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'gical differentiation is a consequence of geﬁ'fig'””

According to the"princiﬁle of competitive exclu-
sion, ecologically similar species cannot achieve

stable coexistence in a natural habitat. Since ecolo-

Pe Mmoo ottnaa, .
- " . " '

diversifica;ion, it was assumed thatﬂiﬁé“pfobability
of coexistence and the degréé of génetic similarity
would be inversely related. In order to test this .
assumption, £he competitive abilities of tén elect;oJ
phoregically distinct D. pulex clonés with known gene-
<
tic.similarites were studied under laboratory condi-
tions. In contrast to'expectations< genetic diver-
gence did not foster clonal coexistence: coexistence
occurred most frequently between genetically similar
clones. Moreover, the cémpetitive abilities of

several.stocks of electrophoretically identical clones

isolated from different habitats were measured and

'founa to be guite similar.

Previous'allozyme studies carried out on popula-

tions of the cyckic parthehogen Daphnia magna revealed
tha% populatiéns froh central Canada (Churchill) were
nearly invafiant, while those from Eﬁgland were
segregaﬁing at ébout one-third of their lcci. The lack
of variation in Churchill popalations was attributed

to the . isolation of this site from glacial refugés in
which D. magna survived the Pleistocené. 1In order to

confirm this hypothesis, the genetic diversity of

popu;atibns of Q; magna from a locality near the/Yukon




"
—

glacial refuge and from two more southerly locales were
estimated and comparéd to that Jf populations from

Churchill and England. All populations surveyed‘were

'more variable than those at Churchill and the degree

of genetic divergence observed between populations

from different locslities was conéiétent,with the notion
of a Bering 1and.brid§e>éélonization of North America

Sy Asian stocks of D. magna.

Earlier work- indicated that populatians Sf D.
magna inhabiting permanént ponds show marked hetero-
zygote excesses and linkage disequilibria as a conse-
quence of extensive periods of uninterrupted‘parﬁhenoﬂ
genetié reéroddction. In order to detérmine the'time

frame required for such heterozygote excesses to develop,

. & laboratory aquarium was inoculated with ‘a popuiation

. i}

of D. magna in Hardy—weinbefg.equilibgium and genotypic
frequencies were monitérea regularly for a 4 month per-
iod. Large heterozygote excesses and marked l%nkage

disequilibrium developed very rapidly in this éimulated

permanent habitat.

Many hYpotheses-have been generated in an attempt
\ " -

- to account for species {(or clonal) richness differences

between habitats. It has been suggested that species
(or clonal) diversity is positively correlated with
habitat age. This hypothesis was not supported by

studies of clonal diversity in obligate parthenogenetic

vii



QL gg;gglpopulations inhabitingelocalities of different

ages: Diversiﬂ;;levels in populations from a glacial'

:e}uge were high but were similar in magnitude'tq

those from glaciated habitats. The lack of variation

in clonal divérsity levels was‘explaineé by assuming

a rapid asymptotic approach to an equilibrium d;véfsity.
Studies of the genetic diversity in populations

of D. pulex and D. middendorffiana from the eastern

-

and central arctic have revealed that these two forms

afe closely related geneﬁically and may comprise a
éingle‘agamic complex. Fu€thér genetic studiés of
'-populaéions of D. pulex and D. schodleri from ihé western
arctic suggested that they might also be’ included

in this agamic complex. Furthermecre, populations of D.

curvirostris were identified in the western arctic.

Despite its morphological similarity to D. pulex, these

two species were only distantly related. D. curvirostris
» .

appeared to reproduce by cyclic parthenogenesis.

\

3
4
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CHAPTER T

THE DYNAMICS OF COMPETITION BETWEEN
DAPHNIA PULEX CLONES




CHAPTER I

INTRODUCTICN

Allozyme studies have revealed abundant genotypic

diversity in natural populations of Daphnié pulex repro-

ducing by obkligate parfhenogeneéis (Hebert and Crease
1982). 6f the eleven southwestern Ontario habitats
surveyed, ten contained fwo or more clones. Genetic
distances among the clones were often substantial,_ihdi—
cating that clonal diversity had not arisen via mutation
in each hakitat. Evidently separate clones had been
intfoduced and become established. The prgvaleﬁce of

within habitat clonal™@iversity conflicted with the widely

held notion that competitive interactions should prevent’

the coexistence of c¢losely related species or clones.

Subsequent laboratory studies (Loaring & Hebert 13581)

on four Daphnia pulex clones revealed the existence of
ecological differences among thgm. In contrast to the
field situation, the clones showed rapid competitive
exclusion in the laboratory. It can be argued that the
constant environmental conditions and the small size of
the containers in which the experiments were ccnducted
may have promoted competitﬁve exclusion. .Two clones
coexistiﬂg in a pond thréugh micrphabitat differentiation
might not be able to do so in the homogenous environment
provided by a glass jar containing only a litre of water.

It would be useful to demonstrate that the same outcomes



of simplified laboratory competition experiments would
also be obtained in a more heterogenous environment..

3 ) *
Tt was towards this end that competitiiy experiments N

between two pairs of Daphnia pulex clcnes were set up

in large aquaria maintained under natugal ceonditions.
In‘addition, these large tanks permitted:a more detailed
analysis of the nature.of cional interactions and shifts
in fitness. .

When compeﬁition experiments were carried out in
jars, the results were only surveyed on a single pccasion,
as determining clonal frequencies required destroying{ |
most of the population. Howeﬁer, the aguarium populationé
could be analyzed on a frequent basis. Thus, it was pos-
sible to plot the trajectories of clone frequency chahgé.
Such trajectories should make it possible to determine
if the relative fitnesses of clones are stable or variable.
When éoupled with population density estimates, it can be
ascertained whether shifts in clone frequencies occur at
times of population growth or collapse. Additional measure-
ments of the reproductive distributions in the populations
would reveal any associations existing between reproductive
phenctype (parthenogenetic, ephippial, non-reproductive or
‘male) and genotype. Finally, supplementary data on thé
physical and biological environment may permit the ident-
ification of the selective agents important in competitive
interactions. "

Tn summary, the purpose of the present study was to

determine if exXperiments between clones of Daphnia pulex




-«

-

performed in small containers at constant temperatures
are meaningful representations of the competitive inter-
actions in larger and more variable environments. ‘In

addition, this work aimed to elucidate the mechanism

o

by which competitive displacement occcurred, and the pos-~,
— 2 B

sible selective agents involved. To achieve thesergoals,

genotype, frequencies were monitored in competition experi-

ments involving two pairs of Daphnia puléx clones studied
by Lecaring and Hebert (1981). Clone 1 wag’competed against

. \
clone 13 because their studies revealed clone 1 to be the-

\
best competitor, and clone 13 to be the worst; yet these
two clpneé coexist in nature. Clcone 4 was paired with
clone 6 as this was the only combination which coexisted

in the earlier laboratory studies. 1In addition to'defer—
mining clone fregquencies, the density of the‘DaEhnia popu-
lations and tﬁe reproductive condition of the adults were
surveyed on. a weekly basis. The Daphnia studies were ’

supplemented by surveys of algal densities and water

temperatures.



[y

-~ MATERIALS AND METHODS

: N~ .
On April 14, 1981, four aquaria containing 300 1

of a

jificial pond water (for composition see Hebert and

Creasé 198Q4) were placed on the roof of the University

of Windsor Bioclogy building. No attempt wag made to
\__'\

o W,

shelter the tanks: they were exposed €0 d}rect suniight,
rainfall and colonization by airborne propagules. Each
tank was inoculated with 4 1 of an aguarium cultured
algal suspension composed primarily of Scenedesmus and

Kirschneriella (at approx. densities of 200,000 cells/ml

and 1,000,000 cells/ml respectively). Algal growth was

stimulated by placing 5 goldfish in each aquarium for an

8-day period. The fish were then removed and 150 juveniles:

of two clones were added to each aquarium. Clones 1 and
13 were placed in tanks 1 and 2, and clones 4 and 6 in
tanks 3 and 4. Twenty-six days later (week 4 of the

experiment), the Daghnia;populatiéns had attained suffi-

= -

cient numbers for'weekly sampling to commence. On eaqh
sampling date, the Daghnigawere evenly distributed through-
out the aguarium by thoroughly mixing- the water with a
%etal rod, while taking care’‘not to create a vortex. Eacﬁ
fank Qas then sampled at each end and in the centrg using

a plastic cylinder (diameter = 13.5 cm). Nitex netting
(mesh size =259}‘ ) was slid under the cylinder and

securely attached to ensure complete Eﬁilgction of

s
N

animals in the cylinder. The volume of water sampled



was calculated using the formula 'Wrzd where r = radiﬁs,
of the cylinder and d = depth of water in each aquarium.
The daphnlds in each sample were enumerated and cate-
gorlzed as adult or Juvenlle on the basis of body size.
Mean populaticon sizes and.standard errors were estimated
for each aquarium.‘ Supplementary samplee were taken if

. the ratio of standard errof/mean population size exceeded
0.25 in the initial three samples.

The maximum and minimum water temperatures for the
7-day period"previous to the sampling day were recorded.
Since water temperature readings did not begin until 5
weeks after sa@pliné commenced, the maximum and mipimum
, water temperaﬁureé for weeks 9-25 were regressed on the
weekly high and fZW mean air temperatures respectively;
Reg:ession Fquations accounted for 84.9% of.the variation
in maximum watér temperature and 85.5% of the veriation
in minimum water temperature (Appendix I). Maximum and
minimum water temperatures for weeks 4-8 were then esti-
mated using these regression equations. WaEer_temperature
estimates'for weeks 1-3 may nhot be re}iable since the
weekly high aeé low mean air temperatures recorded for
these weeks extended beyond the range of valﬁes used in
the regression analysis. Mean weekly water temperatu
ﬁfﬁere defined as the mean of the maximem and minimum water
temperatures for that week. Statistical analyses were

carried out on an IBM 3031 computer using Sﬁetistgcal

Analysis Systém programs. :

;>



T
" In addition, each week, five 10 ml algal samples
weré taken from randomly selected posiggons throughout

each aquarium, mixed together, and added to 2 ml of
Lugol;s iméine. Algae sampling commenced two weeks prior
to'the fi;st week of Daphnia sampling. Organisms present
in the algal saﬁples were latef enumerated and classified
50 the'divisign ievel using a Nikon inverted microscope
(magnification 200X). In order to facifitate .data
analysis, two algal categories were defingd: grbup one
consisted of all Chloropﬁytes, Chrysophytes and Cryptophytes,
while group two consisted of the Cyanophytes. One
algaf sample collected from tank 1 was improperly pre—'
served and coula not be>enumerated.
To determine clonal frequencies, 96 agult Q. pulex !
</randomly selected from the weekly sample taken from eaéh
aqﬁarium were electrophoresed. Remaiﬁing individuals
were returned tp their respective tanks. When 96 adults
were not present in the'sahple, fewer animalé or large
juveniles were chosen for electrophoresis{ Prior to
electrophoresis, adults were claésified aécofding to their
reproductive phenotypg. Eléctrophoretic'techniques were
similar to those used by Hebert §nd_¢rease (1980): lactate
dehydrogenase and phosphoglucose isomerase phenotypes
were used to distinguish the clones.
2x2 tests of independence using the G-spatistic were

performed on 21 samples of individuals in order to deter-

mine if similar proportions of each clone were carrying



parthenogenetic brdodsl Contingency tables were dis-

‘carded if Ehe‘expected frequency of aﬁy cell was less

than 1 or if gfeater than 25% of the.expected frequencies

. were leés than 5. |
Experiments were terminated when‘the proportion. re-

presented by one clone was less than sor equal to 0.02

for four consecuti&e weeks or, if this never occurred,

at the end of the first week in Octcber (week 25). No-. '

samples were taken in week 24. . ﬂ\\kﬁ
Correlation and stepwise regressionqgnalysés were

made oﬁ'the weekly samples taken from each aguarium iﬁ

" order to determine the'éffects of environmental variables

on Daphnia populatioh size and reproductive dist;ibution.

Daphnia déensities were regfessed on algal densities and

.

mean water temperature; and reproductive phenotype pro-
portions were regressed on algal densities, mean water
)

temperature and Daphnia densities. Values of regressor
variables measured prior to week 4 (the first week of
Daghnia sampling) were not included in the analyses since
reliable,watef temperature estimates could not be obtained
for these weeks. ?

All regression and correlation analyses incorporated
a timelag inasmuch as a certain time period elapses betwéen
the environmental stress on the animals and their reaction
to it (Seitz 1980; Hazelwood and Parker 1961.and 1963;

Slobodkin 1954; Frank ;952: Edmondson, Comita énd Anderson

1962). The choice of a timelag should depend on the

-



metabolic rate of the animals which is, in turn, a

" function of,témperature. Since water temperatures were
generally quite warm throughout the duration of fhis
experiment, all analyses incorpdréted é lag of only one
week. Iﬁ order o lag the dependen£ variable the values
of the regressor variables for week n were‘advanced to
week n+l. By these means, the relationship between the
values of the environmental variables measured cne week
prior tg the ‘values of the depeqdent'variableé may be

estimated: :

]



RESULTS

Genotype Frequency Shifts

Competitive exclusion of clone 13 by clone 1l was
‘observed in both tanks 1 and 2 {(Fig. 1.1 and 1.2) (Appen-
dix II). Similarly, clone 4 completely displaced cloné
6 in tank 3 and was present in significantly higher
aensities than clone 6 in tank 4 (Fig. 1.3 and 1.4) when
the experiment was terminated in early'October. Despite
tqé lack of variation in final outcome, significant dif-
ferences in clone frequency shifts-were observed between
replicates. Clone 13 persisted for a much longer period
of time in tank 1 than in tank Zl In fact, in tank 1,
clonés 1 and 13 coexisted at relatively equal densities
until week 14 when clohe 13 sustained a substantial fre~
quenc& reduction. In contrast, in tank 2, clone 13 was
present in significantly lower densities than clone 1 by
week 4, and was completely excluded by week 1l. Difference;
between replicates were.even more pronounced in tanks 3 and
4 (Appendix II). Clones 4 and 6 coexisted in fank 3 in
roughly equivalent proportions until week 7 when the fre-~
quency of clone 4 increased drastically. No major geno-
type frequency shifts Qere observed‘beyond this point
and exclusion of clone 6 was attained by week 20. However,
in tank 4, clones 4 and 6 coexisted in similar densities

until week 9, when clone 6 underwent a density increase.

