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ABSTRACT

Threespine sticklebacks are genetically polymorphic for'the
number and arrangement of bony plates on the sides of the body. The
adaptive_significance and maintenance of plate variation was investigated
in Heisholt Lake, a small British Columbia lake with two separate basins.
The population contains the low plated, partially plated, and completely
plated freshwater morphs of threegpine sticklebacks, and plate number

varies considerably within morphs.

Frequencies of the plate phenotypes changed in space and time.
Morph frequéncies change spatially both between depths within an area,
owing to segregation of breeding females, and between areas at the same
depth. Phenotypic frequenéies changed temporally both within and between
generations. Phenotypes favored within a generation also increased in
frequency from that generation to the next. At most stations in basin
1, low and completely pléted sticklebacks increased,and partially plated
sticklebacks decreased in frequency bofh within and between generations.
In basin 2, partially plated sticklebacks were favored at many stations
both within and between generations. Extreme phenotypes within all morphs
increased in frequency both within and between generations, and asymmetrical

disruptive selection acted during at least one generation within all morphs.

Interactions between genetic variation and structure of the stickle-
back population appear to explain changes in the frequency of phenotypes
in both space and time. ZExperiments to investigate the movement pattern

of sticklebacks in Heisholt Lake show that the population is composed of



iii

resident individuals, which remain in a restricted area and maintain
either a feeding or breeding territory, and non-residents, which move from
area to area and do not breed. The phenotype of an individual influences
its chances to become & resident. Low and completely plated sticklebacks
were favored in cdﬁpetitioanor‘terfitoriéé'in basin l;'but'partially
plated sticklebacks were often favored in basin 2.) Females with extreme
phenotypes had the greatest chance of breeding, and asymmetrical disruptive

selection acted within all morphs.

The phenotype of a stickleback also influences its chances of

being infected with Schistocephalus solidus, a cestode parasite that

reduces the chances of infected sticklebacks to survive and reproduce.
Partially plated sticklebacks had the.highest rate of infection in basin 1,
but had the lowest rate of infection in basin 2. Differential infection of
Phenotypes was at least part of the explanation for the observed temporal

changes in phenotypic frequencies.

Spatial changes in phenotypic frequencies are caused by changes
in space in the results of competition for territories. Temporal
changes in phenotypic frequencies are explained by differential survival

and reproduction of phenotypes as a result of differences between phenotypes

in chancegto obtain a territory.
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FROM THE NORTHERN WHIG AND BELFAST POST: MAY 30, 1928.

'Dozens of tiny red fish were found on the roof
of 'a bungalow on the farm of Mr. James McMaster,
Drumhirk, near Comber, and on the ground in the
vicinity yesterday morning, and the extraordinary
occurrence caused considerable speculation. In
the course of enquiries it was ascertained that
Just before the discovery of the fish there had
‘been an éxéeptionally violent thunderstorm with
heavy rain. There is no river in the neighbour-
hood, the nearest sheet of water beihg Strangford-
hough, two miles distant, and the theory advanced

by an expert was.......'

Adapted from Norman, J.R. and P. H. Greenwood.
1963.
A History of Fishes. Ernest Benn ILtd. London

398p.



INTRODUCTION S~
~Population biologists are currently interestéd iﬁ interactions between
~genetic variation and ecology, and particularly in questions‘about the adap-
tivevsignificance and maintenance of variation in natural populations. While
population geneticists and ecol;gists agree that a union between their
disciplines is necessary to answer these questions, few actual attempts at
such a union a%e made (Sheppard, 1969). This thesis investigates thé adap-

tive significance and maintenance of variation in lateral plate number in

threespine sticklebacks (Gasterosteus aculeatus L.).

Sticklebacks are ideal animals for the study of selection and evolﬁtion
in natural populations. They are asbundant, easy to catch, and sﬁall enough
to be observed and experimented with in the field and laboratory. The biology
of sticklebacks is well studied, although their ecology is relatively unknown.
Marine and freshwater populations of fhreespiﬁe sticklebacks occur in Europe,
Asia, and North America. Marine populations appear to be pelagic and feed
on plankton. Freshwater populations occur in: streams and lakes, and may
be either pelagic or benthic feeders (Larson, 1972). Freshwater individuals
mature in their first or second year, and live for a maximum of three years;
marine individuals mature in one year, and seldom breed a second year
(McPhail and Lindsey, 1970). Breeding behavior is described by Tinbergen
(1951) and van den Assem (1967). Sticklebacks are exfremely variable,
showing polymorphic and polygenic morphological variation that can be scored

o measured easily. Their short generation time in the laboratory facilitates



analysis of the inheritance of this variation.

This study is one of a series on the adaptive significanée and mainten-
ance of‘variation in populations of sticklebacks. Thé polymorphism for
number and arrangement of bony ,plaﬁes on the sides of the body has attracted
considerable attention (Bertin, 1925; Heuts, 1947Ta; Lindsey, 1962; Munzing,
1963; Hagen, 1967). Unfortunately, this attention has produced & state of
advanced confusion, so I will briefly describe the variation in lateral plates,
and summarize previous results of studies on inheritance and maintenance
of this variation. -

Bertin (1925) and Heuts (1947a) described two morphs of threespine
stickleback: ‘

(1) a large, silvery, marine morph, with relatively high numbers of
plates and gill rakers;

(2) a small, drab green, freshwater morph, with fewer plates and
gill rakers.

The marine morph is anadromous and breeds in freshwater, and hybrids betﬁeen
the morphs are found in areas of sympatry. Munzing (1963) shows that this
model does not adequately account for observed differences between European
populations, and proposed three morphs of stickleback:

(1) & completely plated morph, trachurus;

(2) a morph with few plates, leiurus;

(3) 'a morph with intermediate plate numbers, semiarmatus.

He found anadromous populations with all three morphs; freshwater popula-

tions of trachurus; populations with either leiurus and semiarmatus or
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trachurus and semiarmatus which lack the third morph to explain the presence

of intermediates; and pure populations of semiarmatus. Hagen and
Gilbertson (1973a) argue that variation in freshwater and marine populations
should be considered separateliy, and use the terms low plated, partially
plated, and completely plated for the freshwater morphs (Fig. 1). Plate
numbers vary considerably within morphs. Hay (19Th4) suggests that the

pattern of pla%é variation is as important as number of plates.

Heuts (1947a) and Munzing (1963) proposed a genetic model with two
ﬁajor genes to explain segregation in crosses between leiurus (low-plated)
and trachurus. Hagen and Gilbertson (1973a) élso found that freshwater
morphs are determined by segregation of major genes, but that the simplest
model to explain results of crosses involves two autosomal loci, each
with two alleles. Lindsey (1962) and Hagen (1972) report high heritabilities
for plate numbers within a morph (0.50 to 0.84). Hagen and Gilbertson
(1973a) suggest that variation within morphs results from segregation of

‘polygenes.

The central problem of ecologicai genetics of sticklebacks is to explain
the variation in plate number within and between populations (Penczak, 1965,
1966; Miller and Hubbs, 1969; Hagen and Gilbertson, 1972). Munzing (1963)
proposed two hypotheses to explain the observed pattern of variation:

(1) that leiurus and trachurus are morphs of a polymorphic species,
implying that selection maintains wvariation;

(2) +that leiurus and trachurus were geographically isolated during
the Pléistoéene, so that the present pattern of variation is due to disﬁersal

and subsequent introgression between these morphs.



FIG. 1: Plate Morphs of sticklebacks in Heisholt Lake .

(From Hagen and Gilbertson, 1973a)
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Numerous studies show that selection acts oﬁ variation in plate number.
Heuts (1947b) shows that leiurus and'trachurus'aré physiologicélly different,
and suggests that these differences reduce gene flow through habitat selection.
Plate number phenotypes within morphs are also associated with physiological
differences (Heuts, 194Tb; Lindsey, 1962). Hagen (1967) studied isolating
mechanisms between marine anadfomous trachurus and freshwater leiurus.
Hybrids were confined to a narrow zone between the morphs. He found no
behavioral or genetic barriers to hybridization, but that ecological isolation,
involving numerous adaptations to different microhabitats, reduced gene -
flow between morphs. Hay (1969) found partial ethological isolation between
morphs, as Ford (1971) anticipated. Several studies demonstrate selective
predation on sticklebacks favoring certain plate numbers (Moodie, 1972a;
Hagen and Gilbertson, 1972, 1973b; Hay, 19T4; Lea, 1969). Laboratory experi-
ments designed to examine predation suggest that differential survival of
phenotypes within morphs is due to behavioral differences (McPhail, 1969;
Moodie, McPhail and Hagen, 1973). Males with a particular plate count
build nests in micro-habitats that differ from those chosen by other pheno-
types (Moodie, 1972b; Hay, 19T4; McPhail, pers, comm.). Plate phenotypeg
differ in fecundity of females (Hagen, 1967; Moodie, 1972b; Hay, 197h;
McPhail, unpub. data). Although the ddaptive significance of variationb
in plates is unknown, selection clearly acts on a variety of characters

linked to plate number.

Hybridization occurs between leiurus and trachurus, and no selective
mechanism acting against semiarmatus is known (Hay, 197h4). Miller and

Hubbs (1969) argue that introgression between leiurus and trachurus explains

the observed geographical pattern of variation. While intorgression occurs

in some areas, permanent sympatric populafions of all three plate morphs



also occur (Hagen and Gilbertson, 19T2L suggesting that introgression does
not necessarily lead to elimination of differences between morphs. Clearly,

selection can maintain the morphs despite gene flow.

Other morphologicallcharacfers of sticklebacks also vary within and
between populations. Variation in gill raker numbers is related to feeding
strategies of a population (Larson, 1972; Hagen and Gilbertson, 1972), and
heritability of gill raker number'is high (0.58) (Hagen, 1972). Male
sticklebacks vary in breeding coloration, which is genetically inherited,” and
differential predation of color morphs is a selective force maintaining |
variation (McPhail, 1969; Semler, 1972; Moodie, 1972b). McPhail (1969)
showed that hybrid inferiority is also involved in maintenance of variation
in breeding color. Other characters known to show adaptive patteras of
variation include pelvic spine length (Hagen, 1967; Moodie, 1972a), body
size (Moodie, 1972b; Larson, 1972), and dorsal spine number (McPhail, pers.
vcomm.) Until recently, biochemical variation in sticklebacks has been
ignored, but preliminary studies (Jones, pers. comm.; Kusa, 1966
Callegarini and Cucchi, 1969a, b) suggest that morphological and biochemical

analyses could be profitably combined in the future.

I was interested in the adaptive significance of variation in plate
number, and in how that variation is maintained in populations of sticklebacks.
I followed the guidelines suggested by Ford (1964) to choose a suitable
popuiation for the study. He identifies four situations where evolution

occurs fast enough to be studied:

(1) when marked numerical fluctuations affect isolated populations;



(2)  vhen polygenic characters are studied, either
(a) 1in populations inhabiting ecologically distinct and isolated
areas; or ,
(b) even in the absence of isolation if subject to strong selective
pressures;
(3)  in all types of genetic polymorphism;
(%) when a species spreads into a new area. Ford suggests that most
changes in this situation would be fphysiological, and difficult to study
The stickleback population in Heisholt Liake appeared to fulfill éeveral
of the suggested criteria. The lake was formed during the fall of 1966, and
sticklebacks had been introduced in May 1967. When the population was
sampled in May 1970,density was still very low, suggesting that population
size would increase in suﬁsequent years. Also, the three freshwater morphs
(Low plated, partially plated, and completely plated) were present in the
population. This situation.offered & unique opportunity to study selection
and evolution in a natural population, and to investigate the adaptive sig-
nificance and maintenance of plate variation of sticklebacks. My approach
in this stud& was:
fl) to describe spatial and temporal changes in frequencies of plate
Phenotypes;

(2) to attempt to explain observed changes.



MATERTALS AND METHODS

A. Study Area

Heisholt Lake is a small lake (0.5 km in length) on Texada Island in
Georgia Strait; British Columbia (Fig. 2). The lake formed when a lime-
stone mine closed in 1966, and the pit filled with water. The two basins
of the lake are connected for one to two months each winter by a small, shallow
stream flowing from basin 1 to basin 2. Shallow riffles and a rock dam prevent
sticklebacks from moving between basins. No streams enter.or leave the lake,
but a spring flows into basin 1, and water seeps through sand and gravel into
8 marsh at the south end of basin 2.

The limestone was removed in flat shelves, and the bottom of the
lake is very flat (maximum depth 11 m). The rock is covered with 1-2 cm of

marl, and Chara sp. grows sbundantly in some areas.

