoral fin rays,

total- vertebrae, and four subdivisions of the vertebral

col-umn were compared between survivors of a predator exposed

group and an unexposed control group. Meristic count

distributions \,vere also compared after correcting for the

effect of length on count.

Predation affecteC the distribution of counts for all

characters studied with the possihrle exception of totat vertebrae

The effects on count distribution are not totalry explained

by an observed singificant effect of predation on length

distribution of the data, although cor:nts for the characters

are l-enqth correlated. The effect on the count distributions

for total-, caudal, thoracic, caudm, andthormvertebrae

(subdivisions of the vertebral cofumn defined by the author)

and for pectoral fin rays appears to depend on prey body length.

The effect on count distribution for total, caudm, and thorm

vertebrae appears to d,epend on temperature. A dorsal fin ray

count of 10 appears most favourable for survival at all body

lengths and temperatures studied.

Possibl-e mechanisms by which merist.ic count may effect

survival under predation and possible optimum counts are

discussed. The observed effects of predation on count



distribution provide a possibl-e explanation for the degree

of meristic variation present in fish populations and the

existence of pleomerism and the latitudinal cl-ine in vertebral
number usually referred to as Jordan's Rule.
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TNTRODUCTION

Meristic variation is variation in the number of units
of serially arranged structural elements, such as vertebrae.

Meristic variation is very pronor:nced in fish (AIi andLindsây,I974)

The question arises: why does variation persist if selection

is normalizíng (removes random devj-ations arising from

mutation or unusual aIIeIe combinations), and why is it
greater among fish?

In addition to genetic effects the number of parts

in a meristic series is affected. by environmental influences
(such as salinity or temperature) on the developing embryo

(Ali and Lindsêy, I974). One possibility is that meristic
variation is merely tolerated. The most efficient method

of producing young which develop in an uncontrolled aquatic

environment may involve a certain latitude in meristic part

numbers. Selection against fish with non-modal counts may

be nonexistent.

A second possibility is that meristic variation is
maintained by balanced selection. This could occur if the

optimal number of parts for survival and reproduction \¡/ere

different under different conditions and if the environmental

conditions were variable.
Lindsey (1975) discovered a widespread tendency for the

number of meristic parts of closely-related species to be

correlated with their maximum body size. He named the

phenomenon pleomerism. A correlation also occurs between



meristic part number and latitude ("Jordan's Rule"), (Jordan,

IBg2), which might be related to water temperature. These

correlations suggest that the optimal parts number may be dependant

on body size or water temperature.

Meristic variation would be maintained in a population

if the optimum number of parts v/ere correlated with length

or water temperature, and the temperature or age (length)

at which selection was most stringent were to fluctuate.
The same results would occur if selection pressure were

constant, and the time of exposure to selection at a given

length or temperature were to fluctuate.

The meristic characters in question are divisions of

the vertebral column and fin rays. Since they are involved

in locomotion any direct effect their variation has on survival

may be related to locomotion. Study of the effect of

variation in skeletal part numbers on survival may therefore

lead to greater understanding of the relationship between

body form and swimming efficiency

This study investigates the possibility that predation

can affect the distribution in a population of counts for

several- meristic characters and that the effect is dependant on

body length and water temperature. Fathead minnows (Pimephales

promelas) of various sizes were exposed to predation by yellow

perch (Perca flavescens) at several temperatures. The

distribution of meristic counts for several characters were



then compared between samples taken before and after exposure

to the precìator. Comparisions between these two treatment

groups were made without correction for length and with length

removed as a covariate or with data which had otherwise been

corrected for the effect of length on count. The resulting

differences between treatment groups are discussed with

regard to the mechanisms by which they were generated,

identification of possible optimum counts for survival and

possible associations between such optima and length or

temperature. The possibilities of such differential survival

providing a reason for the trends known as pleomerism and

Jordan's Rul-e (through correlation of water temperature with

latitude) and for the maintenance of meristic variation in

fish population are discussed.



a)

MATERTALS AND METHODS

Collection of Specimens

Fathead minnows (Pimêphal-es promelas) were the prey in
all experiments. They are hardy, tolerate temperature

variation, and display variation in several meristic series.
All minnows were collected from a l-km stretch of a tributary
of the Riviere La Salle, 12 km south of the town of E1ie,

Manitoba. Adult fish were seined in April , 1977. Dip net

collections of young of the year were made periodicalty from

June to october, L976 and L977. Idater temperatures varied
from 6oC for the spring collections, to between 17 and 23oC

for the summer collections. Since the minnows breed repeatedly

throughout the spring, the síze range in any one corlection
also represents some variation in age and probably incubation
temperature.

Yellow Perch (Perca flavescens) were the predators in
all experiments. They are hardy and available in a range

of sizes throughout the summer. ïn 1976 all perch were

seined from Lake Manitoba at the university of Manit.oba Field
SÈation, Delta Marsh. Collecting was repeated. Lhroughout

the summer to provide larger perch and to replace holding

losses. The perch used in Lg76 ranged from 3 to 17 cm in
length. A collection of 10 to 20 cm long perch was seined in
May of L977 from the Rennie River in the Whiteshell Provincial
Park, Manitoba. These perch were used as predators on the
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adult minnows coll-ected that spring (experiment 6z2OoC).

Perch for the remaining L977 experiment, ranging from 2 Lo

B cm in length, were collected from Lake Manitoba as in L976.

Perch and minnows were held in 228 litre glass or 205

litre fibreglass aguaria supplied with air and running

dechlorinated water. Vüater temperature \^ras established by

mixing the inflows from 6oC and 25oC water supplies. Recently

col-lected fish v/ere held at approximately stream. temperature

and were then adjusted over two days to the experimental

temperature. Fish \'/ere held at the experimental temperature

for one day before use. Long-term holding \,ras at 10oC.

All fish v/ere on a 11 L: 13 D light cycle during holdi_ng

and experimenting. Al-1 fish were fed daily; the minnows

were fed "tetramin", dried fish food, and the perch were fed

frozen ocean perch fillets supplemented with live minnows.

Perch were starved for 24 hours before beginning each

experiment, but were not starved between trials within
an experiment.

The stream from which the minnows were collected did not

contain perch, but did contain mudminnows (Umbra limi) and

young cat fish (Ictalurus sp). Catfish are known fish predators.

Various minnow species, includino Pimephales occurred in the

creeks where perch \^zere collected and minnows are known to
be a common prey item for yellow perch. The same perch were

used in several trials within each experiment, and in some



cases, in several experiments. some experiments utilized
both experienced and experimentarly naive perch, recruited
to replace losses.

b) Experimental Design

Predation experiments \,{ere conducted in open borrow oits,
und.er semi-natural conditions, and in the laboratory.
Experiments were numbered chronologically. The water

temperature at which the experiment was conducted appears

after the experimental number.

1- Borrow pit experiment: A major goal of the study was

to ascertain the effects of predation in the wild on a

populationrs meristic count distributions. such effects
may be dependent upon the nature of the physical environment

(e.9., availability of cover) . An attempt was therefore made

to carry out experiments in borrow pits containinq natural
vegetation. six 5-m x 8-m x 0.6-m deep borrow pits at the

university of Manitoba Field station, Delta Marsh, \,vere each

stocked with approximatery 1,000 minnows ranging in rength from

r.22 to 2.76 cm. Twelve perch were introduced into each of
three of these, the other three forming the controls. After
three days the fish were recovered by seine. This formed

experiment 1:2Boc, the temperature being an approximate mean



of the diel range of 24 to 33oC.

to like treatment were pooled.