»

10
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The frequency of clone 6 exceeded that of clone 4 until
a major genotype frequency shift occurred between weeks
16 and 17. After week 17, clone 4 coexisted with clone
6, but in significantly higher densities.

With the exception of tank 2: all. tanks exhibited
periods of relative stability that were occasionally
intérrupted by large shifts in clonal-frequencies; Pre-
sumably, these divergences corresponded to crisis periods
in which the fitness of one c;one greatly exceeded that
of the other. Therefore, the relative fitnesses of com-
‘peting clones were not constant but fluctuated throughout

the course of the Study.

Daphnia Population Variables

All aquaria exhibited marked temporal‘fluctuations
in Daphnia densities (Fig. 1.5-1.8) (Appendix II). Of
the 1-3 total density peaks observed in each tank, the
first peak ;n late spring-early summer was invariably the
largest. Generally, juvenile maxima were closely followed
by adult maxima, but adult Daphnia densities seldom reached
the.high levels-achieved by the: juveniles, indicating ju-
venile mortality. o

Little variation in the pa;ternS\of daphnid abundance
was observed between replicate tanks 1 and 2. Both the
timing of the populat;on maxima and the densities attained

were roughly similar. However, this was not the case in

replicate tanks 3 and 4. The first density peak of the
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i

Figure 1.6 Temporal variation in adult and total Daphnia

densities (with standard errors) in aquarium
2. Juvenile densities are represented by

the difference between total and adult
densities.

38
380
340
32
300

280

280
TOTAL
180

140
120-

100

DENSITY {ANIMALS/I)

80

80

40

20

0 4 5 8 7 8 9 10 11

TIME (WEEKS)



18

0g

81 81 LY

(SYIIM) IWLL

91 Q91 % @1 Gr 1S SR § 6 8 L 2/ 9

*S2T3TSUSp

1Inpe puE [B303} USBMIDY JOUSISIFITP 3yl Aq paljusssadsl oIw
S5T3TSUSp 2TTUSAnL ¢ untdenbe uT (SICIJS pIRPUR3S YJTM)

$9T3TSUIp

.

eTugdeq [®303 pue 3Tnpe Ul uoTleTIeA [eicdws

o<
ov
0on
o8
001
ozt
014
001
081
00g

LT @anbtg

WA

) ALISN3IQ

",

/sS1vwi



19

. ‘
(sW3IIM) Iwil

a3 : m gt ¥t RE AL uom e. 8 L o

1¥101 Ai

© *S3T3TSUSP JINPE puR [RI0} USDMIDQ 9DUBISIITP SUI Aq psjuss
-91de1 axe SOTITSUSP ITTUdANL  “§ untienbe ur (SI0I1I19 paepueils
Y3TM) saT3Tsusp Bruqdeq (R3O0} pue 3ITNPE UuT uorjeriea (eiodusg

&'

Rird

-0

-

{1 /STYWINY! ALISNICQ

on

-nnn

-00l

-0RL

g1 2Inbtg



20

*
summer, consisting prlmarlly of juveniles in both tanks,
was 4.5 times larger and occurred four weeks earller in
tank 4 than in tank 3. Subsequently, the development of
the first adult density ‘peak in tank 3 lagged several
weeks~behind that in tank 4, although the densities at-
tained in these peaks were not vastly different. There-
fore, populations composed of the same clones, set up at
the same time and in the-same location, showed substantially
different demographic changes.

The distributien.of reproductive phenotypes is.il}us—
trated in Fig. 1.9-1.12 for each- aquarium (Appendix I1). !
Parthenogenesis continued throughout the summer and was
a major form of ;eprsgqcéion.‘>E;hippial production com-
menced after the ;burth or fifth week whilé,femaies.wifh
empty broodqpouches,Were observed only after week 5. Males
were.never found 1n-;anks 1l or 2 and they comprised a very
small fraction of the adult population in tank 4. During

week 9, males comprised a supbstantial proportion of the

adult population in tank 3. This is somewhat misleading

-since the population was cbmposed almo$t entirely of ju-

v

venlles at this tlme .

The tlmlng of changes in populatlon reproductlve dis-
tribution an? the magmnitude of these changes were generally
similar between repliqaie tanks. The only‘notable exception
was the earlier commencement of male prod;ction,in tenk'3.

Electrbphoretic anST?gis of the males indicated that they

L
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Dis¥®ribution of reproductive phenotypes in aquarium 1.
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ductive phenotypes in aguarium 2.
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Distribution of reproductive phenotypes *in aquarium 3.
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all belonged to clone 4.

Eight of 21 samples revealed é significant (at the
‘5% level) associatien between reproductive phenotype and
clone type (Table 1.1). ﬁs tank 1, clone 13 had a sig-
nificantlQ higher proporfion of parthenogenetigifemales
than clone 1 in both weeks 6 and 7. The single sample
tested from tank 2 showed no clonal d;fferences.. The pro-
~portion of clone 4 females with.parthenogénetic eggs was
.;igpificantly higher than the proportion of clone 6 in
3 samples (weeks 5, 6 and 8) from tank 3. Similarlyu 3
samples (Qeeks 6, 7 and 20) from tank 4 revealed sigﬁifi—
cantly higher proportions of parthenogenetic cione 4 females

than clone 6. P

Environmental Variaples

Extreme fluctuations in algal densities (groups 1 andj
2) were observed in all 4 aquaria (Pig. 1.13-1.16) {(Appendix
II). The timing of algal population peéks and the densities
attained in theée peaks, varied Setwee; replicate Lanks.
Preliminary alggl samples taken during Qeeks 2 and 3 re-
vealed that the algal populatigﬁ had attained very high
densities and was' already declining by the time Daphnia
,sampliné commenced in tank 2. In contrast, the first algal
peak obseérved in tank 1 did not occur.until week 6 and.was
only half the magnitEde of the ﬁirst peak'in tank 2. Simi-
larly, algal densities‘haa achieved very high leveis and
were declining when sampling began in tank 4. Algal densi~

ties never achieved very high levels in tank 3, and the
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Figure 1.14 Temporal variation in total algae densities-~
e in aquarium 2. All algae belonged to group l.
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highest peak was not observed until zgek 15. Species:
of blue-green algae did not appear in significant numbers
until week 13, but they comprised a large fraction of the
algal populations in all tanks after this date.

Maximum, minimum and mean water temperaturés are
plotted against time in Fig. lfiT. Mean water temperatures
climbed stquily through Epe early weeks of the experiment,
but remained between ZOOC and 26°c from week 8 to week 20.
After this date, mean water Qsmperatures slowlx decl;ned.
While mean temperatures were within the tolerance limits
of the species, diurnal temperature exceeded 30% in

¥

weeks 9, 12 and 13.

Sfépwise Regreg;ion Analysis f\

Correlation mgtficés (not presented) revealed strong '
intercorrelations beEyeen,ﬁény of the environﬁental and
populatiqp»vériablei. Thé feéqlts of sﬁepwise regression
analyses performed fbr‘each agquarium using Daphnia densities
,aslthe depenfient’ variable and environmental variables as
the regres;orsl are summarized in Tablé‘l.Z. -Reg;essor
va;iables, 1isted'according to their ordef of enfry intq
the model, were retainéd only if their inclusion resulted in
a significantly largef R at tHe 5% level. The F alues'giveg
are those cal¢h§§t§d for each.regressdr variable included
in the final model. .

These analyses show that mean water temperature accounted
for sigﬁif;%}nt amdﬁgzé\of variation in Daphnia densities

in- 3 of 4 tanks (lﬂ 2 and 4}. As water temperatures climbed
S : .

o
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Daphnia population size was reduced. The.influence of groups

1 and 2 algal densities on total Dgghnia densities was inéig-

nificant when mean water teniperature was taken into account.
The results of stepwise regression analyses using re-

productive phenotype proportions as the dependent variables

and mean water temperature, groups 1 and 2 algal densities
and” total Daphnia densities as regressogé are presented
in Tables 1.3-1.6.

There was a_ significant negative correlation between
total Daphnia density and the proportion of parthenogenetic
adults in 3 of the 4 tanks (1,3 and 4). Group 1 algal den-
sity exerted a significant effect on the proportions rgpre—
Sen£ing this phenotype in 2 tanks k?.and 4), while group 2
algal density and mean water teﬁperaturelwere retained in
£he model only in tank 1. .

' Total Daphnia density significantly influenced the
proportion of adults carrying ephippia in tanks 1 and 3.
Group 2 algal density was‘slso retained in the model in -
tank 1, while mean water temberature significantly influeqced
the proportion of ephippial fema;es in tank 2. No sig-
nificant model was obtained in tank 4.

Group 1 algal density and total Daphnia density signifi-
cahtLy influenced the proportion of non-reproductive females
in tanks 2 and 4. Total Daphnia density, group 2 algal density
and mean water temperature exerted a significant effect on
this dependent variable in tank 1. No significant model was

obtained in tank 3.

Group 1 algé&l density was the most important variable
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influencing male densities in both tanks 3 and 4. How-
ever, this regressor explained significant amounts of

variation in the dependent variable only in tank 3.
p :

Associations of Genotype Frequencies
With Envircnmental Variables

Clone 13 was excluded by clone 1 from tank 2 in a
much shorter pefiod of time thah in tank 1. Nevertheiess,
it is hypothesized that the exclusion of clone 13 from both
tanks was the result of the greater'fitﬁess of clone 1 at
. low Daphnia densities and corresponding high algae levelg.
The following is a summary of thé events that may have

transpired in tank 1:

- During weeks 4 aﬁd 5, the fitness of clcone 1 éxceeded"

that of clone 13 due to low Daghnla densities and 3ncreas—
ing aigae levels. This fitness differential may ﬁéve.been
manifested as differences in clonal brood size since the

proportion of parthenogenetic females represented by each .

clone were roughly equal and mortalit§ was low at this time.

By week 6, the population size of clone 1 significantly
exceeded that of'&lone 13. Between weeks 6 and 7, Daphnia
density peaked and algae levels decreased dramatically.
Consequently, clone 1's fitness advant;ge was lost. This
was reflected in the excess of parthenogenetic clone 13
females observed in weeks 6 and 7 (Table l.l). By week 8,

. B -~
clone 13 was found in greater densities than clone 1. Be-

tween wWeeks 8 and 10, clone 1 regained its fitness advantage

-
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as Daphnia population size had decreésed and algae levels
slowly began to rise. Accordingly,‘the majority of the
dying daphnids oﬁserved at this time weré.probably clone

13. B& week 10, the frequency of clcne 1l exceeded that

of clone 13.. High temperatures in week 12 resulted in

high algae levels and very low Daphnia densities by week

13. The fitness advantage of clone 1 was greatly pronouﬁced
under these conditions and was probably reflected in a clonal
broecd size differential. 'Therefore, the increase in Daphnia
density betJeen weeks 13 and 15 was probably due primarily
to the increase in the proportion of clone 1.

Cloﬁe 1 was able to secure an early fitness advantage .
in tank 2 due to the early development of high algal densi-
.ties while Daphnia density was still very low. Before sampl-
ing commenced, clone’'l fema{es‘probably carried larger
groods than clone 13 females Such that by week 4, clone 1

was already gfresent in significantly higher densities.

Cooler temperatures prevented an increase in the Daphnia

. populatx®n until weeks 5 add 6. By this time, clone 13
comprised less than 15% of the total Daphnia population.
Clone 13 may have maintained a fitness advantage from weeks
6-8 when High Daghnia-lééels §nd low algae densities pre-
vailed, but its extremely low densities ﬁreyented it from
increasing significantly within such a'short;time period.
Although the ‘frequency of.cione lé had increased slightly
by week 8, the Daphnia population had been substantially

reduced due to greatlamounts of juvenile mortality (60%-70%).

>
1

t

':‘g-
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Consequently, clone 13 lost its fitness advantage and
was rapidly excluded.

The results of this study suggest that cione 4 has
a slight fitness advantage over clone 6 under conditions
of iow bluegreen algal densities, but that this fitness
advantage is greatly magnified when bluegreen algae are
abundant.

In tank 3,‘clohal freqﬁencies remained stable for the !
first 3 weeks of sampling. By weeks 5 and 6, clone 4 had
significantly more parthe%ﬁéenetiq females than expected
(Table 1.1) due to its slight fitness‘advantage at low
bluegreen aléal densities. Since the time from birth to
reproductive maturity averages about 8-3 days for these
clones kpers. obs.) at the cooler spring temperatures
{mean temperature,llOC—l7OC), the increased production
of clone 4‘ju§eniles in weeks 5 and 6 was not apparent'
in the adult population until'week 7.' In Week‘B, most of
the parthenogenetié females in tank 3 were clone 4 and as
a result, a.secoﬁd increase in the frequency of clone 4
was observed by weeks 9 and l?. Clone 4 was i}ready
approaching fixation in week 13 when the blu;green algae
first appeared,,but'the effects of the bluegreen toxins’
may have accelerated the exclusion of clone 6.

As in taqk 3, initial samples in tank 4 revea%ed similar
clonal frequencies. The appearance ¢f greater than expecéed
numbers of parthenogenetic clone 4 females (Table 1.1) ‘in

-

~ —_
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weeks 6 and 7 suggested that by weeks B and 9.an increase
iﬁ the frequency of clone 4 adults would be observed. In
contrast to expectations, clone 4 decreased in frequency
" in week 9. A drastic decrease in juvenile density haa
occurred between weeks'? aﬁd 8, suggesting that .the de-
cline of clone 4 in week 9 may héve been a conse&uence of
selectiverjuven;le mortality. Clone 6 was able to Tainta&n
high densities throughout this'period since there were few
clone 4 individuals to cegpete with. Bluegreen algae becaﬁe
dominant for the first time in week 15. The si%ultaneous
appearance of blu%green algae and the probable‘diéappearance
of the force seléctiné against clone 4 (perhaps oxygen
tension or pH of the water in tank 4) placed clone 6
at a great disadvantage and by week 17, most of them had

S

died out. Clone 4 maintained significantly hi&her frequen—

cies throughout the remainder of the experiment, but clone

6 was never completély excluded.