The local Fish and Game club introduced approximately 1000 threespine

sticklebacks and several hundred coho salmon (Oncorhynchus keta) and rainbow

trout (Salmo gairdneri) into each basin in May, 1967. The fish were collected

from Gilles Bay Creek,a small coastal stream on the island. Salmon are no longer
found in the lake, but the trout have bred successfuly and are still present in

small numbers. Salamanders (Tarica granulosa) are abundant in the lake, par-

ticularly during spring, when they are breeding.

B. Variation in Sticklebacks

Preliminary sampling in May, 1970, showed that three plate morphs



FIG. 2: Heisholt Lake on Texada Island, British Columbia,

showing location of sampling stations.



8a
_——‘—_____'__/
BRI TISH ALBERTA
COLUMBIA

_lo




are present in Heisholt Lake. These morphs differ in plate number and
pattern, but not in body size, color, and gill raker number. Hagen and Gilbertson
(1973a) propose the following definitions of the freshwater plate morphs:

(1) the low plated morph i£cludes all individuals with only anterior
plates (Fig. 1). Plate numbers of stickiebacks of this morph vary from 3 to
17 in Heisholt Lake;

(2) the partially plated morph iﬁcludes individuals with a gép between
anterior plates and a caudal keel of plates. Plate numbers of sticklebacks
of this morph vary from 7 to 29;

(3) the completely plated morph includés all individuals with a
continuous series of plates along the sides of the body. Plate numbers of

sticklebacks of this morph vary from 28 to 36.

Hagen and Gilbertson's terminology is used throughout this thesis.

All three plate morphs are present in Gilles Bay Creek.

C. Collecting Sticklebacks

Sticklebacks were collected with wire mesh minnow traps (No. 12562,
Canada Fishing Tackle and Sports Ltd.). Stott (1970) discussed several
problems associated with the use of unbaited fish traps, but the most serious
criticism i&s that the number of fish céught is dependent on the influence of

environmental factors on activity levels.

Sticklebacks were collected from 30 stations in the lake (Fig. 1) during

the first two weeks of both May and September from 1971 to 1973. During each
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sampling period, two traps were placed on the bottom at exactly the seme

sites at each station, and sticklebacks were removed at the same time every

day. I tried to take equal numbers of trap collections at each‘station during a
sampling period, but some traps were moved or opened. Nesting male

sticklebacks were collected with a dipnet.

Sticklebackefﬁere preserved in 10% formalin,.and later were counted
and measured in the laboratory. Plate number and morph, standard length,
sex, and gill raker number Qere recorded for each individual according to
criteria discussed by Hagen and Gilbertson (1972). Numbers of eggs invripe
females (those with yellow eggs separated form white, undeveloped eggs

in the ovary) and the number of Schistocephalus solidus pleroeercoids were

also counted.

DISTRIBUTION OF STICKLEBACKS

When I began this study, I was particularly interested in interactions
‘between numbers of sticklebacks and genetic variation in the population; I
intended to follow changes in population size and in the frequencies of
Phenotypes. I wanted to estimate plate number frequencies by collecting
large samples from several areas, and to estimate population size with
mark-recapture techniques. These procedures assume that all individuals
in the population are mixing randomly. During 1970,I examined distribution
of plate phenotypes in space to test this assumption in Heisholt Lake.

Space in a lake‘has both a horizontal and a vertical component (ares
and depth). To test the assumption of random mixing, I asked two questions

about the distribution of phenotypes:
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(1) do relative frequencies of morphs change with dépth within an
area? Heuts (19L47a) found that stickleback morphs have different temperatures
for optimal survival of eggs to hatching, suggesting that adults are physio-
logically different. Since temperature varies wifh depth during a year, I

predicted that physiological differences between morphs would be reflected

in differences in distribution of phenotypes with depth;

(2) do morph frequencies at the same depth change from area to area?
Frequencies of phenotypes in stickleback populations are usually estimated
from large numbers of individuals collected in a single area.l This assumes
that frequencies do not change between areas. When this assumption has
been tested, no differences between areas were found (Moodie, 1972b; Hagen
and Gilbertson, 1972; Hay, i97h), and I expected to find no differences in

Heisholt Lake.

This section of the thesis presents results of tests of the assumption

" that sticklebacks assort randomly throughout a basin.

A, Combining Samples from Successive Days

A problem with answering questions about the distribution of phenotypes
during 1970 was that few sticklebacks ﬁere caught in a 24 W trap set.\
Samples were taken on several successive days and had to be combined for
accurate estimates of morph frequencies. Sticklebacks were collected fpvom
a site in bésin 2 for six succéssivé days during May 1970 to test the

assumption that morph frequencies: at a site do not change from day %o day
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(Table I). Morph frequencies did not change significantly from day to day
(chi-square test, X% = 6.77, 10 d.f., p > 0.7), so samples taken on

successive days were combined in estimating morph frequencies.

I

B. Morph Frequency and Depth

Traps were set at 2 m intervals from 0 to 10 m in one area of basin
2 (near station 18) at four different times during 1970 to determine if
morph frequencies changed with depth (Table I1). Equal numbers of samples

were taken at all depths during each sampling period.

The numbers of individuals caught at each depth shows that the depth
distribution of sticklebacks changes during a year (Fig. 3). Sticklebacks
are found in shallow areas during early spring,but they move deeper in the
lake during June and Jﬁly. No preference for a particular depth is apparent

-in August. Larson (1972) describes a similar seasonal pattern of distribu-

tion of sticklebacks in Paxton Lake on Texadsa island.

Morph frequencies changed with depth during June (chi-square test,
X2 = 25.98, 8 d.f., p< 0.01), but in May, July, and September, differences

between depths were not significant.

leferences between depths in June appeared to be due to differences

~

between morphs in the distribution of breedlng females (Fig. 4). Females

produce eggs from late April to mid-July in Heisholt Lake. Ripe females of
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Morph frequencies of Sticklebacks

~TABLE I:
caught in an area of Basin 2 on
successive days in May, 1970. Chi-
square is the result of a test of
association between morph frequencies
and days. )
NUMBERS OF STICKLEBACKS
DAY Low PARTIALLY COMPLETELY
PLATED " PLATED PLATED
1 17 11 T 18
2 S - 9 1L
3 10 5 9
L 10 15 _16
5 11 13 9
6 11 15 17

x? = 6.77,' 10af.,, p>0.70



TABLE IT: : Morph frequencies of sticklebacks at different

depths in one area, 1970.A Chi-squares are results
of tests of association between morph frequencies
and dépth for each sampling périod. Samples from
0 and 2 m in June wéré combined in calculetion of

Chi-square.

NUMBERS OF STICKLEBACKS

May 15-18 June 15-18 July 15-19 ) August 23-25
Depth .. .
(m.) Low Partially Completely Low Partially Completely Low Partially Completely Low Partially Completely
Plated Plated Plated Plated Plated Plated Plated Plated Plated Plated Plated Plated
0 25 55 34 L 2 5 L 9 6 T 12 "9
2 5 5 7 3 1 5 11 21 16 12 2l 1k
4 9 12 11 5 4 11 1 4 7 T 9 "
6 9 14 16 11 10 10 5 9 5 3 1T 9
8 3 10 1b 17 29 12 8 36 28 11 20 18
10 2 15 13 5 1k 12 8 39 29 13 16 8
x2 = 12.35, 104.f, p>0.25. x2 = 25.98, 84.f, p<0.01. x2 = 9.61, 10 45, p>0.25. x2 = 8.85, 10 df., p>0.5.

)\



FIG. 3:

1s .

Depth distribution of sticklebacks
in Basin 2 of'Héisholt Lake;'l970.
Numbers in brackéts are thé'total
number of sticklebacks caught at

all depths.
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FIG. k:

Depth distribution of breeding
female sticklebacks with
differing plate phenotypes in

Heisholt Lake in June, 1970..

- Numbers in brackets are the total

number of females of each morph.

16



FREQUENCY OF STICKLEBACKS (%)

I0 20 30 40 50 60 70 80 10 20 30 40
i ] 1 1 | 1 i 1 N | |

DEPTH (m)

PARTIALLY

PLATED
Q2n

\ COMPLETLY

. PLATED .
‘ Coad. s




17

¢

all morphs were found at only O and 2 m depths in early May, but they
move into deeper areas as the breeding season continues. In June, low
plated females are found in shallow areas and completely plated females
in deep areas, while partially plated females are caught at a narrow
range of depths between the other morphs. This seasonal distribution
pattern suggests that breeding females are not cueing on depth, but

én an environmental factor, perhaps temperature, that changes seasonally
at a given depth. Male sticklebacks were breeding at depths from 0 to

8 m in late June, 1971, so the depth at which a female lays her eggs

may be influenced by her pﬁenotype.

The prediction thét morph frequencies would change with depth was
true only in June, when segregation of breeding females occurs. Differences
in the depth distribution of morphs does not occur at other times of the
year. This result means that morph ffequencies can only be estimated

accurately either in early spring or after breeding ceases.

AC. Morph Frequency and Area

Sticklebacks were collected at a depth of 3 m at 10 stations in -
basin 2 during May, to determine if morph frequencies of sticklebacks
change between areas (Table III). Two traps were set at each station

and sticklebacks were removed for five days.

Morph frequencies differed between stations . (chi-square test,.
2 .
X° = 113.34%, 18 d.f., p ¥ 0.001), indicating that sticklebacks do not
move randomly throughout a basin in Heisholt Lake. Clearly, my original

conception of the structure of stickleback populations was wrong, and I



TABLE III:

Morph frequencies of sticklebacks

at 10 stations in Basin 2 of Heisholt
Lake in May, 1970. Chi-squared is
result of a test of association between
morph frequencies and sampling areas.
NUMBERS OF STICKLEBACKS
AREA LOW -PARTIALLY COMPLETELY
PLATED PLATED PLATED
1 70 66 86
2 60 112 | 81
3 Ly 103 51
L 23 22 18
p) 70 60 5
6 43 21 : 32
7 12 L7 30
8 32 43 17
9 38 L5 | 33
10 55 11 30

X° = 113.8k4, 18 &, p>0.01
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could not estimate either morph frequencies with large samples from

one area or population size with mark-recapture techniques.

from 1971 to 1973, sticklebacks were collected at 15 stations in
each basin in both May and Séptémber. Morph frequencies (Appendix A)
did not differ between stations in all sampling periods (Tablé Iv).
Also, differences between stations were not significant at the same
time 1in both basins. These results will be discussed again later,
but they do not alter the conclusion that sticklebacks do not mix

randomly within a basin.

D. Summary

The plate phenotype of a stickleback influences its distribution
in space. Morph frequencies change with depth owing to segreyation of
breeding females. Morph frequencies also change from area to area
within a basin, although differences between areas are not élways

significant.

ABUNDANCE OF STICKLEBACKS
Low stickleback densities during May, 1970, suggested that
population size would coptinue to increase during this study. I was
interested in following changes in the numbers Gf'sticklébacks becauée
density might'bé important in éxplaining observed changes in frequencies
of phenotypes with time. However, sticklebacks do not mix randomly
in a basiﬁ, and therefore mark-recapture techniQues could not be used

to estimate numbers of sticklebacks.
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TABLE 1V: Summary of Chi-squared tests of
association between morph frequencies
and station in Heisholt Lake, 1971-1973
(see Appendix A).
DATE BASIN x2 a.f. 0
May 1971 15 30.28 28 > 0.25
2 32.96 28 > 0.10
Sept 1971 1 29.83 28 > 0.25
2 37.11 28 > 0.10
May 1972 1 42.83 28 < 0.05
2 30.83 28 > 0.25
Sept 1972 1 47.86 28 < 0.025
2 28.39 24 > 0.25
May 1973 1 36.%0 28 > 0.10
2 38.67 ' 28 > 0.10

19 &
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Instead, catch per unit effort was used to follow changes in population’
size. The number of sticklebacks in each trap was recorded during May and
September from 1971 to 1973, an@ average number of sticklebacks per trap
was calculated for each basin (Appendix B). Catch per unit effort was also
estimated for 1970 from all samples collécted in both basins in May and

September.

Sticklebacks breed from May to mid-July in Heisholt Lake, and small
numbers of young sticklebacks are first caught in traps during September.
The young continue to grow in size throughout the winter, and almost all

can be caught in traps during May.

The average number of sticklebacks per trap increased each May from
1970 to 1973 (Fig. 5), which suggests that population size increased each
year throughout the study. The rate of increase appears siightly higher in
basin 2, but the numbers of sticklebacks per trap varied considerably
from station to station because of the clumped distribution of sticklebacks,
S0 that differences between basins probably reflect the stations chosen rather

than real differences in population size.

Large numbers of sticklebacks dié each year between May and September.
Length frequency analysis in May shows‘that only 1-2% of the breeding
population survives for more than one year. Number of sticklebacks per
trap in September did not increase from year to year, so a larger propor-
tion of the population diéd'between May and Séptember each year from 1971

to 1973.
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Summary
- - in M
The number of sticklebacks in Heisholt Lake increasedAeac year during

the study. Most individuals 1live less than one year, so that the proportion of

the population that died between May and September increased each year.