Data from pits exposed

2. Laboratory experiments: Predation experiments were

also performed in a laboratory where more rigid control
could be maintained over environmental factors, particularly
temperature. Experiments were conducted in four 15O-cm x

32-cm x 30-cm deep tanks in the Duff Roblin Building,

University of }ilanitoba. The tanks were provided with

aeration and a constant flow of dechlorinated, temperature-

controlled water. Each tank contained a 25-cm x 60-cm

panel of shredded green plastic which hung like a curtain and

served as cover for the fish. The tanks were exposed to an

1IL:13D light cycIe. Placement of the experimental trials
within the cycle was uncontrolled. The tanks were in an

undisturbed location and were covered with translucent fibreglass
tops.

Experiments were performed at several temperature. The

size ranqes of predators and prey and the time period of
collection of the prey were changed between experiments

Experiments were replicated between and within tanks. The

exposure of a number of minnows to predation at one time in
one tank forms a trial. Each trial yields a control (cont.)

group, consisting of fish removed. from a subsarple of the

minnows in a holding tank immediately prior to the exposure

of the rest of the subsample to predation, and an experimental

(exp. ) group, consisting of the survivors after exposure to



predation. The control and experimental groups will be

referred to as the treatment groups for a trial or
experiment. A series of triats run under the same

experimental conditions, with subsamples of a single
collection of minnows, constitutes an experiment. Table 1

lists the experiments and. the conditions under which they
\^7ere performed.

Laboratory experiments were conducted over as

a temperature range as possible in order to detect

large

any

temperature effects.
Two problems with extreme temperatures were low levels

of predatíon at low temperatures and low survival of both
prey and predators at hiqh ternperatures. Tn 1976 the 1imited
availability of perch required the use of higher temperatures

in order to obtain a sufficient level of predation in the
low temperature experiment. In Ig77 more perch \^/ere obtained,
providing crreater predation pressure and allowing the lowering
of the low temperature experiments to 6oc. The high temperature
experiments were lowered to 2Ooc to decrease losses from

causes other than predation.

For each triar minnows \,vere dip-netted from holding tanks

into a30 cm diameter paiI. Approximately one quarter of this
sample was removed with a 15 cm x r0 cm d.ip net passed through
tightly packed mass of fish and preserved in formalin, these
formed the control group. The remaining fish were placed in
the tanks with the perch. since the fish which weïe removed
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from the pail always formed the control group it is possible
that any differences observed between the treatment groups

are due to differences between individuals in probability
of removal- by the dip net. rt was impossible to randomize

the assignment of removed ancl remaining fish between the two

treatments without dividing the fish to be used in each trial
into four equal subsamples and randomly selecting the control
from among Lhese. rt was felt that thi s wourd require
too much handling of the fish. ft seems highly unlikely
that differences between individuals wourd effect their
probability of being removed from a tightly packed mass by

a quickly moving dip net.

rn Lg77 all perch were aoproximatery 1.5 x the length of
the largest prey present. This was an attempt to ma-xirnize

the probablity of prey escape through using the smarlest
predators able to consume the largest prey. The size ratio
vùas chosen after observation of the fish in the Lg76 experiments.
Between 20 and 100 minnows and B and 20 perch were used

per tank per triar. The minnows formed a l-oose school

in open water while the perch hid in the plastic. perch

sortied. from the cover and pursued particurar minnows.

Length of pursuit varied from a few cm to the length of
the tank. Most successful pursuits were of a few cm-. The

triar was terminated when 2/3 of the prey had been consumed..

The survivors, after preservincin formalin, constitute the

experimental group.



t_t

c) Counts and lieasurements

Minnows vJere preserved in formalin, cleared in 10?

KoH, stained with .05u arizarin, and transferred to full
strength glycerin. counts r/vere made through a binocular
microscope with cross hair. Fork length was measured with
a rule bearing ¡nm graduations. Meristic counting

conventions r^¡ere not strictry followed, variations in
criteria being introduced in an attempt to define functionally
significant characters. The terms "caudm" and "thorm"
vertebrae were coined by the experimenter to designate two

such characters. All counts were taken from the reft side.
The characters defined were:

1) Total vertebrae: The total number of freely articulating
centra, including the urostyle, and counting each I¡ieberian

vertebra as a freely articulating centrum;

2) Caudal Vertebrae: AIl vertebrae lacking a rib or having

an attached or floating rib less than 1.5 x the length of
the associated centrum;

3) Thoracíc vertebrae: All vertebrae having a rib greater
than or equal to 1.5 x the lengLh of the centrum. Total,
caudal, and thoracic vertebrae \^/ere counted separately.
rf the total of caudal and thoracic vertebrae did not equal

the count obtained for total vertebrae the counts \á/ere

retaken until ag'reement was obtained;

4) Caudm Vertebrae: All vertebrae, posterior to and including
the most anterior vertebra bearing a transverse process in the
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position of the diapophysis (see Figure 1). This variable
was recorded in the L977 experiments only;

5) Thorm Vertebrae: All vertebrae anterior to the first
vertebra bearing a transverse process. Total, caudm, and

thorm vertebrae \^/ere counted independently. Thorm vertebrae

were counted only in 1-977 experiments;

6) Dorsal Fin Rays: All dorsal fin rays whose length was

greater than .2x the length of the immediately antecedent

Tãy, thus excluding the anterior rud,imentary rays. The two

most posterior rays in Pimephales share a common base but were

treated as separate rays;

7) Pectoral Fin Rays: All visible left side pectoral fin
rays.

The experimental identity of all Ig77 samples was

concealed during countíng.

Analytical Methocls.

I) Detection of differential survival related to
meristic count

The effect of meristic count on the survival of individuals
in a population which is subject to predation could be directly
measurecl by comparison of percentaoe survivals for fish having

different numbers of parts. Percentage survivals could not be

obtained due to the impossibility of obtaining counts from

fish which had been consumed. The study therefore infers

d)
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Figure 1. Divisions between caudm and thorm and caudal

and thoracic vertebrae.

Figure la. Fish longer than 2.0 cm.

Figure lb. Fish shorter than 2.0 cm. rrArt indicates

most anterior caudal vertebra, "8" indicates

most anterior caudm vertebra.
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differential survival of fish having different parts numbers

from differences between the control and experimental groups

ín count mean and variance. Differential survival of fish

having different numbers of parts will cause a change in the

population mean for the meristic series as selection

proceeds under almost all conditions. It is possible that

no change will occur if the initial population mean equals

the count which confers the highest percentage survival.

The variance of the count distribution for a character will

also be affected by selectÍon. It may display an initial

increase if the initial mod-al count is not the rnost favoured

but it will eventually decrease as selection proceeds,

presuming the percentagie survival: parts number relationship

in unimodal.

i) t and F-tests

The count distributions for each meristic character,

before and after removal of individuals by predators, were

initially compared by use of t and I'-tests for differences

in mean and variance respectively. A significant difference

between control'and experimental groups in mean or variance

indicates that predation has affected the count distribution

of that meristic character" It does not, however, prove

that selection is operating on that character rather than

on some factor with which the character is correlated.

ii) Analysis of Co-variance

Preliminary analysis indicated that mosL characters

were length correlated and that significant differences
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in length distribution existed between the treatment

groups (see appendix B and Table 10). It was therefore

necessary to adjust for any effect of length on mean cor:nt

by use of analysis of covariance in ord.er to ascertain if

the observed changes in count d.istributions were soleIy due

to changes in length distributions. Effects apparent in the

covariate adjusted treatment means indicate an effect of

parts number over and. above effects due to length.

Analysis of covariance requires that the relationship

between the variable being analysed and the covariate be linear.