BN (

<

of



DISCUSSION

1]
Conditions in-the agquaria were probably-not atypiqal

ofbthkse in a newly formed pond habkitat in southwestern
?Ontario. The temporal’ fluctuations in algal densities
and the patterﬁj/of algal succession observed‘%n this
" study were characteristic of most temperate-water bodies
(Geérge and Edward§~l§74; Jacobs 1977; Nadin-Hurley .and.
Duncan 1976)L- The increasing light and temperatufe levels
promoted a springtihe algae bloom consisting primarily.of
smail Chlorophytes. When the spring bloom subsidéd, there
ﬂére se&eral irregular periods of incréase and decreaée'in

total algal.densitieg.which'occurred in ¢lose asscciation
Vwith Daphnia popuiation oscillations. This relationship
is explained by the stimulagory effects, of elgvated algal
levels on zooplanktoh population Qrbwth (Slobodkin 1554;
Clark and Cartér 1974) and the control of phytoplankton
population.size by zooplankton grazing activity’ (George
and Edwards 1974; Anderson, Comita and V-Epngstrom-Heg 1955
Porter 1973). Finally, through the lattef part of the
summer aﬁd early autumn, the phytdplaﬁkton population was
characteristically deinated by f£ilamentous bluegreens
ag@ gelatinous green algae. |

The Daghnia\population dynamics were also typicgl

-thgse observed in natur;l habitats. Populations were
initiated in eaf%y‘sprin%, at a time when natural populatibns

emerge from ephippial eggs. The densities in the tanks

47



rapidly increased gnd this increase waé aécompaniedfb&

ﬁhe appeafance of ephipgial and non:EEproductive females
and decreases in the parthenogenetic fraction of the popu-
lation. Other workers have shown that increased density
is followed closely by increased numbers of ephippial
females (Elborn 1966; Slobodkin 1954) and a decréased,

/.\’\birth rate (Frank, Boll and Kelly 1957; Frank 1952). ’

Mean water temperature and algal densities also exerted

.l" v

a sigﬁficiant effecf on théddistribution of rep;oductiGe
phehotypés. Decreasing group 1 algal dengities (green
algae and deémidsj.and increasiné‘groﬁp 2 algal densities
{bluegreens) and increasing water temperatures resulted

in fewer females carrying pérthegogenetic broods and greater

v
1

numbers of non-reprodui%ﬁve and ebhippial females. Related qas :
studies %abe demonstrated- that reduced food ration decreases |
- broed size (Geéfge_qaq‘Edwards-1974; Lampert 1978; Green -
1956), number of B;géés per'zzéétime‘&ﬂeglénska lé?l) and

birth rate- (Wright 1965). . |

- Indicaﬁioné_of subgtége;aljuvgnile'mortality during .
.periods of low fooa levels were noted in this study. Other

. workers’(Lynch 1980; Goulden et al. 1980) have suggested that

under conditions of food limitation, juveniles are more sus-

-~
-

'ceptible to starvation than adults and the physiological
4 . , ) - -

'“3;2 cy résponse to low food supply prolongs exposure of small

- »

ﬂﬂﬁeniles to The adverse conditions.associated with food .

limitation. That is, as'fqu becomes scarce, the growth
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rate decreases while the age at reproductive maturity

‘increases. In addition, Neill (1975) attributed heavy

< e s

mortality among juveniles of filter feeding species to .
\-ﬂ'--nﬁ\ ,3 ' .
the effects of competing for food with Ceriodaphnia.
- _

Therefore, takimg into account the food-limiting condi-
tio&ﬁ'of the aguaria, the-high rates of guvenile mortality’
observed in tbis study are not surérisiqé{ P}ééumably;
the.competitively inferior clones suffered greater Jjuvenile
mortélity than the competitively superior clones. Conse-

quently, juvenile mortality may be a key factor in the

means by which one clone excludes another. ‘ J

-Daggnia density was significantly negatively correlated
N

with temperature in 3 of the 4 tanks. Laboratory studies

have shown éhat Wafer temperatures higher than 20°C—25°C

can seuerel& restrict.development, egg production and
filtering capacity in species of Dapbnia (Kibby 1971;

Burps and Rigier 1967: Burns 1969; Tauson 1931; Green 1956;.
Ivleva 1969; Craddock 1976). Temperatures in the tanks were
frequently greatér than 25°C, and on occasion, as high as |
33%. Samples cdlected the week following the écCur}epce

of such high temperatures generally‘exhibited low Daphnia#
densities. Similariy, natural DaEhnia populations from
southwestefn Ontario living in unshaded ponds usually die
out during the first period éf high tempefature (pers. obs.).
%ﬁerefore, it seems likely that high temperatures exert a

significant selective impact on natural populations. ‘It is
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suggested that within an optimal temperafure range, natural
'Dﬂgénia deng;ties would be most strongly infiuenced by fcod
ievéls (Clark and Qartér 1974) and bo;itively correlated
with temperéturé (Moore 1980; Hazelwood and Parker 1963;
Gégige and Edwards -1%74). However, -the high water tempera-
tures observed in this study restricted Daphnia .population
"growth éuch that food levels were able to exert little
influence.

E;ght of twenty-cne samples of D. Eglgi'revealed sig-

nificant‘genotypic differences in the proportior degg??Qeno—
|

genetic females. Large genotype frequency changes were /

often, but not alwa?s, observed within t e’followipg 2 w%e&
period. Similarly, Hebert (1974) found (strong correlatiang
of different D. magna

h/fzt;r. In the . )

present work, there were several occasions during periods

Between the parthenogenetic fecundities

genotypes~and their fregquencies one mon

of population ingrease, that large changes in.génotype fre—'"
'quencies.were observed in the absence of clonal differences
in the ﬁzaportionﬁpf p;rthenogenetic females. The frequency
shifts may.ﬁave been caused by clonal variation in brood
sizet but unfortunately, egg éroduction was not measured

'in this study. Some of the major shifts in genotype fre-
quencies occurred during periods of population decline,
indicat&ng that differential mortality as well as natality
must be considered.

It is noteworthy that clone 4 was apparently the only
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clone.to retain male production. As D. pulex reproduces

by Ebligatefbarthenogenesis (Hﬁbert and Crease lQBO),A

males serve no function and th;ir production‘is possible
evidence of a lack of adaptation.l Other workers {(Frank

1957) have attributed the competitive exclusion of a

species ?o its excessive production of male offspring.

It is significant then, that clone 4 was a superior com-
petitor fo clone_S. Evidently, the small amcunts of male
production by .clone 4 was offset by other fitness attributes.

This study has provided firm evidence of egological

differences between Daphnia pulex clones maintained under

conditions clesely approximating those found in ggture.
Clones competitively superior under constant laboratory
condiﬁions at temperatures cémmon in a temperate habitat,
were also bompetitﬁvely_superior in a more natural setting
subject to fluctuating environmental factors. However,
competitive exclusion was not achieved in these experiments
through a constant selective force acting against one genc-
type causing a slow steady decline in its frequency. In-.
stead;_large genotype frequency changes occurred during’,ﬂ-
périodic werisis" situations. Critical eﬂeﬁts such as
algae or Daphnia population crashes or bluegreen blooms
appeared to trigggﬁrkarge shifts in genotype frequencies.
It seems likely thaﬁ the selective forces acting in nature

are also variable and their effects are manifested most

clearly under conditions of environmental change.
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Differing'reactiﬁns of species and clones to environ-

mentiékchange have been’ previously documented. In a study

.,

Ay L

of the midsummer dynamics of Da &/1 pulicaria and D.

ualeéta mendotae in Wintergreen Lake, Michigan, Threlkeld
N )

(1979) suggested that an observed decrease in reproduction

by D. pulicaria in mid-July was the fesult of an interaction
~ of high temperatures, dec ih'ng standing crops of sgall

algae and increasing amounts/of Anabaena, Ceratium and

Volvox. D. galeata mendotae did not show any adverse

response to these mid-July algae-temperature conditions.
TJacobs (1978) speculated that a seasonal succession of
évailable food, particles altered the competitive abilities
of twgﬂDaghnia species. Similarly, it is hypotﬁesized
'Ehat!tﬁe fitness of clone 1 exceeded that of clone 13
~under conditions of low Daphnia densities and corresponding
" "high'algae levels.

The coexistence of c¢lones 4 and 6 in a jar at 23°%¢
"(Loaring and Hebert 1981) suggested éhat fitness differences
between these clones were very slight. The results of this
study suggested that when bluegreen a}gae density Qas low,

“the fitness of clone 4 slightly exceeded that of clone ﬁ.
Uﬁder such conditions, clone 6 would eventually b% excluqed,
but-only after ; rather lengthy period of cocexistence. How-
ever, when Cyanophytes became prevalent, clone 6 underwent
a larée fitness reduction. The rapid react;::h;f clqgne 6

suggested that the bluegreens may have liberated some toxin..
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which selectively killed clone 6 individuals.’ The toxic

V

gffect of bluegreen algae on cladecerans has been well
documented (Porter 1977: Stangenberg 1968; A;nold 1971:
Porter and Orcutt 1980; Carmichael and Gorham 1977). Porter
and drcutt-(l980) reported that bluegreen algal toxins may
be detoxified or tolerated by animals maintaining a high
food intage. It is possible that clone 6 has Fedu?ed de-

~

toxification capabilities in comparison with clcone 4. 1In
suppdrt of this nypothesis, Snell (1980) found th;t rotifer
genotypes differ in their”“sensitivies to bluegreen toxiﬁs
such that the rzproductive rates of certain genotypes are
reduced to a greater extent tpan others during a bluegreen
bloom.
. Replicate tanks showed variation in Daphnia densities,
algallégnsities and the time required for one clone to com-
petitively exclude another. This between replicate_vari—
ation may have been due to a large number of factors. Pre-
daceous dytiscid beetle larvae and ostracods managed to
colonize each tank at different times throughout thé experi-
ment. Althoﬁqh the béetle larvae were removed, they may
have selectively preyed upon one clone during their.short
stay. The ostracods were virtually impossipble to remove
once they were established. Some tanks had larger ostracod
pgﬁulations than cthers. It 1s possible thq the ostracods
may have exerted enough o{‘a competitive effect on the Daphnia

population so as to account for some of the variation observed

between tanks. Moreover, unmeasured factors such as pH or
’

N
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oxggen tensicon may have differed between’aquaria. Finally,
other workers have found that Daphnia feed not only on élgae,
but on detritus and bacteria as well (porter 1977; Nadin-
Hurley and Duncan 1976; Taub and Dollar 1968; Gophen 1977;
Edmondson 1957; Lampert 1974; Peterson and Hobbie 1978). °
No estimate was made oA the amount of food provided by
detritus or bacteria, nor of the extent to which Daphnia
feg on them.> If these two fractions .differed either quali-
tatively or quantitativeiy between tanks, then_this woulad
account for some variation observed between replicates.

In conélusign, the present study has confirmed the
-existence of eéological differences between clones of Daphnia
pulex maintained under semi-natural conditions. Moreover,
the cutcomes cf the present competition experiments were
similar to those obtained in Jars; Competitive exclusion of
one clone by another oécurred through a series of grisis
'situatians in which sudden environmental change brought
great Select've pressures to bear on one clone. Selection
coefficients wers variable both in magnitude and in direction
and depended upon the type of environmental conditions
encountered. It is clear that elucidation - of the‘naturé
of fitness differences between clones in a natural habitat
reguires co—ordinate.sudies on several environmental variables
(food densities, water temperature, pH, oxygen tension),
population variables {densities, egg productionYAasrwell as

surveys of genotypic frequencies.

)
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SUMMARY

Competitive interactions between four Daphnia pulex

clones were s;udied upder conditions closely approximating
those found in nature. Competitive exclusion of.one clone
\by another was brought about by large clone frequency
shifts which occurred during periodic crisis situations.
Thus, the relative fitnesses of cq@peting clones were not
constant, but shifted in response éo environmental change.
Clones found to be ‘competitively superior in lgboratory
$tudies were also competitively superior in these more

natural conditions.
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CHAPTER II

THE RELATIONSHIP BETWEEN GENETIC SIMILARITY AQD
THE INTENSITY OF COMPETITION IN CLONES OF DAPHNIA PULEX




CHAPTER II
INTRODUCTION

‘The competitive gxclusion principaL formulated by
Gause in 1935 forbids the stébie_coexistence of two or more
Species havigélsimilar ecolbéical requirements. Work in the
late 1940's and 50's supported the notion that coexisting
species in‘nature shOW»Elear niche separation. It came to
be widely'accepted tﬂat ecological &ifferentiation ﬁas the

) a
pfincipal way of eséaping competitive displacement. Inso-
far ag ecological Qifferentiation is a Eonsequenée of gene-
tic diversification, it has beeﬁ implicitly assumed that"
there should be an inversé relation between the intensi-
ty of éompetition and the degree: of genetic_similariﬁy.
While this view ha; been accepted, no substantiating
analyses héve been provided; such study requires a group
-of reproductively isolatéd entities of yariable genetig
siﬁilarity,-with similar‘écological requirements. While\§
large Sibling species complex might satisfy these criteria,
npne‘have beén analyzéd.- Agamic complexes are more likely
candidates for'this type Bf‘study, as these complexes often
include a number of clones with.rather similar ecological

characteristics. Obligate parthénogenetic populations of

Daphnia pulex from sdhthern Cntario represent such a complex,
Hebert and Crease (1982) identified 39 clones of this species
in their survey of 20 Ontario hébitats. Cluster analysis
indjcated that the 39 clones fell into three distinct groups
on .the basis of genetic distance data. Three clones belonged’

1 - N . L \l\ .
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to greup 1, nine to group 2 and twenty-seven “to group 3.

A laboratory study revealed that ecoloazcal differences

Lad

existed among clones in traits such as intrinsic rates of

increase and compétitive abilities (Loaring and Hebert 1981).

This work deelt with one clone 5elonging to groupil,‘;;o_

clones eelonging to group 2 and a fourth belonging-tc

group 3. Rather surprisingly, it was found that the two

most closely related cleones tended to coexist, while the

more distantly related cloqes.rapidly excltded one another.

An'objeetive of the present study was to test the generality

.of'this-observetion. As a result,_the combetitive abilities

of-ten electrophorettcall} distinct clones-were stﬁdied.
Paetrstudiee (Aggts and Schuitz 1979 Vrijenhoek

1979) have'shoﬁn thet electroéhgretic analyeis may over-

‘look clonal diver31ty. By tissue. graft studies, Angus

and Schultz'(l979) showed that elgctrophoretigally identi-

- -

T
fied clones of Poeciiioosis were not isogenic. To

determine the extent of variation in competitive ability

between electrophoretically recognized clones of D. pulex, -

» -

stocks of a specific clone were isolated from 2 or more
habltats, and then competed with a standard stock. Thus,
'the present study had two ‘aims: to ascertaln ‘the relaticn-

:'Shlp between genetlc 51m11ar1ty and the intensity of  /
s
‘ccmpetition in laboratory 51tuatlons and also to assess

the degree of ecologlcal SLmllarlty among clohes recog-

nized as being electrophoretlcally identical.