VARTATION OF STICKLEBACKS

I asked two questions about changes in frequencies of plate phenotypes
with time:

(1) Qo phenotypic frequencies change from May to September (within
generations)? Large numbgfs of sticklebacks die each year between May and
September, and I was interésted in determining if differential mortality of

phenotypes occurs;

(2) Qo phenotypic frequencies change from year to year {generation to
generation)? I was particularly interested in interéctions between genetic

variation and population size.

Sticklebacks were collected from 30 stations in both May and September
each year. Frequencies of morphs and plate numbers were compared within
and between years to determine if temporal changes occurred. This section

of the thesis presents results of these comparisons.

A, Between Morph Comparisons

(1) Changes in morph frequency from May to September.

Morph frequencies in May and September at each station were compared
to determine if natural selection acts on morph frequencies during a
generation. The number of sticklebacks trapped during September, 1973,

was too small to estimate morph frequencieé.



FIG. 5: Average catch per unit effort
(average number of sticklebacks/trap)
in basins of Heisholt Lake in May and

September, 1970-1973.
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Differential mortality of morphs occurred at:mest stations in basin 1
during 1971 -and 1972, but in both years changes were significant at only a

few stations in basin 2 (Table V).

‘

Two techniques were used to examine patterns of selection:
(1) For each morph I plotted frequency in May against
frequency in September at each station,to examine the direction of

change in frequencies of a morph within a basin;

(2) I calculated relative fitness of morphs from frequencies in May
and September at each station to compare thé chances of morphs to survive
in different areas of the lake. Relative fitness, defined as the prob-
ability of survival from May to September, was calculated as suggested by
O'Donald (1968, 1970). Hagen and Gilbértson (1973b) discuss some problems

in interpreting relative fitnesses of sticklebacks.

The pattern of selection was similar at most stations in basin 1 during
both 1971 and 1972 (Fig. 6). Thé‘frequéncy of low plated sticklebacks
increasea and decreaSéd at an équal number of stations in 1971;'and incréaSéd'
at most stations in 1972. The'fréqUenCy of'partially‘platéd'individuéls‘
decreased, and completely plated'sticklébackS'incréaSed'in'frequénCy'at
most stations in both yéars. Relativé fitnésSés'of'morphs'showAthat complétély‘
plated sticklébacks wéré favoréd at 1k of‘thé'iS'stations in basin 1 during 1971
(Table VI). Partially plated individuals had the lowest fitness at most stations
and the fitness of low plated sticklebacks was generally intermediate.

Partially plated sticklebacks were &again sélected aéainst at all statiohs in
1972, but the favored morph changed from station to station. Low plated

sticklebacks were favored at stations L4, 5, 6, 7, and 9 in adjacent areas of



TABLE V: Summary of tests of homogeneity of morph frequencies of

sticklebacks at a station in May and September, 1971 and 1972.

BASIN 1 BASIN 2
1971 1972 - 1971 1972
Station x° P X2 P Station X J P x° P

1 L.43 0.10 5.10 > 0.05 16 T.k2 < 0.025 1.99 > 0.25

2 4. 02 0.10 6.35 < 0.05 17 0.58 > 0.50 8.01 < 0.025

3 7.03 0.05 4.43 > 0.10 18 L.o2 > 0.10 0.54 > 0.75

L . .8.54 0.025 5.15 > 0.05 19 2.31 > 0.25 1.52 > 0.25

5 8.62 0.025 13.43 < 0.005 20 0.91 > 0.50 0.41 > 0.75

6 3.0L 0.10 6.7 < 0.05 21 3.06 > 0.10 -

T 31.1%4 0.005 20.45 < 0.005 22 2.37 > 0.25 7.19 < 0.05

8 5.52 0.05 17.00 < 0.005 23 5.58 > 0.05 -

9 15.49 0.005 9.60 < 0.01 ol 2.10 > 0.25 0.91 > 0.50
10 6.17 0.05 18.28 < 0.005 25 0.27 > 0.75 2.98 > 0.10
11 10.80 0.005 13.69 < 0.005 26 2.60 > 0.25 2.53 > 0.25
12 1.87: 0.25 T.73 < 0.025 27 4L.83 > 0.05 0.83 > 0.50
13 2.46 0.25 L. ok > 0.10 28 3.14 > 0.10 2.21 > 0.25
1k 8.15 0.025 24.63 < 0.005 29 1.09 > 0.50 1 s 0.25
15 3.36 0.10 k.39 50.10 30 1.4 > 0.25 T.73 < 0.025

+



Comparison of frequencies of
plate morphs of sticklebacks
at stations in Basin 1 in May

and September of 1971 and 1972,
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TABLE VI: Relative fitness of plate morphs of
sticklebacks from May to September
at stations in Basin 1 in 1971 and
1972.

RELATIVE FITNESS

1971 1972
STATION LOW PARTTALLY COMPLETELY LOW PARTTALLY COMPLETELY
PLATED PLATED PLATED PLATED PLATED PLATED
1 0.76 0.31 1 0.89 0.3k 1
2 0.59 0.L6 1 0.59 0.39 . 1
3 0.38 0.33 1 0.30 0.33 1
L 0.72 0.27 1 1 0.36 0.73
5 ~ 0.k46 0.31 1 1 0.24 0.99
6 0.80 0.ko 1 1 0.1k 0.68
7 0.16 0.16 1 1 0.15 0.75
8 0.L45 0.58 1 0.35 -~ 0.13 1
9 0.30 0.20 1 1 0.3k 0.82
10 0.93 0.5k 1 0.87 0.11 1
11 0.68 0.32 1 0.7k 0.29 1
12 1 0.81 0.4k 1 0.27 0.46
13 0.50 0.31 1 1 0.37 0.50
1k 0.62 0.23 1 0.54 0.14 1
15 0.25 0.1k 1 1 o3 0.58

9T
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basin 1, and at stétions 12, 13 and 15, which are also adjacent. Similarly,
completely plated sticklebacks had the highest fitness in large adjacent areas
of the basin. The favored morph changed at 7 of the 15 stations from 1971

to 1972. Average relative fitness of partialiy plated sticklebacks decreased
from 0.35 in 1971 to 0.26 in 1972, suggesting that selection against this

morph increased..-

No general pattern of éelection occurred throughout basin 2 in 1971
aﬁd 1972, as the direction and degree of changes in relative frequency
varied from station to station (Fig. 7). In contrast to basin 1, partially
plated sticklebacks increased in frequency at a majority of stations in
basin 2 in both years. This suggests that partially plated sticklebacks
are not always selected against, as observations in bésin 1 would suggest.
Relative fitnesses of morphs varied greatly from station to station
(Table VII); suggesting that chances for sticklebacks of a particular morph
to Survive vary in space. Spatial patterns of fitnesses, similar to those
observed in basin l; are also apparent in basin 2. Fitness of partially
plated sticklebacks was high at stations 16, 17, 18, 19, and 24, and lower
at stations 20, 21, 22, andv23 in both 1971 and 1972, suggesting that in
both years chances for a morph to survive were similar in large adjacent
areaé of the basin. The favored morph changed from 1971 to 1972 at 8 of
13 stations, suggesting that the selectivé environment for plate morphs of

sticklebacks changes in both space and time in basin 2.

(2) Changes in morph frequency from year to year.

Morph frequencies in May of 1971, 1972, and 1973 were compared to



FIG. T:
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Comparison of frequencies of plate
morphs of sticklebacks at stations
in basin 2 in May and September of

1971 and 1972.
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TABLE VII: Relative fitness of plate morphs of sticklebacks
from May to September at stations in basin 2 in
1971 and 1972.

RELATIVE FITNESS

1971 1972
STATION LOW PARTIALLY COMPLETELY - LOW PARTTIALLY COMPLETELY
PLATED PLATED PLATED PLATED PLATED PLATED

16 0.35 1 0.72 1 0.98 0.6k
17 0.70 1 0.86 0.61 1 0.08
18 0.37 - 1 ‘ 0.50 l 0.7k 0.82
19 0.20 0.96 1 0.75 0.57
20 0.78 0.68 1 1 0.81 _ 0.95
21 1 0.86 0.41 - - -
22 0.40 0.62 1 0.%o0 0.20 1
23 0.36 0.25 1 - - -
2l 0.48 1 0.56 0.k0 | 1 1
25 0.79 0.70 | 0.37 0.56
26 0.81 0.38 0.32 0.57
27 0.83 0.32. 0.65 0.96 1
28 0.37 0.5L 1 1 0.22 0.59
29 1 0.5k 0.51 0.L47 0.80
30 0.60 0.78 1 0.29 0.58

b
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determine if relative frequencies of morphs change from year to year.

Morph frequencies changed between years at 9 of the 30 stations (Table VIII).

Frequency of a morph in May was plotted against its frequency the
following May to examine patterns of change in morph freéuencies from year
to year. At most stetions in basin 1, low and completely plated sticklebacks
increased in frequency from 1971 to 1572 and from 1972 to 1973, while partially
plated individuals decreased. (Fig. 8) This pattérn of change in morph
frequency from year to year is similar to the pattern of change from May to
September. Low and completely plated sticklebacks increased in frequency
and partially plated individuals decreased both within and between years in

basin 1 throughout the study.

Frequency of partially piated sticklebacks increased and low and
completely plated sticklebacks decreased in frequency from 1971 to 1972 at
most stations in:basin 2. (Fig. 9) This pattern of change was reversed from
1972 to 1973, as low and partially plated individuals increased and partially
platéd individuals decreasea in frequency at most stations, although changes
in frequency of the completely plated morph were small. In both basins, the
direction of change in the frequency of low and completely plated sticklebacks
was identical and inversely related to the direction of change in frequency.
of partially plated sticklebacks. Changes in frequencies within and between
years again appeared to be related in basin 2, Partially plated sticklebacks

increased in frequency at most stations dﬁring 1971 and from 1971 to 1972,



TABLE VIIT:

1

31

Summary of tests of homogeneity
of frequencies of plate morphs
in May of 1971, 1972, and 1973.
BASIN 1 BASIN 2
STATION x° P STATION X2 P
1 2.k5 .50 16 16.60 < 0.005
2 k.99 .25 17 L.0o6 > 0.25
3 L. 81 .25 18 8.13 > 0.05
it 3.50 .25 19 5.85 > 0.10
5 3.10 ~50 20 h.21 > 0.25
6 2.81 .50 21 2.15 > 0.50
7 13.7k .01 22 18.0k < 0.005
8 3.77 .25 23 3.25 > 0.50
9 17.28 .005 2k 3.71 > 0.25
10 11.45 .025 25 0.88 > 0.90
11 12.56 .025. 26 7.84 > 0.05
12 10.24 .05 27 T.45 > 0.05
13 5.43 .10 28 5.58 > 0.10
1k 15.35 . 005 29 3.36 > 0.50
15 22.76 .005 30 6.87 > 0.10
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FIG: 8: Comparison of frequencies of plate morphs
of sticklebacks at stations in basin 1 in

May of one year and May of the following

year.
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»FIG. [*H

Comparison of frequencies of plate morphs
of sticklebacks at stations in basin 2 in
May of one year and May of the following

year.
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B. Within Morph Comparisons

(l) Changes in frequencies of plate number phenotypes from’

" May to September.

Frequencies of plateAnumber phenotypes within a morph were estimated
for each basin in May and September from 1971 to 1973. Samples from all
stations in a bésin were combined to reduce sampling errors in estimating
frequencies. This assumes that plate number frequencies do not change from
area to area in a basin. Interpretation of changes in frequencies within
and between years must recbgnize the possibility that observed changes are

due to differences between areas.

Frequencies of plate number phenotypes in May and September were
compared to determine if natural selection acts within generations on
vgriatinn in plate number within morphs (Appendix C). Differential
mortality of plate number phenotypes.occurred within the low and partially
plated morphs in basin 1 in both 1971 and 1972, and_within the low and
completely plated morphs in basin 2 during 1971 (Table IX). Other changes
in relative frequency of plate number frequencies within morphs were not

significant,

Relative fitnesses of pilate number phenotypes within morphs were
calculated to examine pétterns of selection. In basin 1, disruptive
selection favc..d individuals within the low plated morph with extreme
plate numbers in both 1971 and 1972.(Fig. 10). This disruptive selection
also had a directional component, as 9 - to 17 - plated individuals had a

selective advantage over 3-<to L-plated sticklebacks in both rears.