Due to the amount of data and the discreet nature of the

meristic characters, scatter plots of the counts against

length were inad,equate for testinq linearity. The data

\^tere therefore condensed for plotting by division into

length classes. The width of the classes was varied between

.05 to 2.0 mm in order roughly to equalize the num.ber of

observations in each class. The number of observations sti11

varied widely among classes, complicating interpretation of the

graphs. The mean counts within these length classes \^/ere then

plotted against length for each meristic character for each

treatment group in each experiment.

The graphs indicated that, for several characters, the

relationship between the character and length was not linear

over the entire range of lengths represented. Nonlinearity

appeared either as sharp changes (inflections) in the

relationship or as a curvilinear relationship.
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Inflections \^¡ere accounted for by stratifying the data

into length ranges over which the character:length relationship
appeared to be linear and analyzing the resulting data

subsets separately. For several characters the best stratification
level appeared to be different for different treatment

groFps or experiments. I{hen this occurred the best stratification
1eve1 from each experiment and treatment group \,vas applied

to the data from all groups in all experiments. This v¡as

done both to obtain the stratification point giving the best

linear fit within strata and to provide equal strata for all
experiments to facilitate comparisions between experiments.

Each set of data was therefore reanalyzed several times. The

results for all strata are reported. This retesting must be

taken into account when considering the P values of the

statistical tests. Test results based on unstratified data

are also reported. Table 3 through 9 therefore contain

entries for which there are indications that the assumption

of linearity of effect of length on count has been violated.
The violation may or may not invalidate the test. The

analyses which best satisfy this assumption are indicated

by an asterisk beside their entry number. Significant test
probabilities resulting from these analyses are double

underlined.

Logarithmic transformations \¡rere performed on d,ata

which exhibited a curved relationship between mean count

and length. The data for thorm vertebrae, fish shorter

than 2.0 crTrr were analyzed using toge of length. Analysis
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af. the pectoral fin ray data was done using 
"og'0 

of both

length and pectoral- fin ray count. choice of transformation

r,ras based on the shape of the graph of count means against

length. The base of the rogarithm used has no signíficance
and choice of base was arbitrary.

Simple analysis of covariance elso assumes equality of
treatment group slopes. Both equality of treatment sroup

slooe and equality of length adjusted means vvere tested.
A significant difference in slope invalidat.es the test for
adjusted group mean. However, it in itself indicates an

effect of the treatment on the meristic count distribution.

2) Detection of dependancy of count specific survival rate
on body length and temperature.

The effects of predation on the count distribution for
fish of specific lengths or of smarl ranges of lengths were

compared for indications of changes in survival rate for fish
havíng specific meristic counts,with body length and water

temperature. contror and experimentar means and variances

for narrow length classes \.^/ere compared both graphicalry and

by use of t tesLs and F tesLs on the means and variances of
selected length classes. Graphic comparison \,vas facil-itated
by linking the control and experimental means with an arrow

indicating t.he direction of movement of the mean. t tests
\,vere applied to differences betrveen control and experimental
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means of length classes which appeared to display divergent

movement of the mean at different temperatures or when the

movement of the means at different lengths indicated changes

i-n optimum count with length. Two problems with this approach

were the drastic reduction in sample size caused by índividual
consideration of sma11 length classes and the lack of a

conÌmon control group mean or count distribution between length

classes. The latter made comparison of the movements of means

for dj-fferent temperatures and length classes Cifficult.
Changes in the count distribution for all lengths within length

strata were therefore considered jointly by comparing the

meristic character: length regressions performed on the control
and experimental groups.

Under certain conditions which are discussed later
differences between the regressions obtained from the control
and experimental data can be taken as indication of
the length dependance of the survival rate's for fish having

different counts. If these conditions aremet an increased

slope in the experimental group together with increased

regression goodness of fit indicates length dependance of the

survival rates. The slopes of the regression lines are

therefore reported..

Two measures of reg,::ession goodness of fit were used,:

t) comparison of control and experimental group zero-slope

probabilitiesf (1-the probability of obtaining a slope equal

to or greater than that observed under the nuII hypothesis

P: 0), 2) an F test of the Ho that control and experimental
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group reglression residual varrance are egual"

One condition which must be met before the changes

in the regression parameters which have been outrined can

be taken as indications of the decrree of length dependancy

of count specific survival rates is that the count conferring
the highest survival at each length must be within the

observed range of varues for fish of that length. To test
this condition the standard deviation about the control mean

for each length class has been added to the mean count

against length graphs

3) Correlation of meristic characters

. A correlation matrix for the meristic characters was

generated to investigate the possibility that changes 1n the

count distribution for one character might be due to correlation
with other measured characters.

4) Computation

The t and F-tests \dere computed by use of the biomedical

statistical prograiûne BI{DP3D (Brown, r977). BMDpTR was used

to generate meristic character-length regressions. Analysis
of covariance \,vas done using BMDPlV. The Statistical
Prograrns for the social sciences (spss) package (nie, et al.,
L975) was used to determine count means and variances within
small size classes
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Tables and graphs

grouped together, in the

text, at the end of thls

RESULTS

referred to in this secLion are

order they are referenced in the

section.

a) Resul-ts of t and F-tests

Significant differences between control and, predation-

exposed treatment groups in mean count and in variance were

observed repeatedly for all meristic characters except total
vertebrae (Table 2). The only significant difference noted

for totar vertebrae \^/as a significant increase in variance

in experiment 7-.6oC

Caudal and thoracic vertebrae display a bewildering array
of significant increases and decreases in both mean count and

variance. A significant increase in mean count was recorded

for caudm vertebrae in two experiments and both significant
increases and decreases in variance lrere recorded. Thorm

vertebrae displayed a significant increase in mean count in
two experiments and when the data from all zooc experiments

was pooled. Again the variance displayed both significant
increases and decreases. Two significant increases in mean

count \¿rere recorded for dorsal fin rays and three significant
increases were recorded for pectoral fin rays.
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b) Analysis of Covariance

i) Tota1 Vertebrae

The vertebrae means against length graph for

the combined 2ooc data suggested that stratification at

2.I cm would yield strata over which the effect of length

on count was linear (Figure 2a). The graph for the combined

Lg77 warm water data (1:2BoC and ZzZ6oC) suggested

stratification at 1.75 cm (Figure 2c). The I.j5 cm

stratification point is itlustrated in figures 2a, b, c.

The zero slope probability was extremely 1ow in some

cases, particularly in the experimental groups after

stratification, indicating a significant linear relationship

between total vertebrae and length (fable 3). Only two

significant changes in regression line slope and one

significant decrease in adjusted, mean \^relîe observed (Table 3,

entries 4, fB, 20). These differences must be viewed with

suspicion given the multiple tests run on the data.

The differences between treatment giroups, fish shorter

than 1.75 cfrr (in slope in the pooled 20oC data and in

adjusted mean in 3:lOoC) are, however, highly significant

and obtained from analysis of data over whi-ch the effect of length
on vertebral count appears linear.

Figure 2b is a plot of vertebrae mean against length

for 6 :7oC.
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ii) Caudal Vertebrae

The plots of mean caudal vertebrae count against

length (Figures 3a and b) suggested the division of the

caudal vertebrae data into length strata at about 2.25 cm.

The graphs also suggested that the count:length rel-ationship

for short fish followed a curve of a- type which could be

corrected by taking the logarithm of length. Results of
tests run on these transforrneC data are- reported in
Table 4, entries 13-16. The caudal vertebrae resressions

had 1ow zeTo slope probabilities. There \,vere significant
differences between the control and experimental treatment

groups in regression line slope in two experiments and when

the zOoC data were pooled (d.ata not stratified, Table 4,

entries 3, 6, B). In 2z26oc (Table 4, entry 2) the group

slopes were not significantly different, but the experimental

group had a significantly higher adjusted mean count.