A



MATERIALS AND METHCDS

Pairwise competition experiments wére set up between
Windsor ] clone 1 (group 1) énd-l3 stocks of 9 different
group 2 and group 3 clones (Table 2.1). Wiﬁdsor 1 clone
13 (group 3) was competed against.l8 stocks of 9 different
clones belonging to all 3 groups. Finally, Cedar Springs
clone 4 (group 2) was competed against 6 stocks cf clone 1,
each isolated from a dlfferent pond. All pairwise comblna—
tions of clones were thus categorized into one of three
combination Eypes: group 1 vs. 2, 1'vs., 3, 2 vs. 3, 3 vs.

Compeiitigh experimentsvw;re conducted in 1.8 1
glass jars cQPtaining approx. 11 of synthetic pond watef‘
{for composition see Hebert and Crease 1980). %hree repli'-
cafes of all pairw?se.clonal cqmbinaﬁions were set up in
Percival controlled environmeht chambers at éoﬂt 1° ¢ and

twenty-four hr. light. Each repllc tefwas’ lnltlated with

10 neonates of the two competing ones, bcrn W1th1n the

r

. same 24 hr. period. Ne neonates #Rom the brood ¢f a 1
primiparous female were used in these experlm%pts since
‘they are often smaller (Goulden et al. 1980) and may be

less llkely to survive. Sixty Tl of an aguariuym cultured
algal euspension (p;imariiy Scenedesmus and Kirschneriella
at approx. conceﬁtrafions of % x 10? cells/ml and 1l x 105
cEIif/ml respectively) mlxed with desiccated liver (120

mg/l of algal suspenSLOn) were added to the. jars three gimes

.

.per week and 1 ml of.v1tam1n'concentrate was added once a -
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week. In order to determine if the slight temporal varia-
tion in cell ?ensities of the algal sﬁspension affected the

outcomes: of the competition experiments, 15 additional re-

plicates were 'set up. These jadditional replicates .were fed
only algal solutions having gptical densities of 0:30 - 0.35
at 620 nm, a criterion that/was not necessarily met in feed-
ing the other cultureé. luctuations in algal cell densities

apparently exerted effect on clonal competitive

abilities, as these itional replicates invariably had the

same outcomes as tlWe other jars. The cultures were monitcred

carefully during/the establishment phase in order to ensure

thét populaglon sizes never dropped below 15 animals. Of

the 126 eplicate cultures set up, 8 were discarded because

of 5 bottle neck following establishment or a subsequent

population collapse. Ekperiments.were terminated after 80
days, "or approk- 3 generations, when generation time is

defined as half the median lifespan (Hebert 1978). At

I

this time, a minimum of 24 individuals from each replicate

jar were electrophoresed in order to-determine clonal fre- @

“quencies. In cases of' clonal coexistence, 48vindividuals

were ge&otyped; Clones were disginguished by théir lactate
déhfdrqgenase (LDH)} , phosphoglucose isomerase (Péﬁj or |
phosphéglucoﬁutase (PGM) électrcpho;etic'patterﬁs. vplones
were then ranked according to their competitive abilities

at 20° C under laboratory conditions.



RESULTS &

The ranking of Daphnia pulex clones in terms of their

competitive abilities isjéhown in Table 2.2. Four stocks of

clone 1 (Windsor 1 clone 1, Cedar Springs clene 1, Charing

Cross‘l clone 1 and winasor 3Lclone°l) coexisted with Cedar \
Springs clone 4 in roughly equal densities (Tabkle 2.3).
Similarly, Windsor 1 clone 1 failed to exclude any clone 6

stock (Bloomfield, Charing Cross 1 and Ceéar Springs) .\
Accordingly, all clgne 6 stocks, Cedar Springs clone 4

and the 4 clone 1 stocks were all ranked equivalently as

the "best competitors". :The remaining clohe 1 stocks . -
(Cottam, Charing Cross 2 and Windsor .2) and the clone 12

stocks (Kingsville and Windsor 2) were ranked second high-

est in terms of their compegitive abilities. These clone 1 [:;;L\
stocks coexisted with Cedar Springs clone 4 at very low

densities or wé}e excluded by it. Similarly, both clone 12

stocks coexisted with Windsor 1 clone 1 ét very low densities _ )
Ain some replicates, or were excluded by clone 1 in other
replicates. Kingsville clone 11 was ranked third since it
excluded Windsor 1 clone 13 in all replicates, but 'was out- '
competed by Windsor 1 clone l: Windsor 1 -clone 13,'Cottam

clong 10 and Ronaeay_l clongrlS were ranked fourth in terms

of competitive ability, sincé.the latter two clones coexisted

with Windsor 1 clcne 13 and all three clones were éompletely

or nearly excluded by Windsor, 1 clecne 1. The poorest compe-

titors were clone 8 (from Rondeau 1 and Rondeau 2) and clone
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Table 2.2 Competitive gank\of D. pulex
clones at 20°C.

Rank ‘ Clones

1 ' Windsor 1 clone 1
Cedar Springs clone 1
Charing Cross 1 clone 1
Windsor 3 clone 1
‘Cedar Springs clone 4
 Bloomfield clone 6
Charing Cross 1 clone &
Cedar Springs clone 6

2 Cottam clone 1 ‘
~ Charing Cross 2 clone 1
Windsor 2 clone 1
Kingsville clone 12
Windsor 2 clone 12

3 . Kingsville clone 11

4 Cottam cfloﬁe 10
Windsor 1 clone 13
Rondeau 1 clone 15

5 ‘ ‘ . Rondeau 1 clone 8
Rondeau 2 clone 8
Rondeau 1 clone 16

S
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16 (from Rondeau 1}. These three stocks were complétely
or nearly excluded by Windsor 1 c¢lone 13 in all'replicates.
étocks of thé five d}oup 1 and 2 clone; used in this study
(clones 1, 4, 6, 11, 12) were all better competitors than
any of the group.3"clones (clones 8, 10, 13, 15, 16).
Al;o, with the exception of clcne 1,- all stocks of a clone
isolated from.different ponds were ranked at eéuivalenﬁ
leyels and even clone 1 stocks were not greatly different
in their competitive abilities. | ’

Table "2.4 showélthe results of a chi—square test

performed in order to determine if the four typeé of . P

pairwise combinations differed in the pfbportion of
» _—

2

replicates résulting in exclusion. The calculated X

value was significant (P value = 0.0001). Coexistence

AN\

among group 3'cldhes and between group 1 and 2 clones'wés
observed more frequently than expécted, while clénes'frgm
both groups 1 and 2 tended tp-exciude group 3 clones.

Note that-tﬁé mean genetic distanéés amoné group 3 clones

(.llé@ and between group 1 and group 2 clones (.175)

" were smaller than those between clones of groups 1 and

‘_ .
3 (.205) and groups 2 and 3 (.215) (Crease 1980).

B S o
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- DISCUSSION

Earlier studies have revealed differences in competi-

tive ébility bet&een clones of Daphnié pulex (Leoaring
ana Hebert 1981; Good 198l). The preseﬁt wo?k has
provided additional proof oﬁ the existence of such clonal
‘variation.‘_other workers h veiaiso deﬁonstrated the
existence of ecolpgical diijrences between clones ‘(Mifter
et al. 1979; King 1972: Snell 1979; Mort‘and Jacobs.1981;
Hebert 1974; Young 1979; Vrijenhoek 1979; McWaléer 1981;
Woodrich 1980}). Little between replicate variation in
outcome.was observed in this study and mény of the
replicates showed clonal cocexistence ubon termination of -
the experiment. The coexistence of clones under simplified
laboratbry conditions suggested_that they ﬁad‘roughly simi--
lar fitnesses at 20°cC. Notably, stocks of the .same clone
originating from different habitats were ranked at similar
levels of competitive ability indicating that genetically
similéf clones were ecologically similar as well. Unfortu-
nately, the ranking scheme described in this study was ﬁot
entirely complete as all éairwise combinations of clones

were not compeﬁed agéinst each other. Moreover; the cur- -
rent ranking\}s not in complete agreement with the résults
obtained.in.ag earlier'study (Loaring and Hgbert 1981) in

which Windsor 1 clone 1 excluded two clones (Cedar Springs-

-~ clone 4, Charing Cross clone 6) which it ﬁended to coexist

= -
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with in the present égperiment. This discrepancy might be
attributed to the failﬁre to adequately control certain
relevant environmental variables.

Perhaps the most sériking result of “this study was the
divergence in competitive’?bilities be£ween members of groups
1 and 2 versus group 3 cloﬁes. In all but two replicates, ;
all sté;ks of group 1 and 2 clones weré able to competitively
exclude ‘all stocks of group 3 clones. In contrasé, most a
combinationé.pai;ing group 1 tlones .with group 2 clones, or
group 3 clones with grod; 3 clones resulted-in clonal coexis-
tence. Therefore, in general, group 1 clones were similar
in terms of competitive ability to group 2 clones, and g;oup
3 clones were similar to each other; but clones of groups

..

1 and 2 were competitively superior to group 3 clones. It
is interesting that £he mean genetic di;tances among groupr

3 clones and between group 1 and group 2 clones were-smaller

than those betﬁeeh clones of groups 1 and 3 and grOppsHZ and

3. Thus, in congrast to expectations, the results of this

work indicated that genetic divergence does not foster

clonal coexistence under laboratory conditions. Other labora- ’
tory studies have also posed apparent contradictions to the

Gausé principle. Miller (1964) found that larvae of 2 sib-

ling species of Drosophila with qearly identical ecological
requirement;weré able to coexist for long periods. Similarly,

Sokoloff (1955) concluded that although competition is most

intense between sibling species of Drosophila, coexistence
* 13

was usually more successful between closely relatec species

.
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than between meore distant relatives. Additional studies
on Droébghila,species“(Me:rell 1951) and on’TriboliLm species.
(Park 1948) have documented that the ceekistence of ecoclog-
ically simi%ar species may endure ﬁor a veryélong time
under laboratory conditions. ‘ 7
The *competitive exclusion of one clone by another is-

more likely to occur under labogatory conditions than in

a natural habitat. Theoretically,'ciones in nature

are capable of coexisting indefinitely since ephippia
produced by a competitively inferior clone may hatch

every season, thereby preventing its exclusion.  Never-
theless, the pattefnsvof clonal coexistence cbserved in‘
nature were in agreement with the laboratory resultsbof

the present study. Members. of group 1 and 2 . frequently
.coexisted w}th each other, but rarely with clonesrbelonging
to group 3. However, several group 3 clonés Qere'éften
present in the same habitat. 1In additionlto D. pulex,
clones of seQeral other parthenégenetic‘species have been
found to boexist in nature (Parker and Selander 1976;

Lokki et al. 1975:; Jaenike et-al. 1980; Suomalainén and
Saura lé?é; McWalter 1981). If,oné ecologically:diséinét
habitat (habitat 25) is excluded from the 64 habitats
sampled by Jaenike et al. (1980), then the averagelgenetic
distance bet¥Ekn coexisting clones of earthworms is fQund
to be a very low .value (0.09). Si@ilariy, SUyomalainen

and Saura (1973) indicated that genotypes within populatioﬁs

of weevils resemble each other electrophoreticallijmore.



‘species of each genus and if congeners did coexi
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than geﬁotypes belonging to different bopulationsg

Early studies of zooplankton cémmunities revealed

. patterns similar to those observed in vertebrate communities

(Hutchinson 1951). Most habitats contained only a/Single

t, they

tended to differ in sizeor in habitat preferences. 1In

-.pond habitats where opportunities for .spatial, vertical or

temporal segregation were limited, species‘richness tended

to be low. Yet recent-work has revealed weaknesses in

these earlier studies. In éomelcaseg, ﬁaxpnbﬁy was i;adeqﬁate,
and- what had 5een regarded as~a singlé species'turned outf

to be é group of mbrphologically similar-gpecies coexistiné_
in the same habitat (Hebert 1977:; Manning et al. 1978). |
Moreover, while vertebrate communities showed separatién

of resource use patterns,lthe déta on zooplankton communities

suggest that the overlap in resource use is often extensive

(Hebert 1978). The results of the present work also

"conflicts with earlier studies in that coexistence between

-

geﬁet;cal;y and ecologically similar clones was widesbread
in both labofatory'and field situaéions.
When couéled'with the results of classical competition
N . * 1
egperiments, the present data suggest the existence of a

bimodal distribution between the'intensity of compétition\

and genetic similarity (Fig. 2.1). Intensity values

" for each pairwise combinatien are given .by the ratio:

number of replicates resulting in coexistence/total number
of replicates. The fi}st and second peaks of this d}s—
tribution represent genetically similar conspecifics—and.
éoexistipgrgéngticélly distant species respeétively:

¢
’



l: Figure 2.1
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while*the trough represents more distantly related con-
spec1fics and speCies Which ‘do not coexist. For the most

part, previous’ studies have involved. organisms which are

R

described by the latter half of the distribution and e

4s such, -adhere to Gause's principle. Intensity values
and genetic distance values are unknown for this portion
of the d%ﬁtribution, ‘hence the height and placement of
the second peak along “the abcissa<are purely arbitrary.

In conclusion, this study has shown that ecological
Similarity is positively correlated with genetic 51milarity
'whenla clonally reproduging species is considered. In
.contrast to conventional ideas,'genetic divergence did not
foster clonal coexistence in either laboratory or field
51tuations. InStead a'bimodal distribution was thought

to describe the relationship between the probability of

‘coexistence-and genetic distance,
* i

| L
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CHAPTER III
INTRODUCTION

L

Many - zooplankton species have broad ‘ranges over '
which they show littleomorphological variability For
many years it was felt that this lack of morphological

- diverSification was a consequence of extensive gene flow.

Yet studies of genetic variation in a 1ocal group of

Daphnia. magna populations revealed frequent allelic substi-
. tutions and hajor éene frequency differences (Hebert 1975).
A later study showed that genetic differences were even more
‘pronounced between distant pcgnlationsy(Crease and Hebert
1982). Thus, populations of D. gggga fron.central Canada
) ;(Cnnrcnill, Manitoba) shared only 60% of their alleles
wirh English populations. Despite this genetic divergencej
indididuais from the-two regzons readiiy hybridized and. their
offspring showed evidence of heterosis. Therefore, these
‘studies - indicated that, despite the genetic -diﬁersity whicn
lies hiddeh beneath a facade of morphological uniformity(‘

. gggga should be regarded ‘as a, single biological species.