TABLE IX:

35

Summary of tests of homogeneity
of plate number frequencies within i
morphs in May and September of
1971 and 1972.
BASIN YEAR PLATE MORPH x2 aife P
1 1971 Low plated 34,72 5 0.005
Partially plated 26.37 6 0.005
Completely plated 3.8k 5 0.50
1972 Low plated 95.23 5 0.005
Partially plated 16.84 6 0.01
Completely plated 2.9k 5 0.50
2 1971 Low plated 17.18 5 0.005
Partially plated 8.49 6 0.10
Completely plated 23.57 5 0.005
1972 Low plated - 2.94 5 0.50
Partially plated T.62 6 0.25
Completely plated Lh.71 5

0.25



FIG. 10:

Relative fitness of plate number
phenotypes within morphs from
May to September, 1971 (0) and

1972 (®) in Basin 1.
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Thoday (1972) uses the term asymmetrical disruptive selection for this
pattern of fitnesses. Asymmetrical disruptive selection also 6ccurred
within the completely plated morph during both years. The favored
phenotype had 33 plates in 1971 ,and 28 to 29 plates in 1972. No specific
pattern of selection occurred within the partially plated morph in either

1971 or 1972, although fitnesses of phenotypes were similar in both years.

In basin 2, directional selectién favpred 3-to L-plated sticklebacks
within the low plated morph during 1971 (Fig. 11). The favored phenotype
in 1972 was again 3-to lL-plated, buf selection was disruptive, as T-plated
sticklebacks had a higher fitness than 5-, 6-, and 8-plated individuals.
Disruptive selection favored extreme plate numbers within the completely
plated morph in both years. The favored phenotype within the completely
plated morph was similar in both basins, as 33- and 3b-plated sticklebacks
were favored during 1971 in basin 1 and basin 2, respectively, and 28-to
29-plated individuals were favored in both basins in 1972. Asymmetrical
disruptive selection favored individuals with extreme phenotypes within
the partially plated morph in 1971. In 1972, the pattern of fitnesses
of phenotypes within thisvmorph were similar to that in basin 1 in both

1971 and 1972.

Disruptive selection favoring individuals with extreme phenotypes
acted within all morphs. This suggests a relationship between the
frequency of a phenotype in tke population and the chances for an individual

with that phenotype to survive from May to September. The most frequent



FIG. 11:

Relative fitness of plate number
phenotypes within morphs from
May to September, 1971 (0) and

1972 (®) in basin 2.
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prhenotypes within a morph were never the optimum phenotype, and often had
the lowest fitness. Disruptive selection could be due to environmental
heterogeneity in either space (differences between areas) or time (changes

'

from May to September).

(2) Changes in frequencies of plate number phenotypes from

year to year.

Frequencies of platé number phenotypes within morphs in May of 1971,
1972, and 1973 were compared to determine if frequencies change from year
to year. Frequencies of phenotypes within the low and completely
plated morphs changed from year to year in both basins (Table X). Relative
frequencies of partially plated phenotypes changed from year to year in

basin 2, but did not change significantly between years in basin 1.

Relative change in frequency was calculated for each phenotype.
to examine patterns of change in frequencies of plate phenotypes between
years. The phenotype within a morph with the greatest increase in
frequency from one year to the next was given a value of 1, and other
phenotypes were compared to this "optimum" phenotype. Relative change

in frequency fromyyear to year is not relative fitness.

Extreme plate numbers within the low plated morph decreased in
frequency in basin’' 1 from 1971 to 1972 (Fig. 12), and 8-plated
sticklebacks were the optimum morph. Extreme phenotypes within this

morph increased in frequency from 1972 to 1973, while central Phenotypes



FIG.

12:

Relative change of frequency of
plate number phenotypes within
morphs from May in one year to
May in the following year in
basin 1.

(0—0 1971-1972, @—& 1972-1973).
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TABLE X: Summary of tests. of homogeneity of
frequencies of plate number phenotypes
within morphs from May of one year to
May in the following year.

PLATE | s
BASIN YEARS oo X ar, P
1 1971-1972 Low plated 37.31 5 < 0.005
Partially plated 2.96 6 > 0.75
Completely plated 19.T7h 5 < 0.005
1972-1973  Low plated 23.10 5 < 0.005
Partially plated 12.26 6 ~ 0.05
Completely plated 16.32 5 = 0.005
2 1971-1972 Low plated . 37.k2 5 < 0.005
Partially plated  30.h41 6 < 0.005
Completely plated 31.96 ~ 5 < 0.005
1972-1973 Low plated - 29.03 5 < 0.005
Partially plated 32.76 6 < 0.005

Completely plated 32.15 5 < 0.005
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\ .
decreased. An extreme phenotype within the completely plated morph was

favored from both 1971 to 1972 and 1972 to 1973. The optimum pheno-
type from 1971 to 1972 had 33 plates and 28-to 29-plated individuals
showed the greatest decrease in frequency, but this pattern was reversed
from 1972 to 1973, with 28;to 29-plated sticklebacks being favored and
33=to 35-plated individuals decreasing in frequency. Patterns of change
in frequency of phenotypes within the -partially plated morph were
similar from 1971 to 1972 and 1972 to 1973, favoring 8-to 16-plated

individuals while higher plate numbers decreased in frequency.

In basin 2, extreme phenotypes were favored between years within
all morphs (Fig. 13). Within the low and completely plated morphs the
extreme phenotype that was favored from 1971 to. 1972 showed the greatest
decrease in frequency from 1972 to 1973, and the other extreme phenotype
showed the inverse pattern. Both extreme phenbtypes within the partially
plated morph were favored from 1971 to 1972, and showed the greatest
decrease in frequency from 1972 to 1973, when central phenotypes were

favored.

The favored phenotype between years within the low and completely
plated morph were similar in both basins. From 1971 to 1972, 33-to
35-plated individuals were favored within the completely plated morph in
both basiﬁs. From 1972 to 1973, 9-to 16-plated individuals were favored
within the »IQW ;Aplated morph in both basins. This suggests that
factors causing changés'in thé’frequénCy of'platé number phenotypes from

year to year were similar in both basins.
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VSticklebacks:with extreme phenétypes within the low and complétely'
plated morphs'wéré favoréd both within and bétweénﬂyears in-both basins.
The optimum phenotype within these morphs from May to September of a
year was also often favored from that year to the next, although the

optimum phenotype switched from one extreme to the other in time.

C. Summary

I expected to find general trends in the changes in frequencies
of phenotypes with time, perhaps similar to those observed in changes
in morph frequencies in basin 1. Clearly, such trends did not occur.
The expectation ¥esulted from an over-simplified view of the population
structure, and arguments, based on that view, about -the effect of

increasing population size on genetic variation in populations.

Thé’obSerVéd changes in phenotype frequencies lead to.several
- conclusions:
(1) natural selection acfs on variation in plate numbers,
producing changes in relative frequency of phenotypes within generations.
(2) frequencies of phenotypes also change from generation to
generation, and changses within and between generations are related;
(3) chances for an individual to survive and for its phenotype to
increase in relative frequency in the next generation depend on interactions
betWéen itslphenotype and the environment in space and time;

(4) the selective environment for a stickleback is clearly variable in

both space and time.



FIG. 13:

Relative change of frequency of
plate number phenotypes within
morphs from May in one year to
May in the following year in
basin 2.

(0—0 1971-1972, ¢—b 1972-1973)

Ly
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STICKLEBACKS AND SCHISTOCEPHALUS SOLIDUS

Schistocephalus solidus is a tapeworm found as a plerocercoid in

Gasterosteus aculeatus. The life history of Schistocephalus follows the

patterny egg, free-swimming coracidium, procercoid in copepod, plero-

cercoid in fish, adult in piscivorous bird. Infection prevents normal egg
maturation of female sticklebacks (Arme and Owen, 1967),reduces the chances

of a male to build a nest (McPhail, pers. comm.), and increases tke
probability that an individual will be eaten by birds, as infected sticklebacks
are sluggish and found in shallow water (Lester, 1971). Since infection with

Schistocephalus affects the chances for an individual to survive and reproduce,

I was interested in determining if differential infection of plate phehotypes

might explain observed changes in frequencies of phenotypes with time.

The proportion of infected sticklebacks changes within a year (Fig.
14). The rate of infection increased from May to August, and decreased from
August to September in basin 2 during 1970.

Samples of sticklebacks from basin 2 in June, 1970, suggested that
‘differential infection of morphs occurred, even though differences between
morphs were not significant. Large samples of sticklebacks were collected
from a station in each basin (stations ll and 18) during June, 1971, to
test the hypothesis that morphs have different probabilities of becoming
infected. Proportions of infected and uninfected sticklebacks of each

morph were compared to determine if morphs were differentially infeoted.



FIG. 1k:

L6

Rate of infection of sticklebacks

with Schistocephalus Solidus in basin

2 during 1970. DNumbers in brackets
are the total number of sticklebacks

caught.
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The morphs were differentially infected in both basins (Table XI). In
basin 1, the proportion of infected individuals was higher for the partially
plated morph than for the low and gompletely Plated morphs. In basin 2, the
proportion of infected sticklebacks was lower for the partially plated morph
than for the other morphs. Partially plated sticklebacks decreased and low

~and completely plated individuals increased in relative frequency both
within and between years in basin 1. At station 18 in basin 2, partially
plated individuals increased in relative frequency during 1971 and from 1971
to 1972. This suggests that the selective environment for a stickleback
varies in space, and that differential infection of morphs is at least part
of the explanation for changes in the relative frequencies of phenotypes with

time.

Two hypotheses could explain the observedvdifferences between morphs in
rate of infection:

(1) All morphs have the same probability of becoming infected, and
differences between morphs in level of infection are due to differential
survival of infected sticklebacks on the basis of phenotype. Two
observations argue against this hypothesis:

(a) few plerocercoids are mature during June, and therefore unlikely

to cause mortality;

(b) differential survival during the summer favors the morphs with
the lowest infection rates rather than those with the highest
infection rate, as this hypbthesis requires,

(2) the morphs have different probabilities of becoming infected.

Sticklebacks become infected by eating copepods carrying a procercoid, and

this hypothesis argues that the phenotype of an individual influences its



TABLE XI: Proportion of sticklebacks with.
différ?nt plate morphs infected
withfScﬂiS£&eééﬁélﬁé'éoiiéué in
Heisholt Lake, June 1971. Chi-

squares are from test of associa-
tion between infection rate and

morphs in each basin.

L8

INFECTED  ___ NON-INFECTED

BASIN PLATE MORPH ... . | NUMBER. % . ... .. . .. . NUMBER 4
1 Low platéd 15 17 T5 83
Partially plated 27 - 27 Th 73
Completely plated 6 10 53 90

x2 = 7.17, 24a£, pg0.05
2 Low plated 16 31 36 69
Partially plated 1k 1k 87 86
Completely plated 29 28 73 T2

xZ = 8.20, 24.f, p¥0.025
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chances to eat an infected copepod.

Summary

both basins during June: partially plated sitcklebacks had the highest
infection rate in basin 1 and the lowest infection rate in basin 2.
Increased mortality of infected individuals would account for at least part

of the change in relative frequencies of morphs.

MOVEMENTS OF STICKLEBACKS
The observation that morph frequencies change from area to area
within a basin led to a series of experiments on movements of sticklebacks
in Heisholt Lake. These experiments involved releasing marked sticklebacks
in the area where they were collected and following their movements for
short periods. This section of the thesis presents results of these

experiments.
A, Movement Patterns

In May and August, 1971, experiments were conducted to determine the
pattern of movement of sticklebacks. Traps were set in an area at the base
of a U-shaped bay (Fig. 15) for 24 hrs (Day 0). All sticklebacks in the
traps were then marked with a clipped spine, and released at the exact site
they had been caught. Equal numbers of traps were set in the release area
and at diétances of 5, 10, 15, and 20 m from this.area. Traps were checked
every 24 hrs for three days (Days 1-3), and the numbers of marked'and
unmarked sticklebacks in each trap weré recordéd. Sticklebacks were always

released where they had been caught, and the.f}aps were replaced at the

 same sites each day.
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In May; 299 marked sticklebacks were released in a bay in basin 2.
The frequency of marked sticklebacks on Day 1 was highest in traps in the
release area, and declined as the distance from the release area increased
(Fig. 16). The frequency of marked sitcklebacks did not change from day to

day in the release area, but it decreased from Day 1 to Day 3 at 5, 10, and

15 m, and from Day 2 to Day 3 at 20 m from the release area.

In Aﬁgust, 238 marked sticklebacks were released in a bay in basin
1. The pattern of change in frequency of marked sticklebacks from day to
day was similar to that in May. Frequency of marked individuals did not
change from day to day in the release area, and declined during the experiment

at all distances outside the release area.

Results of these experiments suggest that the population is
composed of two groups of sticklebacks with very different patterns of
movement:

(1) a resident group that remains within a restricted area;

(2) a non-resident group that moves from area to area.