Significant differences in slope also lrere recorded when the

data \^/ere stratified, occurring in the lower stratum pooled

2OoC data (transformed and untransformed, Tabl-e 4, entries g

and 15) and in the lower strata of 4z20oc and 7z6oc

(transformed data, Table 4, entries 13 and 16).

iii) Thoracic Vertebrae

Graphs of thoracic vertebrae counts against length
(Figures 4a and b) suggested stratification of the data

at a length of 1.85 cm. Significant differences between
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control and experimental treatment groups in regression

line slope \^/ere recorded in analysis of the unstratified
data from experiments Lz2BoC, 4z2ooc, 7z6oC, and. the

pooled 2}oc data (Tab1e 5, entries 1, 3, 6, and B).

siqnificantly lower experimental- group means were recorded

in the unstratified data for 2z26oc and the l-ower stratum
(fish shorter than 1.85 cm) of 7:6oC (Tab1e 5, entries
2 and 10). Regression zero slope probability was very low

for most experiments.

iv) Caudm Vertebrae

The graph of caudm vertebraeagainst length for

7z60c (Figure 5b) suggested stratification at a length

of 1.5 cm. The only significant change observed for this

character was a significantly lower adjusted mean count

in the experimental group of 7:6oC, which was detected

in analysis of the data without stratification and for fish

longer than 1.5 cm after stratification. The mean in the

lower stratum also dronped. The unstratified data gave the

best regression line fit, suggesting that stratification

\.,Jas unnecessary (Table 6, entries 5, 7, ancl 9). Non-tinearity

\,vas not apparent in the graph for the pooled 2OoC data.

v) Thorm Vertebrae

Graphs of thorm vertebrae counts against length

suggested a curved relationship between the two variables
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up to a length of about 2.0 cm. The data were stratified
and analysis of covariance performed on both strata. Data

in the lower stratum were reanalyzed using the logarithm of

length. The results for the transformed data are not

reported, since the transformaLion did not noticeably

alter the results or irnprove the regression goodness of

fit. A significant cl.ifference in slope between groups

occurred in the unstratified 4z20oc data (Table 7, entry 1) .

Significant increases in adjusted mean count vrere recorded

in the unstratified pooled zOoC data and in the lower

stratum of these data when stratification was applied

(Tab1e '7, entries 4 and 6).

vi) Dorsa1 Fin Rays

No significant differences between treatment groups

in eitherslope or adjusted mean count \dere observed for
dorsal fin rays (Table B). The slope wasi however,

consistently lower in t.he experimental group. Figures

7a and b are plots of dorsal rays against length for the

pooled 20oc data and 7z6oC, respectively.

vii) Pectoral Fin Rays

The plots of mean pectoral fin ray count against

length for the pooled 20oc data and 7:6oC (Figure B)

suggested that the relationship followed a curve which



25

could be corrected by taking the logarithm of both

variables. Statistics for the transformed data are

reported in Table 9, entries 9 to l_3. Significant
differences in regression tine slope between treatment

groups were found in 1:2BoC and 5:2OoC (untransformed

data for '7:-6oC (Table g, entry B). The significant
difference in slope in 1:2BoC and in adjusted mean in
7 z6oc persists after transformation of the data (Tabre g,

entries 9 and 13). Transformation appears to have little
effect on regression groodness of fit or the results of the

analysis.

c) Correlation of Measured Variables

correlat.ion matrices for all experimentar variables,
pooled 2OoC data, control and experimental- groups, are

contained in Tab1es 10a and b. caudal and thoracic verebrae

and pectoral fin rays are alr strongly correlated with length
caudal vertebrae being negatively correrated and the other
two va.riabres being positively correlated. caudal, caudm,

and thor¡n vertebrae are arl strongly positivery correrated
with total vertebrae. The correlations with total vertebrae

are slightly stronger in the experimental groups, in al1

experiments. caudal and. thoracic vertebrae display a strong
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negative correlation. Caudm and thorm vertebrae also

display a negative correlation which is stronger in the

experimental group than in the control"
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Figure 2a, b, c. Averagie total_ vertebrae withi-n
small length ranges against length.
2az 4r 5r 6:20oC
2b: 7 =6oC
2c = 1 :2 8oC and 2 z26oc

@ control group mean.

¿\ experiment.al group mean.

f arror^/ linking control and
experimental group means

for the same length rangfe,
indicating direction of change.

- * or - one standard deviation above
and below of control group mean.

y4, 5, 6z2OoC experimental- group
regression lines.

** 7: 6cC (unstratified data) .

experimental group regression
line.

3 stratification point, 4, 5, 6:2OoC
" analysis.
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Figure 3a, b. Average caudal vertebrae within small

length ranges against length.

3a: 4, 5, 6:2OoC

3b: 7 z6oc

Symbols as for Figure 2.
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Figure 4a, b. Average thoracic vertebrae within small

length ranges against length.

Aaz 4, 5,6:20oC

4b: 7:6oC

Symbols as for Figure 2.
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Figure 5a, b- Average caudm vertebrae within smarr

length ranges against fenq.th.

5a: 4, 5, 6:2OoC

5b: 7-. 6oc

Symbols as for Figure 2.
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Figure 6a, b. Average thorm vertebrae within small

length ranges against length.

6a: 4, 5, 6z20oc

6b: 7z6oc

Symbols as for Figure 2.



2t.B

2t.4

?t.o

t¡r 20.6

É.
00ur 2O.2
t-
É.

ï rs.B

E ß4
o
-r- I 9.O

I 8.6

I 8.2

t7.8 -l

A

6o

a 
^'^@

^a
^^ô

@

@
@

@

_&

@q
-al

¿

1
ô

a

^^AO

34
SIZE (cm)



2t.6

21.2

2 0.8

20.4

20.0

I 9.6

19.2

t8.8

t8.4

l8.o

17.6

@
6b

I
I

4

^

^

1

IJ

É
co
I-tJ

t-
E
UJ

É.
o
-t-

@

34
SIZE (cm)



T
ab

1e
 7

.

T
re

at
E

nt
.r

y 
-m

en
t, 

E
xp

er
im

en
t

S
ta

tis
tic

s 
fo

r 
th

or
m

 v
er

Le
br

ae
. 

A
bb

re
vi

at
io

ns
 a

nd
 s

ym
bo

ls
 a

s 
fo

r 
T

ab
le

 3
.

3 4

*5 *6 *7 *g *9 *1
0

*1
1

c u c E c E c F
'

4:
20

5:
20

oc

6 
:2

O
oc

4 
,5

 ,
6:

2O
oC

7 
:6

oc

4 
,5

 ,6
 z

20
o1

5:
2O

oc

7:
 6

oc

4 
,5

 ,
6:

 2
 O

oC

5:
20

oc

7:
6o

c

S
iz

e
R

an
ge

.8
2-

L.
7t

 
94

2
. 
99

-I
. 

82
 1

10
9

t.1
2-

3.
27

 L
08

9
1.

02
-3

.3
6 

98
0

50
2

57
9

26
04

22
93

. 
83

-2
.5

8 
14

73
.9

2-
2.

72
 L

44
4

LT
2.

0 
t 

14
65

13
 3

2

LT
2.

0 
52

0
22

3

LT
2.

O
 

IL
22

. 
97

L
cr

2.
0 

84
3

L2
92

G
T

2.
0 

36
4

72
4

cr
2.