Thesevearlier studies on D. magna left a number of )

unresolved problems. The gene pool of D. magna in central

Canada was found to be nearly invariant, while English -

-

populations were»segreQating at about one-third of their
loci. <Crease and Hebert (1983) suggested that the low
amounts of genetic variation at Churchill might reflect

» .
“the isolation of this site from glacial refuges in which

80
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)
D. magna ;urvived'the Pleistogene. 'AltérﬁatiVeiy, perhaps
all North American populatj ns'of D: magna are nearly invariant
as a consequence of. founder effectsbduringxthe.colonization‘
of North America. The species rahge is‘:estricted &o the

" western half of the continent and Brooks (1957) has sug—' Do -
gested that colonists first arrived in Northvhmerica froﬁ

e : . . .
Asia during the Pleistocene. 'A survey of the extent of

genet;c'vafiation in'g.lggggg popu}atiohs found near the
glacial refuges of nogthern Canada and thﬁse at more southerly
locales offer the best opportunity to distinguish these
.alternate hypotheses. The present study presents information
on the‘ggnetié'aiversity of populations of D. magna in'immeai—
ate proximity to the glac;él refuges of the Yukon, as well
g\\_,/as twb moré'southerly localeg (Williéms Lake, ﬁritish Columbia

and San Diego, California). _ -

. Earlier work suggested.that the genét{i characteristics

populatibns in England were greatly influenced by

[

environmental conditions (Hebert 1974b and 1974c). 1In inter-

of D. magna;

mittent p‘.ds, in which D. magha populations were regularly
re-established from éexually produced resting eggs, qedotypic

frequencies were stable and appro;imated Hardy-Weinberg pro-

portions contrast, in more permanént ponds, where popu-

lations\were able to reproduce parthenogenetically for extended
periocds of tiﬁe,genotypic frequencies were unstable and

often deviated markedly from Hardy-Weinberg expectations.

» -

In tempfkrate aregs intermittent and permanent ponds co-occur

- and the classification of habitats is not alwa}s clear cut.



) T 82

However, ih arctic Canada, all ponds are intermittent since

v
.

they freeze solid during winter. ﬁaphhia populationé in’
such pénds are undoubtedly’ re-established froﬁ sexuélly
p;oduced eggs, pravided-that_ﬁhe species is a cyclic
parthenbgen. Thus, arctic popuiations provide an 'ideal test
for the assertipn'thaﬁ the gen@typic charédtéristiqs'éf

intermittent populations approximéte those of sexuﬁlly .
.reproducing species. The regular enéorcemgnﬁiof sexual
reproduction in a;ctic habitats should also ensure that dis-
equilibrium among loci is low. ASlSUCh, arctic D. magna
populations are qf value in learning,more‘ab6qt the origin

of the heterozygote excesses sb evident in permanent popﬁ—'
latioens 1Hebert 1974b; Young l§79a,b;’Mort and Jacobs 1981}.
It'has been argued that these excessés'are é'consequence
.of-associative overdbminancé resulting from linkage
disegquilibrium between Selected‘ioci and the allééfmé loci.
being surveyed (Berger 1576; Angus 1978; Hebert et a{; i9s2;
Young 1979b). ‘Theré is no evidence conée:ning eithér the B

freéuency of such 1linkage association or the time frame
required for such heteszygote excesses to‘develop.' In the
present study, sexually prdduced hatchlings from an a;ctic
pond were .established in a laboratory aquarihm which  /

permitted continued pa;thenogenetic.reproddctioﬁ. Genotypic

n
frequencies were monitored-on a regular basis.

T



D.'magna was collectgd from ten\ponds ifd the area -

of "ruktoyaktuk N.W.T. /(Tuk; 69.27N° 133.02W), two ponds

v

located approxlmately 30 mlles west of\Williams Lake B.C.
(52,08N 122.093), a?d one pond near San Dlego Callfornia .
(32.43N 117,09W) (képenéix III): .The.Tu. ponds were shallow,
.tundra pools, located in:close proximity.

and ranging from 3 meters to greater than

o the Beaufort Sea
00 meters in dla—‘
meter. The Williams Lake and San Dlego ponas éere large
- in surface area and surrounded by grass and ther low lylng
vegetation. The conductivities and salinitie of the Tuk
and Williaﬁs Lake ponds are listed'in'hppendixr
Live samples ef each D. mggga pcpulation were sh}pped
to Windsor where they were'frozen in distilled
use in electrOpﬁoretic studies. .Unfortunately,
Diego eolfection suffered heavy mortalitj, but 4} individuals .
survived and were used to initiate laboratory cu fures
(for Aesdfiprion of laberatory culrure technique . see
‘Crease 1980). .
The samples from Willia@s L. and'the 4 San P&ege clones
were analﬁzed eleetrophoretically at 10 enzymefl'ci: .phgspho—

glucose ‘isomerase (PGI), phosphoglucomitase fPGM), lactate

dehydrogenase (LﬁH), malate dehydrogenase (ﬁDH), tetra-~
'zolium oxidase (TO), glucose—G—phoépHate dehg rogeaase

(G6PDH), glutamate oxalqacetate transaminas (GOT), xanthine
dehydrogenase (XDE), amylase-1 {(AMY), and eueine amino-,

peptidase (LAP). LAP pattetns for the Williams L. populations

83
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Qere‘too\faint to be accuratelf dectphered. -Preliminary'
electropﬁoretic ahalyses of the Tuk populations'carried
~out in 1980 revealed that.all }oci were monoﬁorphic except
LAP -and GOT. Sémples-collecteéfin‘lQSI provided additional
ggne freduency data for these two enzymes. Only 1981 data
were included in.ihis-study. Details on electrobhoréEiC'
procedﬁres are outlined in Crease ('1.980)T Electrophoretic
.runs in wﬁich 15% or more of the gqis could not be scored
Qith confidence wefe-discarded.» Alleles were numbered

(1, 2, 3, eke.) in order of iﬂéréasing migratipn from the
origin. ‘Genbtype and gene frequénqieé at each locus were
determined by diregt count. 'Breeaing studies were cérried ’
out on the Tuk and;SanlDiego individuals in order to verify

that genotypic differences were heritable. This verification

was not made for the Williams L. populations.’

Data Anélysis .-

Genotypic freqUencies at polymorphic leci in the Tuk and
Williéms L. populations werevchecked for concordance with
Hardy—Weinbefg expectétions.using a chi-square goodness-of-
fit test. Populations were not included in the analysis if
greafer than_one;third'of the expected f}equencies were less
thén 4. -Fof each case showiﬁg a significant (aé the 5%'level)
heterozyédte deficiency, an inbreeding coefficient was cal-

culated dsing the formula F = Hy - Hf, where H_ is the pro-

Hy

portion f'hetefozygotes expected with ragdom maling (Ho =
22 pq) a?d H; is the observed proportion %f heterozygotes
in the s%mple {Li and Horvitz 1953}. A second set of ex-

pected Jenotype frequency values were calculated using a

populat}on model that assumes fnbréeding (p2 +Fpg+Fpr, 2pq-2Fpq,

j . : /)ﬁ:ff-“\\;;
- l .
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q2+qu+qu, 2qr-2¥Fqr, r2+Fpr+qu,,2pr;2Fpr) énd a second x2
teét wag'performed. Thé genotypic~frequencies at the‘LAP
and GOT loci among the Tuk populations ware*#ubjected to
homogeneity chi-square’analysis. Since LAP'genoﬁyﬁes 33
44 and 24 were rare; all individuals pos;essing these geno-
. types were combined to fofm a single geﬁotypic class..-In
addit;oh, the coefficient of inbreeding émoﬁg the Tuk ﬁopq—

lations'(FST) was calculated for every allele at each poly¥

morphic locus using the formula FST = Cfiz . where
" o .Pl (l—pl)
612‘= the variance in the frequency of allele i when-

several populations are pooled, P = the mean frequency of

~allele i and 1 - Pi. = the mean frequency of the remaining
alleles pooled for each population. A mean idb}eeding
coefficient per locus was calculated by weighting-the FST

value for each allele-by'tﬁe mean allele -frequency.

Average heterozygosities per individual and the proportion
of polymorphic loci*were calculated for the Tuk and Williams

L. populations. Averége heterozygosity is given by Hang/_r; ’

th locus, t is the

mmumber of loci, and X3 is the frequency of the ith allele

h

. L2 . vroa s
where h, =1 -§x", . where 'L' 1is the L

at the Lt locus (Nei 1975},

\ .
Nei's measures of genetic divergence I .genetic simi- "~

larity) and D (genetic distanc were calculated for each
pair of populations and/or cipn_s-using gene'freduency

data at 10 loci.grom t 10 T populations, one Churchill .
Maﬁ. clone (204} two English clones (Sé and MF) and the

two most genetically dissimilar San Diego clones. The allo-
. »

zyme data for the Churchill and English nes were from

» -

U



Crease (1980). A cluster analysis was performed on the
-

matrix of genétic distanceé.in order to construct a dendro-
. gram illustrating the genetic relationships of the popu- -

lations and‘clones,e These procedures were then repeated using

-

gene frequency data at 9 loci‘from the populations and

.

clones mentioned previously and, in addition, the two

Williams L. populations: Cluster anaiyses‘ﬁere based on

' average genetic distance and used the BMQ’PIM program.

Permanent Poend Simulatian
A 100 .gal. aguarium Eontaining 300 1 of artificial

_ : N . .
pond water (for composition see Crease 1980) was inoculated
with algae (primarily écenedesmué and Kirschneriella at
appfox; dénéitieﬁ of-2 X 105 cells/ml énd 1 x 106.cells/ml
respectively) which were then aliowed to grow for iO days.
At this time; 250 jravid Q.vmgggg collected from Tuk 13
were piaced'in tﬁe'aquarium. These animals were ephippial.
hatchléhgs, as ;hey were cpllécted in eérly'Ju;y. at a time
" when parthenogenetically produced individuals weretstill
immaturé. A second sample from Tuk 13 uséa for electro-
phofetic analyéis revealed this population Eq.be in Hardy-
Weinberg equilisrium. Génotypic frequeﬂcies in the . *
"simulated perm?éent pond were determined every 660 days.
The experiment was terminated a?ter 120 days f{or- 5
genéfations when a‘generation is defined as half the median

o

lifespan, Hebert 1978).
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! -/ RESULTS "

Allozyme Phenotypes and Gene Ffequéhcieé

L

a) Tuk Populations . ’ A

.:. Populations of 2:\m§g53 from the Tuk area .were poly-

ﬁo;phicfat 2 of lqbgnzyme loc; surveyéd; GOT and LAB. |

‘ GOT. phenotypes were charaéterized by single banded homo-

ngotes apd.triplq-banded heterozygotes: as nbfed by Young
% <(19792). Three alleles were défected (L, 2 and 3) ‘and all -

6 possible phenot?pes were obser#ed-(Fig.IB.l.i).. Alleie

2 yas generally present in slightly higher frequencies

than alleles 1 ;nd 3 (Table 3.1). - Tuk 7 was the only excepxion}'
| in this population,allele 3 was most common . TheILAP

homozygetes were-single;banded and heterozygofes double‘

banded as E;und by Cfease and Hebert (1982). Threq allelgs

were-detébted‘af Tuk (2, 3 and '4) and 5 of the 6 possible

phenotypes 122: 23, 24, 33 and 44) were observed (Fig. 3.1.2}.

.%;lele 2 ﬁas'inva:iably preseﬂt in substantially‘ igher fre-

guencies than ei;her-alleLe 3.6r 4, which we;;_péZatively
‘rare in ali‘pbpulatioﬁs (Table 3.1). Allele 3 was generally
_siightly more frequehf than allele 4, although populaticn A

Tuk 7 again proved exceptional in that allele 4 was much

more common than allele 3. -

b) Williams Lake Populations

Populations of D. magna from W%l}iams L. (WL) were poly-
- morphic at 3 of 9 enzyme loci: GQTl MDH and AMY. GOT pheno~'

. —— . . -
types observed for these populaticons were similar to those —

-~ | -
. 87 g



Figuré 3.
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.1 Electrophoretiq phenotypes of: GOT, in D. méég .
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~ , _

:'Figﬁre 3;1.2 EleCtrophoretic'phenotgpes'of LAP. in D. mgggg{
From left to right: 22, 23, 23, 24, 44, 24, 13.
13 is é hybrid D. ggggglwith_parents from

.England and Churchill. The remain;ng pheno-

types are Tuk D. magna. - °

- ~ .




* Table 3.1 Gene frequencies at variable lqgci 7
' . in D. magna populations from Tuk

and Williams L. )

n. denotes electrophoretic sample size.

Enzyme Population\ B o 1 2 ‘ 3 4
locus - : ! . .
T . Tuk L - 15 .30 .40 .30
o Tuk 2 23 .28 .44 .28
Tuk 3 111 .29 .41, .30
Tuk 4 247 .29 .38 .33
Tuk 5 99 .28 .40 .32
Tuk 6 . 118 .24 .46 .30
Tuk 7 40 .21 .36 .43
Tuk 8 18 .31 .44 .25
Tuk. 9 85 .34 .38 .27
Tuk 10 106 .29 .43 .28
WL4 X ' .10 .90
WL6 22 .07 .93
N
" LAP Tuk 1 46 .89 10 :01
. Tuk 2 89 ‘ .92 .08 °
L Tuk 3 86 .89 11
v " Tuk 4 280 : 86 .14
, Tuk 5 126 - .88 .09 .03
\\‘\\____/J/ Tuk 6 ~172 . .84 .14 .02
Tuk 74 .37 ' .70 .05 .25
‘ _ Tuk 8 105 .96 - .04 -
Tuk 9 151 .91 .09
Tuk 10 128 st 18 .01
MDH WL4 - .49 . .09 .91
WL6 23 .43 57
o el
AMY* WL4 46 ‘ 1.0

WL6 .22 .29 .02 .69
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u
found at Tuk. The same three alleles were detected (1,

2 and_3), ;ut only 3 of the 6 pbssible phenotypes were
‘ obserbe& (13, 23 and 33). The hcmozygous éheno%ypél(é3f
' was found in both Williams L. 4(WL4) an@ 6(WL6), but the  ~
13 ﬁeterozygotg;was seen only in WL6 gnile the 23 hetero-
zygote was seen oﬁly'in WL4.7.Ailele 3 wag by fér, the
comménest allele in the Williams L. populations, while
;lleles 2‘and_l were present in low_frequéncies'in WL4 and
WL6 respec;ively-(Table 3.1). Two allgles-were,detécted

for MDH, but only é of the 3 possible §Eén6types were ob-
served (12, 22). Aliele 2 was mdre frequent than allele 1
in both populatidns; however, the frequenég of alleie 1

was substantially léwer in WLA4 thén_in WL6. Only one AMY
allele (3). present in the%homozygous ééndition;was_détected
. at WL4 (Fig. 3;1;3)}‘nowever, 3 alleles (1, 2 and 3) were
.identified at‘WLG. Of the 3 phenotypes observed in this
population, 2 were‘homozﬁgous (llland 33) while the third
(iéB)‘was a rare triple banded pheﬁoty;e, suggestive of

a géne duélication.. It is assumed -that this.phenofype was
heritable, although” this was not provehu' Allelés 1 and 2

were much less common.than allele 3 (Table 3.1).