An experiment was conducted to examine patterns of movement of these t&o
~groups. In May, 1972; 332 sticklebacks were caught in a U-shaped bay in
basin 2, marked, and released at the site where they had been caught. Equal
numbers of traps were set in the release area and at 5, 10, 15 and 20 m
from this area. A second spine was clipped on all marked sticklebacks
caught in traps on Day 1, but those caught in the release area (residents)
were marked so that they could be distinguished from those caught outside

the release ares (non—residents). All double-marked sticklebacks were

released at the same site in the release srea.



FIG. 15:

Sketch of U-shaped bay

(Station 26) in basin 2 used

for experiment on movement patterns
of sticklebacks, showing sites at

which traps were set.
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FIG. 16:

Frequency of marked sticklebacks
at different distances from release

area in May and September, 1971.
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Movement patterns of resident and non-resident sticklebacks were
very different (Fig. 17). Most residents (86%) stayed in the release area,
whole most non-residents (83%) moved. While this result supports the
hypothesis that the population is composed of two groups with different
movement patterns, it also raises questions about why the frequency of
marked individuals did not decline from day to day in the release area diring
previous experiments, since this experiment suggests that some of the marked

individuals caught in the release area on Day 1 were actually non-residents.

Several hypotheses would explain differences between individuals
in movement patterns. Breeding sticklebacks do not leave the release area,
suggesting that they are residents. Territoriality of breeding sticklebacks
would explain differences in movement patterns in May, but not in September.
Larson (1972) ghowed that sticklebacks maintain feeding territories, and
territorial behavior was observed thréughout the summer in Heisholt Lake.

A combination of breeding and feeding territories would explain

behavioral differences between residents and non-residents.

-B. Relative Numbers of Residents and Non-Residents

Frequency of marked sticklebacks in the release area was higher in
May than in August. This diffevence can be explained by two alternative
hypotheses:

(1) relative numbers of residents and non-residents did not
change from May to August, but a lower proportion of residents in the
release area were marked in May, when density of sticklebacks was higher;

(2) relative numbers of residents and non-residents change, so

that more sticklebacks are residents during August.



FIG. 17: Movement of resident and non-resident
sticklebacks from .release area in

May, 1972. .

sh
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The first hypothesis argues that, if I coﬁtinue to mark sticklebacks
in the rélease area in May, the frequency of marked individuals would increase
from day to day as more residenps became marked. To test this prediction,

I set ten traps in a bay in basin 2 in»May, 1972, and all sticklebacks in
the traps were marked the next day, and released. The traps were replaced
at the same sites and checked each day'for three days. The numbefs of
marked and unmarked sticklebacks were recorded each day and all ummarked
sticklebacks were marked. Frequency of marked individuals did not in-
crease from day to day (Table XII) suggesting that most residents in the
area had been caught and ﬁarked on the first day. This result supports the
hypothesis that changes in the relative numbers of resident and non-resident

sitcklebacks explain differences between experimenté in May and September.

Changes in the relative frequency of resident and non-resident
sficklebacks froﬁ May to September sﬁggest a relationship between density
of sticklebacks and the proportion of sticklebacks in the population that
obtains a territory and becomes resident. Several ﬁark-recapture experiments
were conducted during 1972 and 1973 to examine this relationship (Appendix D).
Fig. 18 summarizes all observations on the relationship between density
(number of sticklebacks per trap) in the release area and the frequency of
mafked sticklebacks in the release area on Day. 1. The-propoftion of the
population that obtains a territory and becomes resident appears to decrease
as stickleback densit& increases. However, the relationship is confounded
by seasonal changes in behavior, as breeding and feeding territéries
are not the same. This hypothesis requires further testing before a conclusion

can be made.
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TABLE XII: Frequencies of marked and unmarked
sticklebacks in an area in basin 2

in May, 1972.

NUMBER OF STICKLEBACKS

FREQUENCY OF

DAY MARKED . UNMARKED MARKED STICKLEBACKS
(%)

0 o 403

1 65 287 18.5 .

2 O TT 3k9 18.1

3 78.. ' 303 20.5
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c. - Summary
The stickleback population in Heisholt Lake is coﬁposed of
resident individuals, which maintain either a feeding or a breeding
territory, and non-resident individuals, which move rapidly from
area to area. The prbportion of sticklebacks that obtain territories

appears to decrease as population density increased.

VARIATION OF RESIDENT AND NON-
RESIDENT STICKLEBACKS

Experiments on movement patterns of sticklebacks in Heisholt
Lake show that the ﬁopulation is composed of residents, which remain
in a restricted area, and non-residents, which move from area to area.
Only residenf sticklebacks breed, and the propoftion of sticklebacks
with territories appears to decrease with population density. These
observations argue that sticklebacks compéte for territories, and
the change in frequencies of phenotypes from area to area suggest
that the plate phenotype of an ipdividual influences its chance of
becoming a resident in an area. Plate phenotypes of resident and
non-resident sticklebacks were compared to determine if all phenotypes

had equal probabilities of becoming a resident.

I asked three questions:

(1) does the plate phenotype of a male affect his chances of
obtaining a breeding terriiory?

(2) does the plate phenotype of a female affect her chances of
breeding?

(3) does the plate phenotype of an individual affect its chances

of obtaining a feeding territory, and thus becoming a resident outside



FIG. 18:

Thé‘rél&tionéhip bétWéen'density of
sticklebackS‘(catch/ﬁnit éffort) in
réléase aréaion'day 1 and the proportion’
of'sticklébacks with territories (frequency

of marked sticklebacks in release area) in

_release area on day 1.
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the breeding season?

This section of the thesis presents results of comparisons of the

phenotypes of resident and non-resident sticklebacks.

A, Nesting Males

Nesting m;ies were collected at five statiqns in basin 1 each year from
1971 to 1973, and at five stations in basin 2 in 1973. All nests at a
station were éollected within 36 hours during mid-May. Territories
vacated by removal of a male were usually reoccupied within 24 hr. Morph
frequencies of males collected at a station during early May and morph
frequencies of males nesting at the same station were used to calculate
relative fitnesses of morphs. Relative fitnesses of morphs were compared

to determine if the phenotype of a male affects his chances of obtaining a

breeding territory (Table XIII).

In basin 1, partially plated males had the lowest chances of obtaining
a territory at all stations in all years. The favored phenotype varied from
station to station in-1971 and 1972, but completely plated males had the

highest fitness at all stations in 1973.

In basin 2, the favored morph varied greatly between stations
(Table XIV). Partially plated males had a selective advantage at station

30, but they also had the lowest fitness at three of the five stations.

Morph frequencies of nesting malés at all stations in a basin were
compared to determine if the phenotypes of nesting males varied in space.
Differences between stations in basin 1 were not significant in either 1971,
1972, or 1973 (Table XV), but morph frequencies 6f nesting males varied

between stations in basin 2 in 1973,



TABLE XIII: Relative fitness of marks with different

plate morphs breeding in basin 1.

1971 1972 1973
STATION MORPH SAMPLE NESTING RELATIVE SAMPLE NESTING RELATIVE SAMPLE NESTING RELATIVE
MALES  MALES FITNESS MALES  MALES FITNESS MALES  MALES FITNESS
2 Low plated 23 12 1 46 10 1 33 9 0.57
Partially plated 20 3 0.29 Lo T 0.77 24 3 0.26
Completely plated 16 ) 0.48 36 T 0.89 29 14 1
5 Low plated. 6 7 0.58 32 22 0.90 28 T 0.31
Partially plated 14 9 0.32 31 10 0.42 29 -7 0.30
Completely plated 6 12 1 , 21 16 1 21 17T 1
7 Low platéd 1k 8 0.57 15 11 . 0.73 24 10 0.46 -
Partially plated 5 o 0 20 5 0.25 19 5 0.29
Completely plated L 4 1 9 - 9 1 11 10 1
9 Low plated 1 1 0.39 20 6 0.21 42 1 1
Partially plated 9 6 0.36 28 5. 0.13 26 k 0.58
Completely plated 5 12 1 10 1k 1 38 10 1
11 Low plated 27 1L 1 43 12 0.50 L7 9 0.65
Partially plated 31 4 0.25 25 L 0.28 33 6 0.62
Completely plated 26 13 0.96 32 18 1 3% 10 . 1

09.



STATION

19

23

25

27

30

TABLE XIV: Relative fitness of males with

different plate morphs breeding

in basin 2, 1973.

PLATE
MORPH

Low plated
Partially plated

Completely plated

Low plated
Partially plated

Completely plated

Low plated
Partially plated

Completely plated

Low plated
Partially plated

Completely plated

Low plated
Partially plated

Completely plated

SAMPLE
MALES

13

10

18

11

12

12

15

31
28
18

NESTING
MALES

11

11

18

13

11

12~

11

11

12

61

RELATIVE
FITNESS

0.63

0.49

0.15

0.78
0.7k

0.73
0.83

0.83



TABLE XV: Summary of tests of homogeneity of

morph frequencies of nesting males at

different stations.

62

BASIN YEAR X afa P
1 1971 8.76 6 Y 0.25
1972 8.74 8 » 0.25

1973 5.03 8 > 0.75

2 1973 i7.11 8 4£0.05
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These results show that the plate phenotype of a male influences his
chances of obtaining a breeding territory in a particular area, and that the

selective environment for males varies in space.

B. Breeding Females

The breeding condition of female sticklebacks collected during May
from 1971 to 1973 was recorded. Plate phenotypes of breeding and non-
breeding females were compared to determine if all phenotypes have an equal
chance of breeding. I assumed that, if a female had ripe eggs, she would
breed. Numbers of females breeding at a station were small, so all collec-

tions from a basin were combined.

Differential breeding of morphs occurred within both basins in 1971
and 1972, but differences between morphs were not significant in 1973 in
either bésin 1 or basin 2 (Table XVI). Partially plated females were
selected against in all years in basin 1 (Table XVII). Low Plated females
were favored in 1971 and 1972, and completely plated females were favored
in 1973. In basin 2, partially plated females were favored in 1971 and 1973,
and completely plated females ahd the highest relative fitness in 1972. Low

plated females were selected against in basin 2 in all years.

Relative fitnesses of plate numbef phenotypes within morphs were
calculated to determiné if plate number affects the chances for females of
a particular morph to breed (Appendix E). Disruptive selection favored
extreme phenotypes of the completely plated morph in 1972 and 1973 (Fig. 19).
Directional selection favored an extreme phenotype of the completely plated
morph in 1971. The type of selection changed‘frpm year to year within the

partially plated morph, as selection was stabilizing in 1971, and disruptive,



TABLE XVI: Summary of tests of association
between the plate morph of female

sticklebacks and breeding condition.

DATE ‘BASIN X2 o
1971 1 7.30 < 0.025
2 13.86 < 0.005
1972 1 6.26 < 0.05
2 - 20.12 < 0.005
1973 ,b 1 3.03 > 0.10

2 0.91 > 0.50



TABLE XVII: Morph.ffequencies of breeding and non-breeding

female  sticklebacks and relative fitness of

morphs 1in early May in Heisholt Lake, 1971-1973.

1971 1972 1973
PLATE NUMBER OF FEMALES RF NUMBER OF FEMALES RF NUMBER OF FEMALES - -
BASIN MORPH BREEDING NON-BREEDING BREEDING NON-BREEDING BREEDING  NON-BREEDING

1 Low plated 146 175 1 183 128 1 378 161 .93
Partially plated 105 176 0.79 150 151 0.85 185 80 93

Completely plated 5 99 0.78 7 79 0.84 226 h
2  Low plated 61 66 0.95 66 121 0.62 95 146 .91

" Partially plated 97 95 1 136 250 0.62 118 153
Completely plated - 55 116 0. 64 T3 56 1 T3 100 .97

S9



FIG. 19:

66

Relative fitness of plate
phenotypes of female sticklebacks
in basin 1. Fitness is defined

in terms of chances to breed (Appendix E).
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favoring an extreme phenotype, in 1973.

Iﬁ basin 2, disruptive selection favored extreme phenotypes within the
low plated morph in 1972 and 1973, and within the completely plated morph in
all years (Fig. 20). Selection was also of the disruptive type in all years
within the partially plated morph, but extreme phenotypes were not always

favored. -

The disruptive pattern of selection within all morphs in both basins
suggests that the chances for a female to breed are influenced by the
relative frequency of her plate phenotype in the population. Phenotypes

within a morph with relatively low frequencies have a greater chance of breeding.

Density also appears to influence the relative chances for females of a
particular phenotype to breed. The relative frequency of partially plated
females in the breeding group at each site in basin 1 during 1972 appeared to
decrease as density of sticklebacks at the site increased (Fig. 21). This
result suggests that partially plated females had a lower probability of
breeding as density increased, but this conclusion must be considered tentative,

as this relationship was not observed in either 1971 or 1973.

The plate phenotype of a female stickleback influences her chances of
breeding. The selective environment for females varies in space (differences

between basins) and time (differences between years).