0 
64

14
5

c E c E c E c E c E E c E

In
te

r-
ce

pt
L3

.7
69

18
.4

63
L7

 .
7 

4B
]-

7.
34

7
18

.1
23

17
.8

72
18

.0
32

18
.1

06

L7
.6

57
L'

| 
.4

96
18

.2
58

r8
.5

70
17

.8
48

L7
 .

7 
83

]-
7.

67
3

L7
.6

04
18

.0
20

17
 .9

64
17

. 
8s

8
L9

.2
57

16
.6

85
16

.2
49

C
oe

ff-
ic

ie
nt

.2
53

-.
20

4
.1

38
.3

35
.0

01
.0

71
.0

19
.0

13

.3
22

.4
54

-.
14

6
-.

28
7

.0
63

.1
13

.3
10

.3
7 

0

.0
26

.0
53

.0
94

.3
70

.7
 6

B
1.

01
5

P
 E

qu
al

S
lo

pe
s

.0
29

 
18

.0
92

18
. 

I8
5

A
dj

.
M

ea
n

.4
84

.2
02

.2
2

.9
 4

7

P
 E

qu
al

M
ea

ns

.0
02

18
.0

64
18

.1
36

18
. 

16
 3

18
.1

90
18

.0
44

18
.1

53

L7
 .9

0
J.

7.
99

4

.1
3

re
s.

m
ea

n
sq

ua
re

.1
09

.1
06

.0
03

.9
64

.0
19

.L
49

.2
45

.0
01

.4
53

._
q_

q_
q

.7
06

.3
56

.2
34

.6
93

.5
r5

.3
55

.5
83

.5
26

. 
41

8
.4

08
.6

64
.4

36

F r
P te

st
m

s

18
.0

99
18

.1
28

L8
.0

77
18

.1
01

L8
.3

42
L8

 .
49

7

. 
00

0 
.4

 8
3

.0
00

 
.5

06
.0

87
 

.7
 6

7
.0

00
 

.3
42

.0
5

.3
56

.6
29

.L
23

.8
4s

 t
.2

22
.7

66
 

..2
9L

.0
01

 
.4

86
.0

09
 

. 
85

5

.2
50

 
.4

76
.0

05
 

.5
25

.6
03

 
.5

52
.0

07
 

.6
lI

.L
79

 
.4

45
. 
01

0 
.4

42

:-
q-

1

..4
-L

'-q
¿

'-A
-1 37



3B

Figure -la, b. Average dorsal fin ray counts within
small- length rang'es against lengLh.

7a: 4, 5,6:20oC

7bz 7 z60c

PR = regression zero slope probability.

ry control group regression line.

--; experimental group regression
1ine.

All other symbols as for Figure Z.
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Figure B. Average pectoral fin ray count within small

length ranges against length 4,5,6-.2OoC.

Symbols as for Figure 2.
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DISCUSSTON

a) Test Statistics

The large number of highly significant changes in
mean count and. variance which was observed for all
measured meristic characters except toLal vertebrae (Table 2)

strongly suggrests that predation can alter the distribution
of meristic counts in a pooulation. This may occur because

meristic variation has a direct effect on survival,
possibly by affecting the ability of a fish to swim and

hence avoid a predat.or, or alternatively, because parts number is
correlated with some non-meristic factor which is important

in determining survival. Since the length distribution of
the fish differed significantly between control and

experimental treatm.ent groups (Appendix B) Iength was a

possible correlated non-meristic factor
The analysis of covariance results contained in Tables 3

through 9 include enough significant differences betiveen

control and experimental treatment groups to justify the

conclusion that predation has caused changes in the frequency

dístribution of the meristic characters, with the possible

exception of total vertebrae, that are not merely attributable
to predation effects on the size distribution. fnformation

on the dependance of count specific survival rates on length

and temperature can be obtained by examination of changes

in the count distribution for fish of equal size for
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experiments done at clifferent temperatures.

b) Changes in Length Conditioned Count Distribtuion

Tf one count und.er a given set of experimental

conditions, confers a higher probability of survival than

all other counts the population mean will move towards

this optimum count as selection proceeds and less favoured

individuals are removed. If two or more counts equally

confer the highest probability of survival the population

mean will proceed to a value between these most favoured

counts, the exact value being dependent upon the

proportions of the counts in the original population. This,

quite possibly fractional count will be referred to as the

optimum count for that population under the experimental

condtions.

In this study the "optimum count" therefore means

the mean count which will be observed when aII the remaining

fish in the population (or all the remaining fish of a given

length if count specific survival rate depends on length)

within a population have an equal probability of survival.
This optimum count may be dependent upon the original

distribution of counts within the population as well as

characteristics of the individual fish and the experimental-

conditions. It is also unlikely that it will be directly

observed, and it is certainly difficult to determine how well

an observed experimental mean approximates this optimum.
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Except where there are cfear indications that an experimental-

mean is a good approximation of an optimum coun! Ciscussion

will- be concerned \.,/ith indications of movement of the means

towards an optimum countr âs indicated by changes in

regression parameters, rather than attempting to identify

optimum counts.

If the optimum count for a character changes with

length a correlation woul-d develop between mean count and

length as less fit individuals were removed. rf the optimum

counts for a range of sizes lie on a straight line (the

"optirnum line") the movement of the means of the count

distributions for each length toward-s the optimum count for

each length as selection proceeds will be reflected in the

parameters of regressions done on the data as selection

proceeds. The expected result, if the optimum line has

a non-zero sIope, would be a decrease in zero slope

probability and regression residual variance, possibly

accompanied by an increase ín regression slope. Comparison

of control and experimental group regression lines therefore

provides a possible method for simultaneously using aI1 of

the data for a stratum over which the effect of length on

count appears to be linear to detect length dependence of

the optimum count.

Length dependence of the optimum count will cause the

development of a lenqth:count correlation as sel.ection

proceeds only when the optimum count for each length present

in the experiment is within the range of counts oJ:served at
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that length. The standard deviation about the control
mean for each length cl-ass has been added to the mean count

against length graphs. This is intended to provide a rough

indÍcation of the control group count distribution. Increases

in count:Iength correlatíon are considered to be indications
of length dependence of the optimum count if the experj-mental

group regression line (estimator of the optimum line) falls
within these standard error bars. The test is flawed by

circularity since it assumes that the experimental regfression

line is an estimator of the optimum line in ord.er to establish
the conditions under which it can be predicted to be an

estimator of the optimum line.
If a mean count:length regrression differing from the

optimum count:length correlation exists in the control sample

then removal of less fit individuals would cause an initial
drop in correlation and regression goodness of fit. The

best indication of this sit.uation will be a difference in
slope between control and experimental gror.lp regression lines.
If the slope ín the experimental group is the steeper of the

two, this is an indication that the optimum count line has a

non-zero slope (the optimum is length dependent).