Genotype Frequencies

Tabkle 335 shows the results of chi-square analyse53
carried out on the genotype frequency data of individual
Tuk and Williams L. populations. The WL6 AMY Locué'was poly-

morphic, but was not included in the analysis due to the

*
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Figure 3.1.3

92

3

Electrophorétic phenotypes of AMY. Frqm_left
to right: 33, 33, 33, 33, 33. The first two
phenotypes are Churchili'g; magna and-the

latter three are Williams L. D. magna

rd
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Table 3.2 Population deviations from Hardy-
) Weinberg equilibrium genotype
frequencies. |
* P value = 0.001

Population ' ﬁblymorﬁhic x2 Heterozygote excess
! locus . or deficiency
Suk 2 LAP " 10.58" ' deficiency
Tuk 3 : GOT 4.48 o
. LAP 1.86 S
Tuk 4 GOT 2.89 »
LaP ¢, 3.16
Tuk 5 GOT 3.76
Tuk 6 . GOT 14.72* ‘deficiency
Tuk 7 GOT /6.45
Tuk 8 LAP 0.17 -
Tuk 9 GOT 2.65
_ LAP 1.19
Tuk 10 o GOT . §;42'
LAP 2.68
WL4 GOT . “0..70
| MDH . 0.50

.
WLb . MDH . 13.61 excess
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Ipresence of‘a triple banded phendt&pe. Two Tuk pop4';'
‘wlations (Tuk 2 and Tuk 6) exhibited significant het-
erozygoteldeficiencies and a siénificant heterozygote
excess was fouhd at the MDH locus in WL6. _ Despite th;sg'
deviaiioné, the majority of the populatidﬁs under
investigation appeared to be in Hardy-Weinberg equi-
librium. v

Within popﬁ&ation inbreeding coefficients calculated
'for both enzyme loci showing signifi@%nt hetero-
zygépe defi;iencies are.présented in Table 3.3. The
x? value resﬁlting from a second-test of departure
from Ha;dyQWeipbefg equiLibrium';incdrporating the
inbreeding coefficient éstimateé for the GOT locus
at Tuk 6 is also shown. A sécond'chi-square test was
not performed for the Laé locus at Tuk 2 since the
‘estimation of the inbreeding coefficient used up the
single reméining degree of freedom. In the k allele
case, there are [k(k—l)—i]/2 degrees of freedom fo;
the goodness-of-fit test when an estimated inbreeding
coefficient is incorporated. Therefore, loci at which -
only 2 a;léles were observed cannot be iﬁcluded in
the analysis. The new x2 value calculéted for Tuk 6
.was insignifican£ at the 5% level, indicating that an
‘assumption of inbreeding accounts for the significéﬁt
héterozygote deficiency observed.in this population.-

Table 3.4 shows the data on genotypic frequencies

in the laboratory population of D. magna. Initially,
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genotype fféqﬁencies showed no significant deviation from
Hardy-Weinberg expectations. Genotypic fréquéncies ;emained
in Hardy-Weinberg equilibrium fqr 2 months, although the
inpidence of~certain heterozygous phenotypeé increased at
both loci. GOT genotypes car;ying allele 1 decreased in
frequency whi;e those homozygous for al;el?s 2 and 3 and
those hetefozygous for these two alleles increased. At
the LAP locus”, the %} heterozygotes underwent a similar
‘increase in frquencyh,while the propprtiéns repfesentgd
by either homozygote decliﬁed. After approx. 80 days,
the population suffered a ﬁajor decline, foilowed by a
slow increase in density.- After 120 days, the population

had again achieved high densities, but enormous hetero-
iygote excesses were apparent afzthe polyﬁorphic loci. All
individuals surveyed were found to be 23.heterozygotes af
GOT. At the LAP locus, the 23 heterczygote was far more
common than the 22 homozygote, aﬁd the 33 homozyéote was
< :

not detected at all. The probability of any GOT hetero-
zygote and any LAP heterozygote reéching fixation at the
samé time through random events is givén by the product

of the original fréquenéy of all heterozygotes at both loci:

P = (0.20 + 0.26 .+ 0.17) x 0.22 = 0.1386 or approx. 1l4%

Heterozygosity

'Heterozygosities per individuai and the proportibn of
polymorphic loci are given for'each D. magna éopulatidﬁ
from Tuk and Williams L. in Table 3.5.

The 10 Tuk populations had similar levels of genetic
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'variation. The proportlon of polymorphlc loci was 1nvar1ant
between populatlons and the heterozy9051t1es per individual
ranged only from 0.07 to 0.10. The mean heterozyg031ty and
proportion of polymorphic loci for the énti;e metaéopulation
were 0.09 and 0.20 respectively.

The Williams L. populations of D. magna maintained a higher
proportion of polymoréhic loci (metapopulation mean = 0.28)
than did the Tuk populations., The divergent naturelof'the
2»Williamslbm populations wag illustrated by the fact that
WLG‘had a higher hetero;?gosity'per individual than ény Tuk
population while WL4,Bad a lower value than any Tuk.pobulation.

The mean heterozygosity for the entire metapopulation was' 0.08 &

Population Subdivision

The results gf homogeneit§ chi-square analyses:performed
using Tuk allozyme data for 2 loci (GOT and LAP) are pre-
sented in Table 3.6. The LAP genotype frequencies showed

significant heterogeneity (x2 = iSl.?OP“value = .0001),

»

Jbut GOT genotype frequencies'were apparently homogenous
?XZ;?‘AS;OO,P value = .25){ Therefore, there were signifi-
cant_differences in genotype freqﬁenqies within the Tuk meta-
population at LAP, but not at 'GOT. Some populations‘showed
:much greater dev1at1%§ in genotype frequencies from expected e

<
values "than did others. For example, cver 75% of the signi-

ficant XZ statistic obtained for the Tuk LAP data was contri-
buted by population Tuk 7. . .
Table 3.7 shows the within metapopulation (between pdbu—

'latlon) 1nbreed1ng coefficient calculated using allozyme

¢
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"data from the two ?yi}méggﬁff loci at Tuk. F,, was galcu-

lated to be 0.006 ‘and 0.04-at GOT and LAP respectively. -

102

Metapopulétion‘Comparisons "

The extent of genetic differentiation betweeh thy
and¢Williams L. metépopulations and fepresentative-
from Churchill, Man. , Englénd an¥ San Diego, are summarized
in Tables 3.8-3.9 and Fig. 3.2 and 3.3. | ’ -
‘ Table 3.8 is a comparison of alleles at each locus. As
in the study by Crease and Hebert (1982), tﬁree categofies
of loci are apparent. The first consisted of loci.that were *\‘\;
monomorphic_ﬁor the same allele in all populations and clones;

TO, XDH énd'LDH fell into this éﬁtegory. The second cate-

gory cSntained théée loci which were i@variant in North

Amer}éa; but showed substitutions 6: Qériation in the English
clones. Such loci included PGI, PGM and G6PDH. The

remaining loci (MDH, GOT, AMY, LAP) formed the third category.
which were those loci showing éolymb;phism in North American . -
populatioﬁé. Taking all 5 gecgraphic locations into account,

3 alleles have been detected at MDH. The Tuk populations

and the San biego dlones were fixed forzallele 2, the Williams

L. populations and the Churchill clone‘ﬁere polymorphic for ?
alleles 1 and 2, and the two English clones (SF and MF) were |
heterozygbus.for alleles 2 and 3. Allele 1 was, present, '
bﬁt uncommon  in English populaticns (Crease 1980). Of the

3 GOT alleles discovered in the Tuk wand Williams L. popula-

I

. tions, allele 2 was fixed in the English and the San Diego clones,

. \ ' | )
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while Churchill D. magna were monomorphic for allele 3.

Polymorph;Sm at AMY was detected only at WL6.- The remaining

populations and clones were. monomorphlc for allele 3.

Finally, a total of 5 alleles were detected at ‘the .LAP
locus.  Of the 3 alleles‘disccvered in the Tﬁk poﬁﬁlations
and the San Diego clones (2 3, 4), tﬁo (alleles 2 and -3)
were present in the Engllsh clones, as waa a null allele

(5) not seen in North American populations. Churchill

D. magna were fixed for - a fifth allele (}), which was

slightly slower than theroei\jcmmon allele in the Tuk
populations. =~ -

The average genetic distances and similarities among

the investigated métapopulations and/or clones are preseﬁted

in Table 3.9. The dendrograms in Fig. 3.2 and Fig. 3.3
illé;t:ate the_genetic relationships between these groups.
Greater distances Qere observed when datp from the LAP
enzyme locus was ihcluded in the analysis. Within meta-
poﬁulaticp genetic'similarities were generally quite high,
especially'for the Tgk metapopulation. Notably, all North
American metapopulatiocs were fairly closely related; Tuk
mgggg were most closely related to San Diegc D. .magna,
but the similarities of the Tuk metapopulatlon with those‘of
Williams L. and Churchill were only slightly smaller.
The Churchill and Williams L. metapopulatione Qere.also
verj similar to eech other, while the comparison ¢f San
Diego D. magna to theose from Williams L. and Churchill

revealed somewhat larger genetic distances. The most strik-

ing result of the genetic distance and ‘cluster analyses was the

H ‘-.:‘z‘.\'_'\-v‘-‘.'nﬂd -
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Table 3.9 Average genetic similarities and ‘
distances among populations and/cr ¢
clones.

15 Populations and/or clones - 10 loci.

Populations and/Qr clones Genetic Genetic

. ‘.- . distance . Similarity
TUK - TUK o 2,111 x 1073 0.998
TUK - CHURCHILL | 0.140 0.870
TUK - ENGLAND ° " 0.455 0.635
TUK - SAN DIEGO 0.085 0.919
CHURCHILL - ENGLAND 0.627 0.535
' CHURCHILL - SAN DIEGO 0.211 0.810
ENGLAND - ENGLAND ‘ " 0.089 0.915
ENGLAND - SAN DIEGO |  0.401 0.671

" SAN DIEGO - SAN DIEGO. . 0.080 0.923

17 Popﬁlations and/or clones -~ 9 loci )

‘Pqpulations and/or clones Genetic Genetic
. . distance - Similarity
TUK - TUK - .5.636 x 1077 1.000
TUK - CHURCHILL . 0.043 \ 0.958
TUK - ENGLAND © oL 0.412 ‘ 0.662

. TUK - SAN DIEGO 0.030 0.971

TUK - WILLIAMS L. ' 0.054 0.948
CHURCHILL - ENGLAND 0.529 . 0.589
CHURCHILL - SAN DIEGO 0.118. 0.888

"CHURCHILL - WILLIAMS L. 0.015 0.985
ENGLAND - ENGLAND 0.000 1.0
ENGLAND - SAN DIEGO 0.347 0.707
ENGLAND - WILLIAMS L. _ © 0.539 0.584
SAN DIEGO - SAN DIEGO 04025 0.975
SAN DIEGO - WILLIAMS L. o 1126 0.883
WILLIAMS L. - WILLIAMS L. ©0.025 "0.975

N
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vast divergence of N. Amefican D. magna from Eﬁglish'g.
magna. This divergence is illusérated in both dendrograms
which clearly Separate'the two localities. Of the N..
American metapopulations, Tgk ané San Diego resembled the‘

English clones to a greater extent than did either Churchill

or Williams L.

-



DISCUSSION

other workers have shown that populations of cyc%ic

- parthenogenetic Déghnia species inhabiting intermittent
habltats are generally. in good agreement with Hardy-
Welnberg expectatlons (Hebert 1974c: Hebert and Moran
1980; Lynch 1982). The Tuk ponds investigated in ;he‘
pfeéent study froze solid every winter and were there-
fore classified as intermittent habitats. As expected,
the majority of the Tuk D. magna populationsisurveyed {7 °
of 9} were in ngdy-ﬂeinberg equilibrium. Apparently,

' genotypes in thesé populations were mating randomly: at
;he time of ephippial formation, population sizes were
‘zérge enough so that inbreeding or genetic drift were
_relatively unlmportant and: selectlve dlfferences between
electrophoretlcally distlngulshed genotypes were small
or absent.

. Both of the two Tuk g; hagna populations showing
significant departures from Hardy-Weinberg expecéations
(Tuk 2 and Tuk 6) took the form of heterozygote deficiencies:
These deficiénbies were obéerved at the LAP locus in Tuk
2 and at the GOT locus in Tuk 6. Zéuros et al. (1980)
has suggested 5 possibie causes of heterozygote deficiéncies
in natural po@uiations: '

(1) the treatment of sex-linked loéi as autosomals

{2) the presence of null alleles’

(3) the inclusion in the sample of more than one
species '

109
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. (4) thé pooling-of.individuals‘from several demes
into a single population (Wablund's effect)
(5) the presence of inbreeding

The latter two alternatives were the most likely in

the case of the D. magna poﬁulations under investigation.’
Popula£ions of D. magna existing in a pa;ticular pond
inhdifferent years may differ in gene frequencies. o
Insofar as the ephippial eggs which are péoduced by ’
these temporally isolated populations may hatch at‘

the same time, a situation leading to the pooling of

individuals from different demes may arise. Ih addition,

inbrégding within a population may lead to hgterdZygoté'
déficigncies. Young (1979b) argged‘thaf inbéeeding
‘might be“enhéﬁcgd in D. magna populations by the variance
Vin Floné sizes'and by genotypic differences in the
‘time of sex. Calculation‘of and subéeﬁuent testing
of an inbreéding coefficient for population Tuk 6
indicated that inﬁreediné did provide an acceptable
exp;anation for’thé observed heterqzygote deficiency.
Th;'F value of 0.18 calculated for Tuk 6 is similar

+

in magnitude to the mean F value‘of 0.21 - 0.02 cal-

culated for populaticns of the phoronid, Phoronopsis

viridis- (Ayala, Valentiné, Barr and Zumwalt 1974) .
~Since inbreeding is thought to result from s;ochastic

events such as clone size variation, there is likely

to be some diversity in its incidence among natural
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populations., Its possible occurrence was indicated
infrequently in the D.. magna populations considered
in the bresent study. .