FIG. 20:.

Relative fitness of plate phenotypes

of female sticklebacks in basin 2.
Fitness is defined in terms of chances

to breed (Appendix E).
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FIG. 21:

The relationship between density
of'sticklébacks’in a trap and the’
relative frequency of the partially
plated morph in the breeding females

caught in the trap, 1972,
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C. ‘Residents and Non-residents in September

A mark-recapture experiment was conducted during September, 1972,
to compare the plate phenotypes 6f resident and non-resident sticklebacks
outside the breeding periodé. Traps were set for 24 hours in a bay of
basin 1, and 423 sticklebacks were caught and released. Equal nﬁmbers of
traps were set in the release area and at 5, 10, 15, and 20 m from the
release area. The traps were checked for the next three days, and all
marked individuals caught in the release area (residents) and outside the
release area (non-residents) were comparéd to determine if the phenotype

of an individual influenced its chances of obtaining a feeding territory

(Table XVIII).

Morph frequencies of resident and non-resident sticklebacks were
significantly different (chi-square test,x? = 10.78; 2 d.f., p>0.01).
Partially plated sticklebacks were more frequent in the non-resident group
than in the resident group, completely plated sticklebacks were more frequent
in the resident group, and the frequency of low plated individuals was similar
in both groups This shows that the plate phenotype of a stickleback in-
‘fluenced its chances of obtaining a feeding territory, and that low and
completely plated sticklebacks had an advantage over partially plated sticklebacks

in obtaining a feeding territory in an area of basin 1.

D, Summary

Clearly, the plate phenotype of a stickleback influences its chances of



T1

TABLE XVIII: Morph frequencies of resident and non-
resident sticklebacks in basin 1, in
August, 1972. Chi-square is from test
of associatinn between morph and movement
= pattern. .
LOW PLATED PARTTALLY COMPLETELY
v PLATED PLATED
NUMBER % NUMBER % NUMBER %
Residents 27 L7 6 10 25 43
Non-residents Lo 50 23 29 17 21

x% = 10.78, 2df, p>0.01.
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obtaining a territory both during and after the breeding season. In basin
1, low and completely plated sticklebacks had a seléctive advantage over
partially plated sticklebacks in obtaining a breeding territory in all years.
Low and completely plated sticklebacks were also favored over partially
plated individuals in obtaining a feeding territory. In basin 2, the favored
morph varied frog_area to area and from year to year. Partially plated
males were favored in certain areas and partially plated females had a
selective advantage in 1971 and 1973. In both basins, disruptive selection

favored extreme female phenotypes withinall morphs during the breeding

season.
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SUMMARY OF RESULTS

I was interested in the adaptive significance and maintenance of
variation in plate number in threespine sticklebacks. My approach in the
study'was:

(1) to describe spatial and temporal changes in the frequencies of
pl;te phenotypes in Heisholt Lake;

(2) to attempt to explain observed changes.

This section of the thesis presents a summary of the results of the study.

A, Changes in the Frequency of Phenotypes

Spatial and temporal changes in phenotypic frequencies were observed
in Heisholt Lake. Morph frequencies changedwith depth during June owing to
segregation of breeding females, which suggests that the morphs differ
physiologically. Morph fregquencies also changaifrom area to area within a
basin. Changes in phenotypic frequencies occurred both within generations
(from May to September) and between generations (from year to year). In basin
1, low and completely plated sticklebacks increased and partially plated
sticklebacks decreased in frequency both within and between generations at
most stations. 1In basin 2, partially plated sticklebacks increased and low and
completely plated sticklebacks decreased in frequency at maumy stations in
both 1971 and 1972, and at most stations from 1971 to 1972. However, from
1972 to 1973 this pattern was reversed. Extreme phenotypes within all morphs
increased ln frequency both within and.between generations in hoth basins.

Disruptive selection favoring both extreme phenotypes within generations

occurred within all morphs.



B. Explanation of Observed Changes

The observed changes in phenotypic frequencies in space and time in
Heisholt Lake result from interactions between genetic variation and
structure of the stickleback poﬁulation.' A series of experiments designed
to determine the pattern of movement of sticklebacks in the lake show that
the population is compozed of resident individuals, which appear to maintain
either a feeding or a breeding territdry and remain in a restricted area,
and non-residents, which move rapidly from area to area. Non-resident

sticklebacks do not breed.

The phenotype of an.individual influences its chances of becoming
a resident (i.e. to obtain a territory). In basin 1, low and completely
plated sticklebacks had a selective advantage over partially plated stickle-
backs in becoming a resident both during and affer the breeding season. In
basin 2, partially plated males were favored at some stations during the
breeding season, and partially platéd females had the greatest chance of
breediﬁg in both 1971 and 1973. Females with extreme phenotypes within
morphs had the highest chances of breeding in both basins, and disruptive

selection often favored both extreme phenotypes within a morph.

The phenotype of a stickleback also influences its chances of being

infected with Schistocephalus solidﬁs during June. Partially plated
sticklebacks had the highest infection rate in basin 2. A hyﬁothesis to
explain the observed differences in infection rate is that the morphs differ
in their probability of becoming infected because of differences in feeding

behavior.
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Although population size increased each year during the study, density
of sticklebacks was not a major factor influencing the observed spatial and

temporal changes in phenotypic frequencies.

. . Frequencies
Spatial changes in phenotypic, are a result of variation in space of the

outcome of competition among phenotypes for territories. Physiological
differencesbetween phenotypes may be a factor in this competition. Temporal
changes in'phenotypic frequencies are -also explained by interactions between
genetic variation and population structure, as phenotypes that are favored

in competition for territories have the lowest rate of infection with -

Schistocephalus, and increése in frequency both within and between generations.
Differences in survival ratés of residént and non-resident individuals, owing
partially to differences in infection rate, would explain the observed

changes in phenotypic frequencies within generations.‘ Changes in the phenotypic
frequencies between generations are explained by observed differences between

phenotypes in chances of breeding.

DISCUSSION

A, Behavior and Movements of Sticklebacks
Experiments on the movement patterns of sticklebacks in Heisholt Lake
show that the adult population is composed of a territorial resident group
and a non-resident group that moves from area to area. Residents maintain

either a feeding or a breeding territory.
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Differences.between individuals in a population in patterns of movement
are documented with other species of fish, particularly juvenile salmonids
(Chapman and Bjornn, 1969; Jenkins, 1969; Symons, 1972), and with a variety
of other vertebrates (Myers and Krebs, 1971; Watson and Moss, 1972). Complex
social groupings within juvenile salmonid populations includetdominant and
subordime territorial individuals; 'station-fish', who remain in an area but
do not defend it; and wanderers, who move from place to place (Symons, 1972).
Van den Assem (1967) shows that complex social hierarchies exist between
male sticklebacks with adjacent breeding territories, and that courtship -
success is influenced by social rank. The non-residents in Heisholt Lake nay
be individuals at the bottgm of'a complex social hierarchy. Rank in this

hierarchy may determine the chances for an individual to survive and repro-

duce.

Possession of a territory confers numerous selective advantages:

(1) growth rates of territorial fish are higher (Mason, 1969; Symons,
1970, 1972);

(2) territorial fish have a lower probabilityvof being eaten by a
. Predator because of familiarity with an area (Jenkins, 1969; Symons; 1972);

(3) territorial behavior of males.reducesinterference during breeding
(van den Assem, 1967; Bartnik, 1973);

(4) territorial fish have an advantage in feeding-in a familiar area

(Bartnik, 1978).

Larson (1972) studied feeding behavior of two forms of sticklebacks
that occur in Paxton lake on Texada Island. Pairs of sticklebacks were
placed in tanks, and in every case one fish became dominant and the other

became subordinate and moved away from the bottom of the tank. Preliminary
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laboratory observations show that dominant-subordinate relationships occur
within other stickleback populations, and that dominant individuals grow faster
than subordinates (McPhail, per. comm.). This argues that growth rates are

higher for resident individuals than for non-residents in Heisholt Lake.

Observations of nesting males in ﬁeishblt ﬁake sugegest that behavior
changes during a breeding cycle. Males are almost colorless and hide in a
crevice or in vegetation during the eagly stages of +the cycle, but later they
become highly colored and are more active. Kynard (1972) shows that the
response of breeding males to predators changes during the cycle. Males
flee from a predator earlj in the cycle, but later they approach the predator.
A hiding place will reduce chances of being eaten by a predator, and rate of

predation will be lower for resident sticklebacks than for non-residents.

The resident group during the bfeeding season includes breeding males
aﬁd females, and perhaps non-reproductive individuals with feeding territories.
Long-term movement patterns of reproductive males and females probably differ.
Breeding males establish territories in late April, build nests, court
females, and guard eggs and young until their progeny are free-swimming.

Males can go through this sequence at least twice, and may move their nest
site between sequences (Black, 1972; Kynard, 1972). Both solitary and
synchronous groups of nesting males were observed in Heisholt Lake. Females
establish fesidence in an area, and may have several clutches of eggs before
moving. Groups of syﬁchronous males may be more attractive to females than

solitary males (van den Assem, 1967; Bartnik, 1974).
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During this study I observed that breeding females do not move from
area to area. Laboratory observations suggest that females maintain
'feeding territories', or at least will become_-dominant over aﬁother
stickleback. Morris (1958) described territoriality of bfeeding

females in nine-spined sticklebacks, Pungitius pungitius, but such behavior

has not been recorded for three-spined sticklebacks. This apparent con-
tradiction may be resolved by comparisons of pelagic feeding populations,
which tend to breed in the open, and benthic feeding populations, which

tend to breed in vegetation (Larson, 1972). Females in the former case may
not be territorial in both Pungitius and Gasterosteus. Behavioral
observations must not be made without an awareness of the ecolbgical setting
and genetic variation of the populatiocns from which experimental individuals

are collected.

Non-resident sticklebacks are not solitary, but move rapidly in
schools from area to area in Heisholt Lake. Xeenleyside and Yamamoto (1962)
reported that non-territorial salmon parr form schools at high densities
and avoid territory holders, thereby reducing the number of agonistic
encounters. When a male stickleback is removed from his territory, another
male, presumably a non-resident, usually occupies the territory within 24 hours.
Territories become vacant in an area owing to movemsnt of males and females
that have either finished breeding or abandoned territories after failing to
breed, and, if we aséume that non-residents are searching for a vacant

territory, the best strategy for non-residents is to move rapidly from area

to area.
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Hagen (1967) transferred marked sticklebacks from area to area in

the Little Campbeli River, and followed the movement of marked individuals.
When low plated sticklebacks were transferred from a pond to a nearby
section of the river in March, numbers of marked fish at the release site
decreased slowly, but upstream or downstream movement of marked sticklebacks
was not apparent. Sticklebacks in Heisholt Lake do not move during March,
but remain ciosely associated with the lake bottom. Hagen transferred low
plated sticklebacks to a trachurus habitat and trachurus to a low plated
habitat in June. 1In both experiments, sticklebacks moved away from the
release area. Marked sticklebacks which are transferred between areas in

Heisholt Lake move rapidly from the release area (Maclean, unpubl data).

During summer and early fall, young-of-the-year sticklebacks move
in large schools in shallow areas of Heisholt Lake. Young in laboratory
tanks show no aggressive behavior during the same time periqd. In late fall,
the young begin to fight, both in the lake and in the laboratory. The
schools break up and the young stiéklebacks settle in vegetation and
crevices on the lake bottom. This fighting may determigsocial rank and

subsequent chances to survive and reproduce.

Watson and Moss (1970) suggest that four conditions must hold in a
population before we can conclude that Eehavior can limit breeding populations
of sticklebacks.

(1) a substantial part of the population does not breed: This
study and van den Assem's (1967).laboratozy'dudws indicate that only a certain
number of sticklebacks can breed in a particular area. Also, a minimum

territory size exists, and the number of non-territorial individuals appears

to increase with density;
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(2) such non-breeders are physiologically capable of breeding if
dominant or territorial animals are removed. When male sticklebacks are
removed from their nests in the field, they are usually replacéd-within 2k

hours; : ’

(3) breeding animals are not completely using up some resource, such
as food, space, or nest sites. The area defended by a male stickleback is
much larger than the nest site. The number of males breeding in an area

is greatly affected by settling pattern (van den Assem, 1967);

(4) mortality or depressed recruitment due to the limiting factor
changes in an opposite sense to, and at the same rate as, other causes of
mortality or depressed recruitment. Changes in the numbers of sticklebacks
in Heisholt Lake affect the relative numbers of resident and non-resident
sticklebacks. Once territories are filled, additional'individuals become non-

residents. Vacant territories are filled by non-residents.

Behavior clearly limits the density of breeding sticklebacks in a
particular area at a particular time, but may not limit the total number of
sticklebacks breeding in the lake during a year, as several breeding cycles

can occur within an area during a year.