Increases in reqression line slope and increases in
regression goodness of fit can be predicted to occur as

individuals are removed in the absence of length cependence

of the optimum count. Such increases could be caused by

changes in the length distribution of the data if the

relationship between mean count and lengLh at any stage of
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selection is best represented by a curve. The increases will
be caused by weightinq of the regression on different segments

of the curve rather than by concentration of the data at arl
lengths on the experimental reg'ression line. Since the

existence of non-linearity cannot be concrusively d-isproved,

and since the length distribution of the data does change,

increases in slope and regression goodness of fit, even if
significant, do not prove length dependence of the optimum

count. Ho\^iever, if the mean count for most length classes

over the entire rangre of lengths being considered moves towards

the experim.ental regression line this is a direct indication
that the development of a mean count:length relationship is
attributable to length dependence of the optimum count rather
than to changes in length distributj-on of the data. Changes

in regression parameters therefore provide useful information

as to t.he nature of the optimum count:length relationship if
they are considered in conjunction with direct information

about changes in count distribution for specific lengths or

small length classes. we will now consider changes in mean for
individual length classes and the combined changes in mean

and variance for fish of all lengths as estimated by the

differences in s1ope, residual variance, and regression zeyo

slope probability observed betrveen control and. experimental

regressions:
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i) Total Vertebrae

The graph of the data for total vertebrae, pooled 20oC

data (Figure 2a) , strongly suggest an inflection point in
the count:length association between L.75 and 2.I0 cm. The

average total vertebrae count appears to be negative_ly

correlated with length up to this range of lengths and.

positively correlated thereafter. Although only one

significant difference between treatment groups in adjusted

mean or regression line slope was observed (significant

change in regression slope in 5:2Ooc, Table 3, entry 4)

closer examination of the length-conditioned data reveals

evidence for the interpretation of this association as an

optimum count: length correlation.
The results for fish shorter than 2.L0 cm point rather

strongly to a negative correlation between optimum total-

vettebrae count and length. The regression slope is negative

in both treatment groups but it is steeper in the experimental

than the control group. The experimental group also has a

lower zero slope probability and regression residual variance

and. higher correlation coefficient. The experimental regression

line lies well within the area defined by the count mean

standard error bars. The most striking observation is the

movement of the means for the size classes between 1.0 and

I.7 cm to the experimental regression líne. The difference

between the treatment group means in the length class I.2 to
1.3 cm (an increase from 37.77 to 37.89) is highly significant
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(Z = 69.838, P> .001). However, the decrease in mean from

37.7 B to 37 -68 in the I"7 to 1.8 cm size class is not

significant and so fails to provide statistical- proof of
length dependence of the optimum. The reglression for fish
longer than 2.r cm shows an increase in positive sloper ân

increase in regiression residual variance and a great decrease

in zero slope probability. The length class mean prots show

some convergience on the line but suggest that the optimum

rel-ationship has a negative slope between 4.5 and 5.5 cm

and that these data lowered the regression line s1ope.

The data from 7:6oC suggest that the optimum relationship
may be different in cold water. The length class means in
Figure 2b do not converge on the pooled 20oC, shorter than

2.I cm, experimental regression line. Both the regression

parameLers and the graph suggest that the optimum count in
col-d water increases with body length between .85 and 2.75,cm.

one length class (1.15 to 7.25 cm) displays divergent movement

of the means at different temperatures (from comparable control
group means to a higher mean at 20oc and to a rower mean at eoc)

However, the decrease in mean for the class in 7z6oc is not

sr-qnr- tr-cant.

While no statistical evidence for an effect of predation

on the distribution of counts for total vertebrae exists,
examination of the movement of the means and the parameters

of the treatment group regressions suggests that a complex
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relationship exists. Specifically, ât 20oC, the optimum

count decreases with increased length for lengths between

1.1 and 1.75 cm. There is also some evidence that this

association does not apply at 6oc.

ii) Caudal Vertebrae

Figures 3a and b illustrate that the average caudal

vertebrae count in both treatment groups decreases rapidly
as length increases from 1.0 cm to about 2.25 cmr at both

6oc and 20oc. The division between caudal- and thoracic

vertebrae was dependent upon rib length. Not all of the

ribs in fish shorter than about 1.3 cm were sufficiently
ossified to be seen. There was therefore a decrease in mean

caudal vertebrae count with increasing length which was d.ue to

continued growth and hence detectability of the ribs. The

treatment groups differed in length distribution. There

appeared to be a curve in the mean caudal vertebrae count-length

relationship. There was also a lack of a clear trend in the

regression parameters and the failure of the error bars for
some short fish length classes to overlap the regression l-ine

obtained using the data for fish larger than 2.25 cm. These

factors precluded the conclusion, using only the regression

parameters, that these downward sloping regression lines are

optima. However, Figure 3a, the length class mean plot,
pooled 2OoC data, does suggest a negative correlation between
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optimum caudal vertebra nrmber and length from L.2 to 2"I cm.

It al-so suggests a positive correlation from 2.1 to 3.5 cm.

Except for the point of inflection, this closely para1lels

the results obtained for total vertebrae. The experimental

means for two length classes, I.4 to 1.5 cm and 1.5 to 1.6

cm are both significantly higher than the corresponding

control means (P = .014 and P <.001, respectively). No

length class containíng larger fish and having a control
mean equal or lower than the control means in these classes

displays a significant decrease. However, it is fairly
evident from the movement of the means in Figure 3a that the

optimurn is lower for fish approximately 2.0 cm in length

than it is for shorter fish. Optimum caudal vertebrae count

therefore appears to be negatively correlated with length

between 1.1 and 2.I cm. It is also evident from Figure

3a and from the regression parameters contained in Tabl-e 4,

entry 11, that the optimum count is most probably positively

correlated with length for fish longer than 2.0 cm. The

experimental group slope is slightly larger than that in the

control regression and the experimental group has a rnuch

lower zero slope probability. Figure 3a suggests that the

positive correlation may not persist beyond 3.5 cm. There

is no evidence that the optima are correlated with water

temperature.
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iii ) Thoracic Vertebra.e

The thoracic vertebrae against length graph (Figure 4a)

suggest a positive correlation between optimum thoracic
vertebrae count and length for lengths from 1.2 to 1. 85 cm.

Both the experimental and control- group regressions,

using fish from 1.2 to 1.85 cm long are highly significant
(P>.001, Tab1e 5, entry 9), but, there are no significant
differences between groups. Although the experimentar means

in this size range appear to converge on a positively sloped

line from both above and bel-ow (Figure 4a) , none of the

differences in mean between treatment groups are significant.
The optimum count for fish between 1. 85 and at least 6.0 cm

long appears to be 19. Figure 4a illustrates the convergence

of the length class means on i-9, a convergence which is
reflected in the regression parameters (Table 5, entry 11) .

There is no evidence that the optima are different at 6oC.

The 7:6oC length adjusted experimental m-ean for fish
between L.2 and 1. 85 cm long was significantly lower than

the corresponding control mean. Both the regression parameters

and the length class means plot (Tab1e 5, entry 10, Figure 4b)

are similar to those obtained for the pooled 20oC data).

iv) Caudm Vertebrae

The significantly lower length adjusted mean caudm

vertebrae count in the 7 z6oC experimental group and the
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large numbers of significant differences between treatment

groups in regression residual- mean sguare (Tabte 6) indicate
that predation has an effect on the distribution of caudm

vertebrae counts, beyond what is accounted for by its effect
on the length distribution of the data. The regression

parameters suggest the existence of a negative correlation
between optimum caudm vertebrae count and length at 6oC.

However, this is not strongly supported by the movements of
the length class means in Figure 5b. No conclusions can be

reached as to the optimum count. tn7hile no significant
differences between treatment groups were noted in the pooled

2OoC data the count m,ean acrainst length graph, Figure 5a, is
interesting because it indicates that the pre-exposure

population did not conform to the negative correlation
seen in the cold water experimental- data and that there was

no movement towards such a correlation after predation. The

optima for, or the importance of, caudm vertebrae may therefore
be temperature dependent. Figure 5a reveals convergence of
the after predation data on a curve strikingly similar to that
seen in Figure 2a, the graph for total vertebrae, pooled 2OaC

data. Both lines appear to reach minima at 1.75 and 5.0 cm

and a maximum at 3.0 cm.

v) Thorm Vertebrae

The experimental

20oc data (Figure 6a)

group for thorm vertebrae, pooled

, displays the same minima and maximum
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found in the graphs for total and caudm vertebrae, with
which it is highly correlated - (Table 10) " The analysis of
covariance for fish shorter than 2.0 cm reveals a signíficant
increase in adjusted mean (P > .001) and the appearance in
the experimental group of a highly significant correlation.
The experimental group regression has a very low zero slope

probability. The control group regression has a high zero

slope probability. The experimental group also has a

non-significantly greater negative slope and significantly
(P >.01) smaller regression residual variance (rable 7,

entry 6). The length class means (Figure 6a) converge on

the experimental regression line from both above and below.