No heterozygote deficiencies were observed ' for
either of the Williams L. populations, but ond popula-
tion exhibited a significant heterozygote excéss at
.the MDH'locus. Although the size of the sample geno-
typed for this locus was small (23), the heteroczygote
excess was not thought teo be due to sampling error.

The high frequency of a single heterozygote and the

"' paucity of homozygotes suggested the presence of heter-
6tic selection. It is not completely certain wﬁeﬁher'
the Rilliams L. ponds weretfemborary or permanentt but
their large size and their location in mild soutﬁern
'Briﬁish quumbia suggeéﬁs the latter alternative.l
‘Heterosis has previously been cited as the cause for

. .Dleterozygote excesses observed in natural , permanent
I.!g. magna pqpulatiohs'(Hebert }974b; ¥oung 1979%a,b)

énd popu;ations of other Daphnia species (Mort and’ ”
Jacobs 1981). Moreover, Hebert et al. (1982) have

recently documented the occurrence of heterosis in

hybrid strains of Daphnia méqna under experimental

conditions.
The results bf_the laboratory experiment suggested that
little time may be required to develop .large heterozygote

excesses in permanent habitats. Clones possessing specific

. .
Ky
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heterozygoﬁs genotypes at both the'LAP and the GOT loci
" dominated the'population after only iZO days. Presumably,
the fitness differences existing between genotypes af the
beginning of the experiment were sufficiently amplified'
by only a few generations of parthenogenetic-reproducfion
(Berger 1976; Hebert et al. 1982; Hebert1974a), so that the -
heterozygous‘glones were able io exclude other‘genotypes.
Tt is unlikely that heterotic selection was acting at the
loci under investigation; moré probably it acted on loci
in linkage disequilibrium with them.'.sélection was apparently
most pfonoqnéed during the population 'crash‘ since signifi-
caht departure from Hardy-Weinberg expectations were not
observed prior to this event. Additiokal evidence that
heterozygous genotypeé possesé gre;ter fitness than homo-
. 2ygotes in stressful environments (e.g. thermal stress
and saiinity sfress) has been obtained by Hebert et al.
(1982). 1In the present study, it is possible that the
p?esﬁmed heterotic genotypes approached fixation simply
through chance events, although the probability of this is
fairly low (14%). -Nevertheiess, it is‘suggested that sevéral
replicates of this experiment be carried out in order to .
'.ensure that heterosis is indeed the elemgnt reSQiling in
the success of these heterozygous gepotypes.

..In récenf years, allozyme studies have fevealed great
amours of genetic variation among invertebrate speciesi
In géneral, inve;tebrates were found té maintain as much

.* ' N X X
genetic variation as plant populations and substantially
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more variation than vertebrates (Hamrick 1979: Selander
'_and Kaufman 1973). However, several exéeptions to this
regularity have béen observed in cyclic parthenogenetic
invertebrates. Populations of rotifers (King 1977) and
aphids (Wocl et al. 1978:.Tomiuk and Wohrménn l§80;
Suomalainen et al. 1980) are comparatively invariant
and are polymorphic at only abouﬁ 10% of their loci.

Natural populatians of the pulmonate slug Deroceras laeve

which is capable of reproducing through apomictic parth;“"
enogenesis as weil as th;ough reciprocal oﬁtcfossing were
found to be uniclonal and_coﬁtéined very little genic
heterozygosity (Nicklas and Hoffman 1981). Similarly, Hebert
and céworkefs have found that the amount of genetic varia-
tion in cyclic parthenogenétic‘Daghnia specieé, as reflected
by individﬁal heterozygdsities and the proportion of poly-
morphic loci, is typicélly low. Local populations of D.
“carinata were polymorphic on average at only 6.7% of their
loci andg@pdividuals were hetérozygouS‘at-only 2.1% of their
loci {Hebert and Moran 19802. 'Iﬁdividual heterozygosities

and the,proportionrof poiymorphic loéi averaged only 1%

for Churchiil populations of D. magna. Englisﬁ populations

of this species were polymorphic on average a£ onlf-lS%

of their loci and indiﬁiduals were heterozygous at only 7%

of their loci (Crease and Hebert 1982). The low amounts:

of genetic variation observed for the Tuk and Williams

L. populations in the present gtudy were consistent
.with'these fipdings. Individual héterozygosiﬁies'

averaged 8.7% at Tuk and 7.8% at Williams L., and

[

o~
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the proportion of polymorpnic loci’avef;geq 20% and 27.8%
for these iocalities. This lack of variation has been
-éttributed-to both founder effect (H;bert'l9f5) and
pre-emptive competigion (Hebert aﬁd Moran 1980).

| Whi;e the variation at Tuk was'law in comparison with
other invert;brate groups, it wés-subStanFially greater
‘thén that of the Churchill populations, and slightly
greater than that of the English onés. This may be due
:to'thé proximity of Tux to the large glacial refuge extend-
ing acrosé much of Alaska and, the Yukon fErritories.> In
fact, there‘is some speculation as to whether Tuk‘itself was
glaciated, but most workers believe that it was (MackayI1963;
Prest 1570). The néarness bf the.glacial refuge would permit
= larger-flow of'genetically diverse colonists to the Tﬁk
ponds, thereby increasing the genetic variation of tﬁe D.
magna pépulations in thié area.

Earlier studies on D. magna (Hebert 1975) and D. carinata
(Hebert and Moran 1980) revealed large gene fr;quency'qif—
ferenées among populationsvonly a few_meters apart.- It was
sﬁggesteﬁ that such microgéographical differehces_in gene

"frequencies may be a consequence of founder effects, natﬁral
selection and limited gene exchange {(Crease and Hebert 1982).
Some hetercgeneity in geneAana genotype freqﬁéﬁcies was also
noted among the Tuk populations, although the degree of inter-
poﬁulation differentiation as measured By FST was not as

dreat as that reported for grouped intermittent‘populationé

of English D. magna (Hebert 1978) and D. carinata (Hebert
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and Moran 1980). This fact was also reflected in the

smal} average genetic distance feuqd among the Tuk popu-“ .‘
lations - (0:002 using 10 loci). Average genetic distaqces .
among the Williams.Lf populations (O.CZS using 9_'qci),
and the San biego clones (0.08 using 10 loci), ;EgefElso
quite low: Similarly, Crease aed Hebert (19825 round low
genetic distances among the‘Churchilz‘populetions (0.00
using 1l lgci) and among the-EngliSh.populations (0.06}
“using 11 loci). High levels of genetic similarity have beéen
repqrted for conspeqifie’popﬁlations of other invertebrates

as well. The mean genetic distance among local populations

2
‘»

of dlfferent Droscophila spec;es ranged from 0.002 to 0.31

(Zimmerman et al. 1978). Slmllarly, Ward (1980) reported
a mean'genetic distance between conspecific'populations
ef ponerine aets of .015. Therefore, the overview of vari-
ation at the metapepulation level is one of comparative
‘genetic homogeneity. |

The_genetic distences between North Ameriea metapopu-
lations of D. ggggg were not large ranging from 0.015
(using 9 loci) to 0.211 (using 10° loc1) However, the
genetlc distances between any North Amerlcan metapopulation ‘
and the mngllsh clones were substantlally greater, ranging a .
from 0.347( using 9 loci) to 0.627 {using 10 loci). There- 'S\\\‘ﬂx
\rore, at most, 21%.of loci differed_between,North American

4 . . :
* metapopulations, but pairs ofgmetapopulations from England

and North America were likely-to‘afffer at as much as 63%
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of their loci. Aya;é; Tfécey, Hedgecock and Richmond (1974)

cited similar distance values between $ibling species .of

the Drosophila willistoni group, while other wo:kers have

found Values of this order between well differentiated
species (range 0.227-0.609)(Zimmerman et al. 1978). .
Crease and Hebért.tlQBZ) also repofted a very high genetic
‘distance between Cﬁurchill D. magna populaﬁions and English

ones (0.48 using 11 loci). A similar study -by Richardson

et al. (1980) revealed that pepulations of rabbdits collected
from several areas‘across the Australian cobtinent were.
more genetiqally similar to each other than to5§bpulations
co;iected frbm.Tasmaﬁia, France, England or Wales. Lakovarra

ét al. {1972) calculated the genetic relationships between

European and American species of the Drosophiia obscura

group and found the smallest number of amino acid differences
among American species,!a siightly greater number among
European species, and.a much greater number between American
and EBuropean speCies: ThPs, it is apparent that within-
continent genetic divergence in many organisms is sﬁali in
comparison with between-continen£ di&ergence.
The'genetic'relationships between groups of organisms,
generated from proéein'data} have bgen usea to confirm the
identity of ancestral stocks (Richardson et al. '1980) and
to suggest posgible migratory patterns followed by a speciles
in its initial colonization of a land mass‘(ﬂixon and Téylor
1977). The great genetic similarities of éhé’North Americah

-
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metapopulations may be‘Largply due to the way in which
D. magna coloniZed this continent. Brooks .(1957) sug-

gested that the ances%ral'populations of North American

D. magna originated in Asia, crossed into North America

' via the Bering land bridge'and persisted in glacial refuges

throughout Pleistocene glaciation. The genetic distances

between the Qdffxbbufqhill and Ehglish D. magna populations

'were in aggeement‘h&th a Bering land bridge colonization :

of North America. The génétic distances between Churchill
’ . ’_/

- and English populations was the ladgest, followed by the

~the smallest. As Caﬁbridge; England, is at the western limit

-

" continent to colonize the %::ég;h provinces and states.
Other stocks may have migrabted eastward élong the Arctic

distance between the Tuk' and Eﬂglish opﬁlations, and finaiiy,

’

.the distance betwéen the Tuk and Churchill populaticns was

1

sof "the North American range, the genétic diveggence sﬁtween

the metapopula%ions of* fhage two localities is expected to
be maximal. After the ice sheets retreatega>?e;téiﬁ stocks

of D. magna mﬁy have migrated down the western edge of the

&

of the Old World range and Churchill is at the eas%gfn limit"

-

Ocean coast tortoloniz Tuk, and eventually, Churchill. The

"genetic distances between North American metapopulations may

. not syggesi these particular routes, but,it is expected

that the relative aivergence estﬁmaﬁes involving the San

.Diego ana-Wiiliams L. localities will qhangé slightly as

more populations are included in the sample. Also, different
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selective pressures operatiﬁg in these environmentally

dlstinct locallties have undoubtedly led to dlfferlng

rates of genetlc dlvergence between metapopulatlons.

[ W P P LY



SUMMARY

The majority of Daphnia mégna populations collected
'

from temporary‘poois_in the area of qutoyaktuk, N.W.T.
were.in Hafdy-Wéinbefg equilibrium. A f;w instances of
heterozygote deficiency.were noted and were attriﬁuted
to the :presence of inbreeding or.the Wahiund effect.
Héterozygote excess was observed in one of two E; magna
popﬁlaéions sampled near Willigﬁs L., B.C. Thgse'populé-
tions were presumed to be permanent and fhe‘heterozygote
excess was attributed to heterotic selection. Laboratory
axperiments revéaied‘that large heterozygote excesses qén
develdp very rapidiy in.a permanent habitat. The amount of
genetic variatibﬁ detected in the éopulatipns‘ﬁnder investi-
gation was lower than that of other invertebrate spécies,
but typical‘of cyclic parthenogenetic groups. Tuk popula-
tions of 2. magna were more variible than'Cpurchill, Man.
quulations1due to the proximity of Tuk to a'glacial'refuge.
Bptéfogeneity in gene frequencies betweeﬁ bopuLations of
"a lqcality Was,nqted, but was smaller than that previously
fecprded for‘baEhnia p&ﬁulations. North Aﬁerican meta-
populations of D. ﬁagna weré closely fglated to each other
- But ‘were quite genetically distinct from English populations.

The,gedeiic similarities between the Tuk, Churchill and

]

Cambridge metapopulatiohs are-in accord with a Bering Land

rBridgé colonization of North America by ancestral stocks

of D. magna originating <in Asia.
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DAPENIA PULEX METAPOPULATIONS FROM HABITATS
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CHAPTER IV

INTRODUCTION

.
N\

Recent genetlc studies have shown that Daphnla pulex :7- .
populatxons in Ontario (Hebert and Crease, 1982), Churchill,
Man., and Frobisher Bay, N.W.T..(MCWalter and Hebert,
1982j reproduce-py obligate parthenogenesis. These popula-
tions possess sqbstantial amounts of genetic variation
which suggests that asexual forms may not be lacking ih
evolutionary potential as was originally supposed (Maynard
Smith, 1978). Since North American populatiehs of D. pg;gﬁ
reproducing through cyclic parthenogenesis have alsc been
observed (Lynch, 1982; Schwartz, pers. comm.), the ﬁeed‘
to map the distribution of D. pulex populatiens capable
of sexﬁal’rhp}oduction has been recognized (Hebert .and
Creese, 1982). Accordingly, the present study aimed at
determln;ng the extent and nature of genetic variation
among populations of D. pulex collected {i j;hree sites
in the western Ccanadian arctic: 0ld Crow, y!T., Inuvik, e
N.W.T. and Tuktoyaktuk N.W.T. Tpe results confirm the
absence of sexual reprqéuction in these populations and - |
-provide additional support for the notion that asexual
Daphnia species are—genetlcally dlverse L, -
Many hypotheses have been developed in an attempt to
explain species (or clonal) richness differences between

A

habitats._ TheSe hypotheses range from those which

.r\‘;"‘ ‘
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suggest that species accumulation is asyﬁptotic and

depends upon the ‘area occupied by suitable habitat

-

-to others which assume that species (or clonal) diversity

increases w1th habitat age. In support of the former model,
Strong (1974) showed that inséect diversity on host plants
is asymptotic; host plant range sets an’ upper limit to

insect diversity. . However, the latter model was supported

by Southwood's (1961) data whith indicated that the number

of insect species associated with British trees reflected

" the time the trees had been in Britain (as measured by

“the number of Quaﬁernary fossil records of the trees). Simi-

larly, White (1970) has suggested that genetic divergence

" within and between parthenogenetic populations may be

related to the age of the parthenogenetic form. Accordingly,
one would expect_that an area‘which has supportéd a parth-
enogenetic. species for a.lcng time would be more cleonally
diverse than an area more recently colcnized. However,
other wo;kefs have suggestéd that clonal diversity may

decrease with increasing age of a parthenogenetic form.