The population structure outlined.in this discussion does not apply to
all stickleback populations. In some populations, adults form large schools,
feed pelagically (Moodie, 1972b), and hold territories only during the
breeding season. A comparative study of population structure would be most

interesting.
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B. Physiological Variation in Gasterosteus aculeatus.

During June, the phenotype of a breeding female influences her
distribution with depth in Heisholt Lake. Low and completely plated females
are found at the shallowest and deepest depths respectively, while partially
plated females occur at a narrow, intermediate range of depths. Seasonal
changes in depth distribution of breeding females suggests that they cue on
an environmental parameter, perhaps temperature, that changes seasonally

at a given depth.

Heuts (1947a) showed that temperatures for optimal survival of eggs are
higher for eggs from crosses between low plated males and females than for
eggs from crosses between trachurus individuals. Females will attempt to lay
their eggs at optimal temperétures for survival, and differences in the pre-
fgrred temperatures of females might explain differences between morphs in
depth distribution. MacLean (1970) éhowed that preferred temperatures of

five-spined sticklebacks (Culaea inconstans) are narrower during breeding

than at other times of the year, and that normal breeding behavior occurs
. only within this narrow temperature range. Heuts (1947b) showed that the
geographical distribution of low plated and trachurus sticklebacks is con-

sistent with their physiological differences.

Heuts (1945) found that optimal temperatures for survival of eggs
from crosses between low-plated and trachurus sticklebacks are determined by
the phenotype of the mother. Lindsey (1962) describes maternal effects on
inheritance of vertebral number, a meristic character influenced by develop-
mental temperature. However, the distribution of partially plated females in

Heisholt Lake suggests that they are physiologically intermediate. Hitzeroth,
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et al. (1968) show that maternal génes in trout hybrids are activated 40 days
prior to activation of paternal genes at the same locus. Apparent maternal
inheritance in sticklebacks might reflect differences in the temperature-
dependent activities of products'of maternal and paternal genes. Partially

plated adults appear physiologically intermediate.

The range of depths at which females are found is narrower for
partially plated:females than females of the other morphs. Bachmann (1969)

reported that the temperature range for survival is narrower for hybrids

between races of Rana pipiens than for parental populations. Temperatures for
optimal survival of eggs may be narrower for eggs from partially plated
females than for eggs from females of the other mprphs, and this hypothesis

should be tested in the laboratory.

Heuts (1947a) and Lindsey (1961) found physiologicél differences
be£ween plate number phenotypes within a morph. When low plated adults are
placed in warm water, 3-lU-plated individuals survive longer than those with
seven plates. Temperatures for optimal survival of éggs are higher for 2-L-

.plated females than for females with seven plates. These results suggest

that stickleback populations are composed of a series of physiologically, and
therefore ecologically, specialized phenotypes. Water temperatures in lakes
and streams are extremely heterogeneocus in space and timé, and physiological
variation in sticklebacks permits them to survive and reproduce in a wide
variety of habitats. . Recent studies show differences betweén plate phenotypes
within morphs in nesting site (Moodie, 1972b; Kynard, 1972; Hay, 197h), in

predator escape behavior (Moodie, McPhail and Hagen, 1973), and fecundity
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(Kynard, 1972; Hay, 197h). Hagen (1972) suggests tha£ plate numbers within
morphs are inherited polygenically, but the pleiotropic interactions between
plate number and a variety of characters influencing fitness of the individual
suggest that inheritance of a plate number variation will not be simple (see
also Hay, 197h4). The selective value of gene interactions, the degree of

linkage, and the genes involved in the interacting complexes will probably

vary from population to population (Jones, 1973).

C. Variation in Resident and Non-resident Sticklebacks

Not all sticklebacks have equal chances of obtaining a territory in
a particular area. The pﬁenotype of an individual influences its chances to
obtain a territory, and thereby its chances to survive and reproduce. In
basin 1, low and completely plated sticklebacks had a selective advantage in
acquiring a territory both duﬁ@ng and after the breeding season. The low and
completely plated morphs increased in relative frequency during the summer
and from year to year. In basin 2, the morph favored in breeding varied from
area to area and from year to year. In certain areas the partially plated morph
was favored, while it was selected against throughout basin 1. The chances
- for an individual of a particular morph to survive from May to September also
varied from area to area and from year to year in most areas. Froﬁ 1071~
1972, the partially plated morph increased in frequency gnd the other morphs

decreased, but this pattern was reversed from 1972-1973.

Females with extreme plate numbers within the low and completely
plated morphs had the greatest chance of acquiring a breeding territory. Low
and completely plated sticklebacks with extreme plate counts increased in

frequency from May to September and from year to year in both basins.
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These results show that a relationship exists between the relative
ability of individuals with a particular phenotype to successfully compete
for a territory and the chances for individuals with that phenotype to survive
and reproduce (i.e., increase in relative frequency within and between years).

The selective environment influencing the fitness of phenotypes competing

for territories_varies in space and time.

Phenotype frequencies varied between areas at certain times in both
basins. Movement of non;resident sticklebacks obscufes differences in
frequencies of phenotypes of residents from area to area, so significant
differences are observed only when population density is low and the selective
environment influencing the phenotypes of individuals that acquire territories

differs considerably between areas.

Plate phenotypes were differentially infected with Schistocephalus

in both basins. Partially plated sticklebacks had the highest infection »
rate in basin 1, and the lowest infection rate in basin 2. Partially plated
sticklebacks were selected against in competition for territories throughout
basin 1, but in some areas of basin 2, including the area where infection rate
was examined, they were selected for. Differential infection of phenotypes
can be explained by differences in the feeding behavior of resident and non-
resident sticklebacks. Territorial sticklebacks. feed predominantiy on benthic
organisms, while non-residents move away from the bottom and feed largely on

plankton (Larson, 1972). Infection with Schistocephalus reduces the pro=

bability of survival and reproduction, and may be a selective force causing

changes in the frequencies of phenotypes with time.

Disruptive selection favored females with extreme plate numbers within
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morphs in both basins. Disruptive selection also favored extreme phenotypes
in the low and completely plated morphs within years, and extreme pheno-
types showed the greatest increase in frequency between years. These results
suggest a relationship between frequency of a phenotype in the population and
the ability of individuals with that phenotype to compete successfully for
territories, which determines chances to survive and reproduce. Thoday
(1972) concludes that disruptive selection occurs:

(1) where heterogeneity of selection is intrinsic to the biology of the
population (sex dimorphism, etc.);

(2) where heterogeneity of selection arises from environmental

heterogeneity in space.

Thoday suggests that maintenance of two or more optima may be

dependent upon relative fitness being frequency-dependent.

Roughgarden (1972) develops a model for evolution in populations in
which individuals specialize on a specific region of a resource axis (where
resources are arranged from small to large or from low to high along a single
axis) present in the environment. The model predicts that there is an
optimum number of individuals of each phenotype for a given set of resources,
and that if a population has this optimum distribution, then fitnesses of
all phenotypes are equal. If a sexual population is to attain the optimum
population distribution, the distributipn of phenotypes in offspring from a
given cross must have a certain shape, which will be molded by natural section.
This molding takes time, and the model predicts -that when a population emigrates
from a source with complex fauna, the variance of the offspring distribution

will result in an overcrowding of the center phenotypes, which would result in
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disruptive selection.

This model has intriguing parallels with observations on the population
of sticklebacks in Heisholt Lake. Plate phenotypes of sticklebacks appear tb
be specializing on a specific range of temperatures. Fitnesses of extreme
plate numbers within morphs are higher than those of center phenotypes. The
population is the result of a recent introduction of sticklebacks into an
unoccupied lake. -A continuing study of plate vafiation in this population may
reveal further parallels and since the source population is known, may lead
to further understanding of the adaptive significance and maintenence of plate
variation. Also, the introduction of a predator, such as trout, into one of

the basins would be an interesting experiment.

Selander (1970) also finds differences between areas in restricted
populations of mice, but he invokes genetic drift in small subdivided groups
to explain changes from area to areé. Numerous studies show that isoenzyme
variation is responsive to local conditions (Koehn and Rasmussen, 1967;
O'Gower and Nicol, 1968; Johnson et al., 1969; Koehn, 1970; Prakash et al.,
1969; Richmond, 1970; Marshall and Allard, 1970; Koehn et al., 1971; Smith
and Koehn, 1971; Koehn and Mitton, 1972; Merritt, 1972; Williams et al., 1973).
Myers and Krebs (1971) show that frequencies of certain genotypes are more

common in dispersing Microtus pennsylvanicus than in residents.

. In summary, spatial and temporal changes in the frequencies of plate
phenotypes were observed in Heisholt Lake. Changes in both space and time
result from selection acting on individuals competing for'territoriés;
Differences between areas are caused by environmental heterogeneity in
parameters affecting the chances for an indiviaual with a particular phénotype

of obtaining a territory. Changes of the frequency of a phenotype in time
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are a result of the selective advantages of territorial sticklebacks in

terms of survival and reproduction.
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APPENDIX A: MORPH FREQUENCIES OF STICKLEBACKS

IN HEISHOLT LAKE, 1971 - 1973.
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TABLE A - I: Morph freguencies of sticklebacks caught
t 15 stations in basin 1 in May and

September from 19T71-1973.

Lo

’Lj!": NUMBERS OF STICKLEBACKS
MAY 1971 i "j SEPTEMBER 1971 MAY 1972 SEPTEMBER 1972 MAY 1973
ation Low Partially Coﬁiﬁ Low Partially Com-. Low Partially Com=. Low . Partially Com- Lowr Partially Cor
Plated Plated plq@gly Plated Plated pletely Plated Plated pletely Plated Plated »vplately_Plgted”Plated pis
PL?F§F lated , Plated . Plated.. . Ple
KT

1 33 o7, ;5i ! 20 8 14 46 38 30 o2 T 16 18 10 17
2 35 34 18 37 28 32 89 63 48 30 14 271 19 9 1!
3 Lo Ll 23 1k 11 17 27 20 15 5 b 9 111 60 5!
L 39 28 23 37 10 30 L 28 26 37 8 15 Lo b7 L
5 2x 27 15 30 26 L6 Th 69 53 35 8 25 73 54 L
6 13 13 10 2k 12 23 23 15 16 21 2 i0 32 1k 1
7 58 ' 36 13 45 28 61 42 48 3k Lk 8 27 83 53 b
5 586 139 28 30 2% 32 b2 25 13 39 9 3, 65 32 3
o 38 |33 1h 31 18 37 38 43 25 k6 18 25 112 5k |
10 3 { 12 8 33 16 34 22 35 12 2k 5 15 54 36 3
1 82 183 51 35 17 32 8l 72 36 5k 18 31 116 65 T
12 10 9 12 15 11 27 3k 15 23 8 5k 30 2
13 15 12 6 10 5 16 16 16 2k 9 12 58 29 3
1h 56 | 36 23 3 10 88 66' 25 | 60 12 31 50 21 3
15 15 9 12 T 1 ° 30 32 17 15 5 5 82 18 3

5b



TABLE A -~ II: Morph frequencies of sticklebacks caught

at fifteen stations in basin 2 in May and
September from 1971 - 1973.

. NUMBERS OF STICKLEBACKS'

MAY 1971 SEPTEMBER 1971 MAY 1972 SEPTEMBER 1972 MAY 1973

wtion Low Partially Com- Low Partially Com- Low Partially Com- Low Partially Com- Low Partially Com-
Plated Plated pletely Plated Plated pletely Plated Plated pletely Plated Plated pletely Plated Plated plet
Plated Plated Plated Plated Plat

16 30 Lk 28 13 5k 25 L7 103 55 25 5k 19 62 18 Lg
17 18 19 11 16 2L 12 30 50 30 T 19 1 20 28 9
18 18 20 19 21 10 23 53 27 10 31 1 Lk 52 26
19 T 12 16 8 11 29 34 21 18 28 10 15 22 14
20 17 33 15 23 39 26 Lo 83 Ly 20 3k 21 Ly 60 Lo
21 7 13 14 18 29 15 26 61 36 - - - 16 31 24
o2 12 10 6 17 22 21 16 Lo L 1k o1 10 20 2k 19
23 9 17 5 13 17 20 12 28 9 - - - 27 31 15
2L 14 13 11 11 21 10 26 52 26 2 10 5 21 31 23
25 9 17 15 & 9 7 22 51 3k 8 T 7 20 51 31
26 10 1h 13 1L 16 T 10 31 1k 5 L 27 32 15
27 T 15 17 1L 25 11 20 22 13 11 18 11 21 30 15
28 ok 2k 12 13 12 12 29 11 11 12 6 32 32 20
29 9 19 10 8 L 19 18 18 5 8 10 31 3L ol
30 28 28 25 17 22 25 21 50 53 2k

51 3 24 1k 33
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APPENDIX B: NUMBER OF STICKLEBACKS/TRAP

IN HEISHOLT LAKE, 1970-1973.
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NUMBER OF NUMBER OF CATCH/ STANDARD

YEAR MONTH  BASIN ~ STICKLEBACKS  TRAPS UNIT EFFORT DEVIATION
1970 Mey 1,2 . 364 3 10.7 11.1
September 1,2 289 82 3.5 6.4
1971 May 1 1249 73 17.1 22.2
2 T3k 39 18.8 12.5
September 1 999 T7 13.0 15.9
2 732 113 6.5 h.9
1972 May 1 1680 56 30.0 23.2
2 1470 30 49.0 27.6
September 1 902 105 8.6 7.7
2 - 568 130 bl 6.6
1973 May 1 2070 52 39.8 26.8
2 2506 39 64,3 7.1
September 1 187 113 1.7 3.5

2 34k " 115 3.0 .9
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APPENDIX C: FREQUENCIES OF PLATE NUMBER
PHENOTYPES WITHIN MORPHS IN

HEISHCLT LAKE, 1971-19T73.