The decrease in mean count observed in the L.7 to 1.8 cm

length class is not significant. However, the development

of such strong convergence on a non-zero sloped line, lying
well within the standard error bars on Figure 6a, strongly

suggests that the optimum thorm vertebrae count decreases

with increased length in this length range.

There is also strong evidence for the existence of a

positive correlation between optimum thorm vertebrae count

and length for fish longer than 2.0 cm. The experimental

group, pooled 20oc data, has a low zero slope probability
(P = .05, Tab1e 7, entry 9), not seen in the control group.

Except for a possible dip at about 5.5 cm the lenqth class
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means again appear to converge on the experimental

regression line (Figure 6a), which lies well within the

regíon defined by the + I standard deviatíon error bars.

The results for 6oC resemble the results for total-

vertebrae at 6oC and therefore are dissimilar to those

obtained at 20oC. Both the length class mean plot, Figure

6b, and the regression parameters in Table 7 , entries 5 , B,

and 11, suggest the existence at 6oC of a positive correlation
between optimum thorm vertebrae count and length for fish

shorter than 2.5 cm and possibly also for longrer fish. While

no proof of the correlation exists, Figure 6b shows that

the length class mean in 7z6oC moved away fromratherthan

towards the experimental regression lines obtained from the

pooled 2Toc data. The optima therefore may be temperature

dependent.

vi) Dorsal Fin Rays

Examination of the statistics for dorsal fin ray count

in Table B and the movemenL of the length class means in

Figures 7a and b indicate that fish having 10 d.orsal fin rays

are favoured at at1 lengrths tested and at both 6oc and 2Toc.

The lengrth class means for both temperatures show

consistent movement to the zeyo slope line with intercept 10.

The regression parameters for all experiments except 3:10oC

are consistent, with shallower slopes, and higher zero slope



56

probabilites being recorded in the experimental groups.

In several experiments the zero slope probability climbs

from significant low values to insignificance. These

changes, combined with the significant increases in mean

(not length adjusted) in 4:2Ooc and 7:6oC (Table 2),
strongly indicate an optimum count of 10 independent of
length and temperature.

vii) Pectoral Fin Rays

Figure B iIl-ustrates the strong association between

pectoral fin ray count and length. The increase in mean

count with length is probably largely due to continued

development of the rays as the fish grow, m.aking more rays

visibl-e in larger fish. The analysis of covariance (Table 9)

indicates that predatíon had an effect on the distribution
of pectoral fin ray counts, which cannot be accor:¡ted for
by its effect on the length distribution of the data.

since the error bars for some length crasses fail to overlap

the experimental regression line no conclusions can be made

concerning the nature of the optimum count or its association

with length. However, the correlation in the experimental

group is of approximately equal strength to that in the control
group. This suggests that the optimum count is positively

correlated with lenqth. There is no indication that the

optimum count is temperaLure dependent.
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c) Mechanisms by lrThich Predation May Act to Alter Count

Distribution: Correlation Effects and Directness of

Action

The experiments indicate that the count distributions

of all the merístic characters examined \^/ere affected by

predation. The strength of the indication varies from

character to character. There is no proof that the counts

for all or any of the characters have a direct effect on

survival by infruencing l-ocomotion. The changres in meristic

count distribution observed for a character may be caused

by its correlation with another meristic character or

some other factor which in turn has a direct effect on

survival-. Even if the character does have a direct effect,

the apparent optimum count at any length or temperature

may be affected by simultaneous selection for a correlated

factor.

The complexity of the apparent optimum count-length

relationships for total, caudal, caud.m, and thorm vertebrae

suggests selection acting on several correlated factors.

These variables d.isplay a fairly high degree of intercorrelation

(Tab1e 10) and the mea.n count within length classes plots

for the pooled 2OoC experimental data (Figures 2a, 3a, 5a,

6a) are strikingly similar. However, the first minimum in

the count mean-Iength relationship may occur at a slightly
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longer length for caudal vertebrae. The mean count plots

for the control data are not as similar. possibly art are

moving towards a coÍtmon relationship because of common

correlation with an unmeasured factor.

ff only one of this group of characters is subject to

direct selection it is most likely to be thorm vertebrae,

for which the clearest indications of selection for length

dependent optima were obtaineC.

While it seems reasonable to assume that variation in the

structure of the vertebrar column has an effect on ability to

swim it is not possible to conclude that the results obtained

stem from such differences. For example, the selection for

high lateral plate number morphs in the stickleback,

Gasterosteus acculeatus, was attributed by Moodie, êt aI.

(f973) to correlation of plate numbers with a behavioural

trait. The high plate counL morph was less active and

presumably was therefore less frequently exposed to predation.

The changes in count distribution for totaI, caudal,

caudm, and thorm vertebrae may be the result of such a

correlation. The results obtained are probably the end

product of a complex interaction of selection pressures

acting on one or more of the correlated characters measured

as well- as other unmeasured correlated factors.
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The apparent optima for thoracic vertebrae for fish

between .75 and L.75 cm long may result from a strong negative

correlation with caudal vertebrae. The apparent selection

for a count of 19 at all- greater lengths cannot be explained

by correlation.

The results for caudal- vertebrae, dorsal rays and pectoral

rays ilây, of course, be due to correlation of the characters

with unmeasured factors which are subjected to selective force.
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d) Possible Mechanical Effects of Change in Þarts

Numbers

The possible effect of fin ray number on the mechanical

support and possibly the sLze of a fin, and hence on its
hydrodynamic characteristics is setf evident. possible

effects of variation in the structure of the vertebral column

on locomotion (and hence presumably on the ability to avoid

a predator) and the dependence of such effects on length and

water temperature are less obvious.

Spouge and Larkin (1919) have developed a mathematical

model to explain the existence of pleomerism which predicts

the effect of change in the,number of propulsive vertebrae on

locomotor ability. The model relates maximum thrust to the

number of vertebrae present in a given length of propulsive

musculature and predicts a nonlinear association between the

logaríLhms of the optimum number of propulsive vertebrae and

length. The model predicts that the optimum number should

decrease with increasing length up to approximately 5 cm and

then increase, the slope of the log propursive vertebrae vs.

log length graph reaching about .43 for lengths greater than

50 cm. The propulsive vertebrae in the model (the more

posterior vertebrae invotved in generating propulsive

undulations) bear a prominence for muscle insertion. They

therefore correspond to caudm vertebrae. The predicted

optimum count-length association ín this model roughly

corresponds to the mean count-length association observed
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i.n the experimental data for total, caudal, caudm, and

thorm vertebrae. The r¡.inimum optimum count in these

associations is however reached at or below a length of 2.0 crnr

considerably below the predicted 5.0 cm in the model. While

no regressions \,rere run on the conrmon logarithms of the data,

plots of 1og caudm vertebrae against log length were done for

the experimental groups of the pooled 2}oc data and 7 z6oc

(Figures 9a and b). A vasue indication of a V shaped

association appears to persist in the 1og transformed, pooled

2OoC data. Spouge and Larkin (Ig7g) also predict that the

optimum line would be affected by water viscosity and

therefore temperature. Temperature appears to affect the

optima for several variables, including caudm vertebrae.

The Spouge and Larkín (1-979) model therefore provides a

possible mechanism by which variation in caudm vertebrae

count and possibly variation in othe} divisions of the

vertebral column could affect swimrning ability. Experiments

involving longer fish would allow further testing of the

predictions drawn from the model.

Lindsey (1975) suggested that change in vertebral numbers

may change swimming ability by affecting the lengths of

related structures, such as the myomeres, or by affecting

flexibility. The second suggestion is most interesti.g,
particularly since Blight's (L977) development of a fish
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Figure 9a, b. 
"og10 

caudm vertebrae against 1og length.
9a: experimental group 4, S, 6z20oc

9b: experimental group 7z6oc.
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propulsion model in which the relative flexibility of different

body regions is of critical importance. The model suggests

that change in the structure of the vertebral column should

affect locomoLion, if it'affects flexibility" Such a model

would explain the apparent importance of changes in the

number of part.s in divisions of the vertebral column, including

the number of anterior or thoracic vertebrae which are

excluded from consideration in the Spouge and Larkin (I97g) model.

It also postulates that the movement of fish results from the

interaction of the resistive force of the water and the

flexibility of the fish. Since the resistive force of the

water would be affected by its viscosity, which is in turn

affected by temperature, the ideal vertebral structure should

be dependent on temperaturer âs suggested by this study.

The results of this study are insufficient to test the

predictions made under these theories.

Pleomerism, Jordan's Rule and Meristic Variability

Pleomerism is the tendency for the averagfe vertebral

numbers of species to be positively correlated with the

maximum size attained by the species, (Lindsey, L975). If

the optimum count increases with length, âs it appears to over

the greater range of lengths tested, for total, caudal, caudm,

and thorm vertebrae, and for pectoral fin rays, and if the

relative predation pressures for two species remains constant

with changes in length, then the larger species will have a

ê)
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higher average count" These optimum count length relationships
therefore could lead to the development of pleomerism. In
fact, íf the timing of predation is manipulated, pleomerism

can be generated- wherever optimum count is length dependent.

The assumption of approximately equal predation ratios for all
lengths wourd seem reasonable for most species. positively

sloped optimum count: length lines are therefore most rikely
to lead to the development of pleomerism.

Jordanrs Rule is a correlation between meristic parts

numbers and latitude, (Pennak, 1964). The apparent dependence

of the optimum counts for several divisions of the vertebral
column on temperature opens the possibility that the cline
might be caused by selection for optimum meristic counts.

I,.lith respect to merist.ic variation, the results of
this study indicate for all characters except dorsal fin
rays, that no one count confers a selective advantage at all
body lengths and water temperatures. ¡teristic variation
therefore may be maintained in fish population by balanced

selection, fish with different counts having an advantage

at different times so that selection does not operate to
el-iminate all but one count. Such balanced selection also

provides a negative incentive for controlling phenoLypic

variation induced by environmental factors.
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CONCLUSIONS

1. Removal of individuals from a population by predators

has a significant effect on the count distributions for

four subdivisions of the vertebrae corumn; caudal, thoracic,

caudm, and thorm vertebrae, and probably affects the count

distribution for the total number of vertebrae in the column.

Predation also has a significant effect on the count

distributions for dorsal and pectoral fin rays. These

effects are still significant even after significant effects

of predatíon on the length distribution of fish in the

population have been accounted for.

2. The optimum count for survival for total, caudal, caudm,

and thorm vertebrae appears to be correlated with length.

The optimum count-length relationships for these meristic

characters appear to be similar, optimum count decreasing with

length to a length of r.75 to 2.r cm and then increasing with

length, ât least to 5.0 cm. A second minimum may occur between

5.0 and 6.0 cm. The complexity of these apparently optimum

relationships, their similarity, and the d.egree of correlation

between the characters suggests that the apparent optima are

the result of selection acting on several correlated characters,

possibly including factors which were not measured.
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3 - There is some indication that the optímum counts for
total, caudm, and thorm vertebrae are temperature dependent.

4 ' The optimum thoracic vertebrae count appeared to increase
rapidly with length up to a length of r. 85 cm possibly because

of correlation with caudal vertebrae count. The optimum count
for longer fish appeared to be 19, regardless of length.
There was no indication that optimum count was affected by

water temperature.

5. The optimum count for dorsal fin rays appeared to be 10

at all body lengths and temperatures examined.

6. The optimum count for pectoral fin rays probably increases
with body length. There was no evidence that it is temperature
dependent.

7. The existence of a predation effect on the distributions
of counts for meristic characters which appears for some

characters to be dependent uÐon body tength and water temperature
provides a possible explanation for the magnitude of meristic
variation displayed by fish populations and also for the

correlation of meristic parts numbers with maximum body length
attained for a species (pleomerism) and 1atitud.e (Jordan's
Rule).
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Table i.

Meristic
Character Count

Appendix A. Frequency distributions of-counts ofall meristic charãcterè, experimeni ã,tôoð:*"-" "'
cont. = control group
exp. - experímental group

Number
Cont. Exp.

Frequencv (&)+cont. Exp.

vertebrae

caudal

thoracic

caudm

35

36

37

3B

39

40

16

I7
18

19

20

2I

17

18

19

20

2I

t7
t8
19

20

2L

22

23

L4

L28

287

69

3

3

I2
r46
325

88

3

4

5

l_40

338

86

3

1

105

379

86

3

4

29

168

316

57

I

2.8
25.5
s7.2
13.7

.6

.5
2.I

25.2
56.1
15.2

.5

.7
o

24.2
58.4
14 .9

.5

.2
18.I
65.5
14 .9

.5

.7
5.0

29.0
54.6
9.8

.2

6

119

29t
79

5

o

89

335

64

3

1

19

r49
278

49

I
1

I.2
23.7
58

15.7
1.0

1.8
L7 .7
66 .7
12.7

.6

.2
3.8

ao 1

55. 4

9.8
.2
.2

contrd



I"leristic
Character

Number

-onE. 
---xp. Frequency (t)

Cont. Exp.Count

thorm

dorsal

pectoral

16

L7

18

19

20

2L

9

10

11

L2

11

I2
13

I4
15

I6
I7
IÕ

25

5

60

313

115

6

18

47 I
10

66

358

141

9

I

I7
5s2

6

I

4

6

2I
89

20I
190

52

6

I

1

L2

62 .4
22.9
L.2

3.6
94

2.0

11. 4

61.8
24.4
1.6

.2

2.9
95.3
1.0

)

.7
1.0
3.7

15.6
3s.1
33.2
9.1
1.0

-2

1

4

?)

94

184

136

40

1

)
o

4.5
t9 .4
37 .9
28.0
4.0
1.0
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APPENDIX B

Size Selection

The averag,e length of survivors lvas g'reater than that
of controls in every experiment (Table ii). The number of

survivors (experimental data) in length intervals ranging

from .05 to .2 cm wide was divided by 3X the corresponding

number of controls to give an estimate of percent survival
within each size interval. Graphs of the results for
experiments 3:10oc and 7:6oC and l:28oc , 2z26oc combined

data (Fig. i) reveal that percent survival- decreased with

increased length to lengths of about 1.5 cm and then

increased sharply. The same results, with greater scatter,
\^/ere obtained with the combined 2OoC data (fig. ia) . The

small number of large fish in 7:6oC and l-:2BoC, 2z26oc

combined data had the lowest percent survival (Figs. lc
and d).
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Figure ia, b, ct d. Approximat.e percent survival_

against tength.

ia: 4, 5, 6z2OoC

ib: 3: lOoC

ic: 7 :6oC

id: combined 1:2BoC and 2=26oC
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