TABLE C - I: ‘Frequencies of plate number phenotypes

within the low plated morph in basin 1.

MAYfi972

PLATE MAY 1971 SEPTEMBER 1971 SEPTEMBER 1972 MAY 1973
NUMBER NUMBER % NUMBER % .. NUMBER. . % . . TNUMBER. % . 'NUMBER %
3 0 0 0 0 0 0 1 0 0 0
L 7 1 T 2 8 1 T 2 20 2
5 75 1k 23 6 88 13 38 8 132 13
6 190 36 115 31 22k 32 126 26 311 32
T 186 35 110 29 299 L3 167 35 352 36
8 29 5 L7 13 63 9 61 13 105 11
9 8 1 15 L 5 1 30 6 23 2
10 b 1 17 5 3 0 12 3 12 1
11 L 1 5 1 1 0 13 4 8 1
12 6 1 0 0 1 0 T 1 1 g
13 T 1 7 2 1 0 3 1 L 0
1k L 1 L 1 2 0 5 1 5 1
15 7 1 0 0 0 0 L 1 3. 0
16 3 1 0 0 0 0 L 1 0 0
17 0 0 0 0 0 0 1 0 0 0

<0l



TABLE C - II: .Frequencies of plate number phenotypes
within the partially plated morph in basin 1.

PLATE MAY 1971 SEPTEMBER 1971  MAY '197'é | SEPTEMBER i972 - MAY 1973
NUMBER NUMBER % NUMBER % . NUMBER % . NUMBER % NUMBER %
0 0 0 0 2 0 0 0 2 0
9 1 0 0 0 6 1 0 0 1 0
10 0 0 0 0 9 1 0 0 4 1
11 0 0 3 1 8 1 0 0 5 1
12 2 0 0 0 L 1 1 1 6 1
13 13 3 2 1 8 1 0 0 20 L
1k 12 3 6 3 16 3 0 - 0 17 3
15 18 L 10 L 27 4 3 2 28 5
16 25 6 3 37 6 7 p) 38 1
17 29 T 3 48 8 8 6 L8 9
18 39 9 13 6 45 T 11 8 42 8
19 33 T 10 L 56 9 10 T 49 9
20 45 10 13 6 50 8 9 7 Lk 8
21 3k 8 16 T 53 9 16 12 38 T
22 L8 11 30 13 LL 7 15 11 L5 9
23 28 6 16 T 39 6 T 37 T
2k 24 5 16 T 37 6 27 5
- 25 28 6 26 11 36 6 16 12 27 5
26 26 6 24 10 31 5 9 7 21 b
27 ok 5 20 9 21 L 6 L 11 2
28 9 2 19 3 6 4 L 1
29 b 1 8 1 0 0 L 1

+o)



TABLE C - III: Frequencies of plate number phenotypes

within the completely plated morph

in basin 1.

PLATE MAY 1971 SEPTEMBER 1971 MAY 1972 SEPTEMBER 1972 MAY 1973

NUMBER NUMBER % NUMBER % NUMBER % NUMBER % NUMBER %
28 0 0 0 0 0 0 0 0 3 1
29 19 T 19 5 8 2 11 b 31 5
30 69 25 104 26 75 20 65 23 1k8 26
31 81 29 113 29 108 28 75 26 158 27
32 80 29 103 26 117 31 8L 29 148 26
33 23 8 L 12 62 16 Ly 15 75 13
3h. L 1 6 2 11 3 T 3 10 2
35 1 0 1 0 0 0 2 1 3 1



TABLE C - IV: Freqﬁencies of plate number phenotypes

within the low plated morph in basin 2.

PLATE MAY 1971 . SEPTEMBER 1971 MAY 1972 SEPTEMBER 1972 MAY 1973
NUMBER NUMBER % NUMBER = % NUMBER % NUMBER % NUMBER %
3 0 0 1 1 2 1 2 1 2 0
L 17 8 22 12 35 9 17 11 19 L
5 53 o 52 28 115 30 Lo . 27 89 20
6 Th 3} 66 30 132 kg 33 - 177 39
T 37 17 29 16 82 21 36 2k 136 30
8 T 3 10 5 10 3 5 3 19 L
9 5 2 1 1 4 1 1 0 8 2
10 2 1 0 0 0 0 0 0 5 1
11 6 3 1 1 2 1 0 0 | 3 1
12 L 2 11 1 0 0 0 2 - 9
13 3 1 3 2 0 | 0 0 0 1.0
1k 5 2 0 0 0 0 0 0 0 0
15 6 3 0 0 0 0 0 0 0 0

90\



TABLE C - V: Frequencies of plate number phenotypes
within the partially plated morph in basin 2.

PLATE MAY 1971 SEPTEMBER 1971 MAY 19727 'SEPTEMBER 1972 MAY 1973
NUMBER ~~ NUMBER. -.% ... .. NUMBER.. - % ... . NUMBER... . % .. . NUMBER ...% ..  NUMBER

T 0 0 0 0 1 0 0 0 0

8 0 0 1 0 5 1 3 ' 0.
9 0 0 2 1 6 1 6 2 0
10 1 0 L 1 21 3 T 3 10 2
11 3 1 5 2 22 3 -9 3 10 2
i2 10 3 8 2 26 b 9 3 23 b4
13 16 5 16 5 38 5 10 L 29 5
1k 3 17 5 L1 6 9 3 3k 6
15 3 20 6 L7 T 19 T 31 6
16 28 9 22 T 51 7 17 6 36 6
17 22 T 2k T L7 T 20 7 52 9 .
18 26 9 20 6 51 T 16 6 48 9
19 27 9 20 6 L3 6 12 ) L 8
20 20 7 20 6 L7 T 15 5 38 T-
21 29 10 18 5 39 5 17 6 42 8
22 17 6 18 5 31 L 19 T Lo T
23 17 6 15 5 L2 6 11 4 28 5
2k 17 6 19 6 38 5 17 6 oy L
25 16 5 18 5 30 4 17 6 23 4
26 17 6 18 5 2k 3 14 5 17 3
27 10 3 21 6 35 5 10 L 12 2
28 6 2 10 3 23 3 13 5 9 2
29 0 0 0 0 13 2 10 L 8 1

Lol



TABLE C - VI: Frequencies of plate number
phenotypes within the completely
plated morph in basin 2.

SLATE MAY 1971 SEPTEMBER 1971 MAY 1972 SEPTEMBER 1972 MAY 1973
NUMBER NWUMBER /2 NUMBER . % ... NUMBER . % NUMBER % . NUMBER %
28 1 0 0 0 0 0 0 0 0 0
29 13 6 23 11 2 1 . 2 1 17 5
30 ' L1 19 61 28 T2 20 16 12 72 20
31 51 2l : 58 27 . 99 27 Lo 30 108 31
32 79 36 38 17 95 26 39 28 111 31
33 28 13 6 " 12 83 23 30 28 38 11
3k 3 1 ‘ T 3 12 3 9 T 8 2
35 1 0 3 1 3 1 0 0 0 0

SO\



APPENDIX D:

SUMMARY OF OBSERVATIONS ON THE
RELATIONSHIP BETWEEN DENSITY OF
STICKLEBACKS IN THE RELEASE AREA

(CATCH/UNIT EFFORT) AND RELATIVE

FREQUENCY OF RESIDENT STICKLEBACKS.
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May
August

May
August

May

June

DATE

1971
1971
1972
1972
1973
1973

CATCH/UNIT EFFORT
(NUMBER STICKLEBACKS/TRAP)
IN RELEASE AREA

49.8
17.0
33.2
- 26.5
46.0
L6.5

110

FREQUENCY OF MARKED
STICKLEBACKS IN RELEASE AREA
ON DAY 1 (%)

16

41

26

45

13

15
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APPENDIX E: PLATE NUMBERS OF BREEDING AND
NON-BREEDING FEMALE STICKLEBACKS

IN HEISHOLT LAKE IN MAY, 1971 - 1973.



TABLE E - I: Plate numbers of breeding and non-breeding
' female sticklebacks of the low plated morph

in Basin 1.

NUMBER OF FEMALES

1971 1972 4 1973

II;IG‘ﬁIggR BREEDING ~  NON-BREEDING = . 'BREEDING = ' NON-EREEDING . . 'BEEEDING . = NON—BREEDING
b 2 2 3 1 11 0
5 18 27 26 16 59 14
6 51 66 55 Ll 92 63
7 by 62 75 57 127 72
8 9 8 19 8 52 T
9 2 2 1 0 15 1

10 2 2 2 0 5 0
11 2 1 0 0 3 2

12 2 2 2 0 2 1

13 L 0" 0 0 T . 0

1k 3 0 0 2 5 1

15 3 | | 2 0 0 0 0

16 1 1 0 0 0 0

X
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TABLE E - IIT:

Plate numbers of breeding and
non-breeding female sticklebacks
of the completely plated morph in

basin 1.

NUMBER OF FEMALES

PLATE 1971 1972 1973
NUMBER BREEDING NON-BREEDING BREEDING NON-BREEDING BREEDING NON-BREEDING
28 0 0 0 0 1 0
29 2 8 3 1 15 1
30 7 32 1k . 16 58 19
31 20 26 19 23 54 25
32 17 25 20 28 51 26
33 T T 19 10 Lo 3
34 1 1 2 1 T 0

_J’

Sl



TABLE E - IV: Plate numbers of breeding and non-breeding
female sticklebacks of the low plated morph

in basin 2.

NUMBER OF FEMALES

PLATE 1971 1972 1973
NUMBER BREEDING NON-BREEDING BREEDING NON-BREEDING BREEDING NON-BREEDING
3 0 0 1 0 1 0
N 5 6 8 11 5 3
5 15 13 10 43 11 27
6 23 22 29 43 o 38 6L
T 13 12 12 20 31 36
8 0 2 5 L L | 7
9 0 2 1 0 3 3
10 0 1 0 - 0 2 3
11 3 3 0 0 0 T2
12 1 1 0 0 0 1
13 0 3 0 0 o . 0
1L ) 0 0 0 0 0 0
15 1 1 0 0 0 0

S



TABLE E - Vi

Plate numbers of bfeeding and non-breeding
female sticklebacks of the partially plated

morph in basin 2.

"~ NUMBER OF FEMALES

PLATE fé 1971 1972 1213
NUMBER ﬁTiREEDING NOW-BREEDING BREEDING NON-BREEDING RREZDING NON-BREEDING
8 L 0 0 1 0 0
9 ‘ { 0 0 1 0 0
10 .0 1 5 1 5
1 Mo 0 5 2 u
12 I ks 3 11 5 8
13 | 3 8 7 11 L 8
1k -5 0 8 12 7 °
15 .6 8 9 8 L S
. 16 | T 9 9 18 2 12
! 17 9 6 13 16 11 13
118 5 11 8 23 12 12
L 19 9 T 11 22 12 13
. 20 8 8 16 13 6 ..
;o el 9 11 8 1k 12 16
e 6 6 5 13 8 1k
23 5 5 12 19 T 8
" 2 5 7 9 b 4
25 6 3 5 8 b b
26 6 0 3 6 4 3
27 7 6 6 16 1 L
28 3 0 2 10 3 2
29 0 0 1 2 0 2

A



TABLE E - VI:

Plate numbers of breeding and

non-breeding female sticklebacks

of the completely plated morph in

basin 2.

' 'NUMBER OF ' FEMALES

1971 1972 1973
PLATE
NUMBER BREEDING WON-BREEDING BREEDING NON--BREEDING BREEDING  NON-BREEDING
29 1 1 6 3 8 1
30 8 28 15 12 T 30
31 8 36 16 16 17 38
32 12 33 23 20 31 24
33 18 A7 12 5 8 6
- 3k 8 0 1 0 2 1
35 0 1 0 0 0 0

L\