" Jaenike et al. (1982) postulated that if clonal diver-

sity'of a species'is generated through the multiple

origin of parthenogene31s from sexual ancestors, then

'diverSLty w1ll drop-to an equilibrium level determined

by ecological ccnsiderations following the extinction

of sexual relatives. Accordingly, one objective of the
ol

'present study was to test the refﬁtionship between clonal

diverSLty in D. Eulex and habitat age.
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The 0ld Crow area wag chosen for study since it lies
within an area of 70,000 square miles in the western Yukoq
whichlescaped Pleistocene glaciaticn a}together (Prést,

i970). During the latter.part of the Wisconsin glaciatiqn,
the environment of the Old.Crow area consisted of extensive
grassy uplands broken by spruce woodland with lakes, ponds

and streams in lower areas (Crossman and Harington, 19

Much of the Oid.Crow glacial refuge is too old to be
accurately through radicarbon methods, but sediment :n
this region has been dated at 7741,300-years of age
(?rgst, 1970).‘ However, ﬁhe greater part of the Mackenzie
Delta region, includiﬁq the Inuvik and Tuk areas,'was evi-
dently covered by Laurentide glaéier ice unfil approk;
"*8,000 years B.P. (Hughes, 1970). Therefore, the Tuk and
Inuvik areas Qere also chosen as sites for study as they
represent habitaﬁs which are considerably>younger.th@p the
0ld Crow lécality. -

In past studiesf maﬁy workei? have measured clonal
diversity‘of parthenogenetic éaxa b? counting the total
numbefdof:electrophoretically distiﬁguisﬁable clones in.
saméles (Seignder et.al., 1978; parker,” 1979; Suomalainen
and Saura, 1973; Parker and Selander, 1976; Lokki et al.,
1975; Jaerike et 'al., 1980; Mitter et al., 1979: Vrijenhoek,
1978, 1979; McWalter and Hebert, 1982; Hebert and CreSse,
19825. However, it should be realized that clonal diversity,

like species diversity, is not only dependent upon clonal

richness but also upon clongl.relative abundance. Prior
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estimates of clonal diversity have failed to take this into
consideration. A wide variety of indices have been derived
in an attempt to accurately estimate species diversity. One
index (Simpson's diversity index) was used by Jaenike e;’al.
(1982) in order to measure clonal diversity of‘parthenégene—
tic earthworm populations. Similérly, in tﬁe_present
.stuay, 3 diversity indices (©, Shannon-Weaver and Brillduig)
were calculaged for the D. gglg; clones inhabiting_each of
the .three sites in the western Canadian arctic. The ob-
tained values have hot been taken to represent the absoluﬁe
cleonal diversity of a locality, but have been used only aé
a means of comparing clonal diversity e%timates between

localities.



MATERIALS AND METHODS

D. Eg;gglwas collected from ponds in the 0ld Cfow, Y.T.
(67.358 139.50W), Inuvik, N.W.T. (68.25N 133.03W), and
Tuktoyaktuk, N.W.T. (Tﬁk - 69;27N 133.02w) (Appendix ITI) areas:
The gonductivities and salinities of these ponds are lisﬁed
in Appendix IV. Nine populations were analyzed from Old.C:oQ
‘and Inuvik and é;ght were~anéiyged f;pm Tuk; A;i pdnds
- were sampled in early August 1980 ané most contained parth-
enogenetic females as weli-as ephippial and nonreproductive
females. Males were not observed in any of the samples.
IAlthough many ponds contéining darkly pigmented D. pulex were
observed at Tuk, no collections were made from them. Samples
were taken exciusively from those ponds inhabited by unpig-.
mented morphs. In addition to D. pulex , many of the ponds con-
taiﬁed other zooblahkters incidding other Daphnia species.

0ld Crow and‘Inu§ik are situated just south of the
ffeeline in the taiga, while Tuk in in the tundra zone..
qut of the poﬁds sampled in the first two areas were
smali,ﬁshallow pools surrounded by grasées and other.
herbaceous -vegetation. Six of the Tuk ponds tTuk 1,

3, 5, 6, 7, 8) were small frost pél?gﬁh ponds formea’when

.water freezeé in spaces within the soil and expands as ’
ice. The ice causes the ﬁoil to bulge: then in spring,
thé ice cracks and melts forming a pbnd {Ray and-McCofmic—
Ray, 198l1). Tuk 2 was located close to the Beaufort Sea,
while Tuk 4 was a larger, deeper pond located further

inland.

128
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Live samples of each population were éir freighted to'
Windsor where cioneslwere established from 48 individuals
from eéch Qopulétibn. Loss of clones varied between |
populations and may be attributed to the fact that many

of the females used to initiate cultufes were not carrying

+ parthenogenetic broods. The clonal genotypes were electro-

phoretically. determlned at 10, enzyme 1oc1- glucose 6—phos—

phate dehydrogenase éGGPDH), xanthtne dehydrogenase' (XDH) ,

lactate dehydrogenaie (LDH) phosphoglucose 1somerase (PGI) ,

phosphoglucomutase (PGM), glutamate . oxaloacetate trans—

aminase (GOT), esterase—l (EST) ,amylase-1 (AaMY-1), amylase—
2 (aMY-2) and malate delrydrogenase (MDH) . For details on
electrophoretic procedures see Creasg (1980) . Alleles

were numbered in order. of ihcreasing.mdbility, usiﬁg the
same allelic designations as McWalter 11981).

Two different experiments were carried out in.grder to

‘establish the mode &f reproduétion of the clones identified

in this study. First females from a random sample of

clongb wene-qn;wn in small nupbe;s‘to‘ensgne‘ﬁo~maLeSwweBE‘
present. Ephippial égg production was-induceawand.resu;tant
ephippia were checked for egé depositioﬁ. Clones qeprol

ducing b§ cyclic parthenpgénesis normaliy fail td release .

~eggs in the absence of males. In addition, ephippial eggs

from a number of clones were hatched, in gn,attémpt to
determine if segregation occurred duringaéphippial eqgq
production. Hatching was induced by freezing ébﬁipbia from

each clone in 100 ml of synthetic pond water (feormula
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given in Crease, 1980) for a perlsﬁ of 3 weeks. They were

then thawed and approx. 2 ml of a mixed algal suspension

(primarily Scenedesmus and Kirgchneriella) were added to

the pond water. Ephippia were maintained at 10°¢ and 24 hr.

...25

light (intensity = 24 microeinsteins m ec™!) until

hatching occurred.

K

Genotyplc frequencies at polymorphlc loci in each pop-

ulation were checked for concordanbe with Hardy—Welnberg
expectatlonﬁ using a chi-square goodness—of—flt.test. ’
Populatlons were not lncluded in the analysis 1f greater
than one-~third of the expected frequencies were less than
4;‘xThe data on clénal genotypes'were used to calculate
average heteerygosi£y per.locﬁs (QL:= number of hetero-
ygéus'loci / total number of loci} for all the. arctic

D. gg;g; ciones. - Gene frequency data obtained from'the
genotypes of the individﬁal érctic clones and the Onfari§
D, Qg;gg cloneg inyestigatedlbf Hebert and Crease (1982)
were uged to'éélculate Nei's. (1975) measureé of genetic
divergence, I and D; for:each pair of Ontario, Inuvik, 6ld
Crow ana Tuk clones. Ohly Ontario clones which had been
génotyped at the 10 loci investigaged in théipresent
study wé:é included. Thus, seven Windsor clones were
omitted from the analysis since their EST genotypes were

unknown. Single link cluster analysis was performed on the

.
.

matrix of genetic ‘distances among the arctic and Ontario
clones to construct a dendrogram. This procedure was
repeated using only arctic D. pulex clones. The cluster

: . ’ . <.
analysis was based on average genetlc\dlstance and used

the BMD P1M program.
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CIOnél»diverSities in each of the three areas (0ld

; Crow, Tuk and Inuvik) were estimated by the Shannon-Weaver’
[ . ]
th

-

‘(H' = _ggpiinpi, where Py = the proportion of i .speCi§S~

1
in the population), Brillouin (H = ; In 7 ?‘ N ™ where
. _ . oo N jINyt. N L

s = the number "of species, N = the total numEer,bﬁ individuals
th |

“and N, = the number-of individuals of the i

- .

speciesi ahé
- X diversityindices. These three indices were calculated

using a’microéompuﬁer (see Appeﬁdix v for-cdmputér programs) .

The ponds of each area were ordered in a random fashlon.

Values of the three indices were calculated for the first

pond; then the data from the second pond was pooled withn . e
‘thét of the first and new estimates were made. In this

manner, ail thé ébnds in a locality were eventually included

and diversity estimates were calculated for eaébrpewly

"expanded sample. This procedure was'repeated nine times

énd meah values of each diversiﬁ;.indéx were calculated for

the different values oﬁ &he ngmber of pondé’included in the
- popled sample. Successive mean‘yalues‘of H and E( were’
thgn pIotted‘againét tﬁe number of ponds accumulated in

the péoled'sample.



RESULTS

The ten enzymes surveyed in this study fell into two
categories. The first category contained those enzymes
(XDH and G6PDH) which were invariaht in all three areas
and all individuals were designéted as 11 homozygotes at
these loci. The second category were-thoée'enzymes'(LDH,
PGI; PGMJ AMY—l,jAMY-Z,,MDH, GOT; EST) which were vdriable
.at one or more localities.’ Thé pqpulatioﬁ genotypic L.
frequencigé at these eight polymorphic loci are shown in»
Table 4.1 and photographs of the allozyme patterns at all
10 loci appear in Fig. 4:1.1-4.1.10, Two LDH alleles (1,3)
were 6bserved but only allele 1 (present-iﬂ the homozygous~
condition).wés found at Tuk and 0ld Crow. Two triple |
banded homozygotes (11; 33) and one fifteen banded hetero-
zygote (13) were seen in the Inuvik populations. Four |
alleles were observed at the PGI locus tl,4,6,6i).J/Allele
6* waé a null ailelé‘witﬁ the same mobility as allele 6. g

Five PGI phenotypes were observed; including 3‘single.

*.

banded homozygotes (11, 44 66), one triple banded hetero—
zygo£*\(14) and one double banded heterozygote (46%) , T
Seven phenotypes were present at the PGM locus. "Two - \r\\'
were single banded homozygotes (22,33) and the remaining
five were double banded heterozygotes (12, 1'3,23,24,
25). AMY-1 was characterized Ey-five-phedotypes:

three single banded homozygotes‘(33;44,55); one double
banded hetefdzygpte (34) and one‘triple bhanded p&t;é?? (i}irf

132 - o =
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Electrophpretic phenotypes of XDH.

left to righf: co, 00, 00, 11, 11,

. B
..00 ‘homozygotes are D. curvirostris

homozygotes are D, pulex from the

N

arctic. .

"

From ’
11, _
and 11

western

*
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Figure 4.1.2

left to right: 00, 00, 00, 11, 11, 11.

1387

Electrophoretic phenotypes of G6PDH. From

00 homozygotes are D. curvirostris and 11

homozygotes ‘are D. pulex from the western

arctic.
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Figure 4.1.3 Electrophoretic phenotypes of LDH. From
left to right: 11, 11, 13, 13, 33, 33,

All.phenotypés are D. pulex from the western

-, arctic.
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. /
Figure 4.1.4 Electrophoretic phenotypes of PGI. From

left to right: 00*, 0'0', 11, 14, 44, 46~

66. 00* and 0'Q' are D. curvirostris
and 11, 14, 44,’46ﬁ.66 are D. pulex from

the western arctiec.
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Figure 4.1.5 Electrophorétic phenotypes of PGM. From
left to right: 12, 22, 23, 33, 1'3, 14, 24,
25, 35, 34. 34 is D. schodleri, 35 is
D. middendorffiana from the Churchill area
and 12, 22, 23, 33, 1'3, 24, 25 are D. pulex

' from the western arctic.

3
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\

Figure 4.1.6 Eiectrpphoretic phenotypes of aMy-1.
‘ From left to right: 013, 33, 34, 44,
’ 55, 77. 77 is D. schodleri and 013,

33, 34, 44 and 55 are D. pulex from
the western arctic. ' ‘
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.- ) : \ ) -
which may have been the result of a gene duplicatign.  The

triple banded Phenotype was seen only in two of the;Tﬁk
cloﬁes.- AMY-2 phenotypes were explained by the presence

of .two normal activity alleles (1,2) and one null activity -
allele (0*). The npil allele and allele 2 were detected

at all three localigies, while éllele 1 was present only in
three of the Tuk clones as a 12 heterozygote. Three normal
activigy alleles (0',1,3) apd cne null activity_allelg

(1*) were detected at the MDH locus. Alle}es-l and 1*
appeared to havé the‘same'mobility._ Four MDH phenotypes were
seen at Tuk: 2 double banded homozygotes (11,33), one 4 1
banded heterozygote (0'3) and one triple banded null hetero-
zygote (0'1*). All ©ld Crow and Inuvik individuals were 11
uhomézygotgs. 'Single banded'GOT‘hdmozyéotes (22)  and triple
ﬁanQea heterozygotes (23) were observed in 510nes from all
thrée areas under investigation.- The EST locus was char-
acterized "by 4 alleles (1,2,3,4) found as'3'single banded .
homozygotes (22,33,44) and 4 double banded héterozygotes
(13,23,24,34). o *

S

Clonal Diﬁersity at 0ld Crow
Genotypic'data-for 6 pol}morphic loci at‘Old Crow

permitted the'reéognition of717 genetically'distiﬁct clones

(Table 4.2-4.3).° Based on the 10 loci scored for each clone,

clonal heterozygosities ranged from 0-40.0% wi;h an avefage

of 16.5%. There-was substantial variation in clahal.agun-

: dances. 01 was the most common clone, present in 6 of 9

habitats while several other clones {04,05,06,07,08,010,011,

'_012;Q13,014,015,016,017) were detected only in a singlempond.

..

NPPHPPEDIT S SO

aae Al e,
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144 5
Electrophoﬁetic phenotypes of AMY-2. From
left to right: 22, 22, 12, 12, 0%Q%, 0*0*.

: v
Q*0* homggygotes are D. "curviwostris and 22,

and 12 are D. pulex from the western arctic.
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Figﬁre 4,1.8 .Electrophoretig phenotypes of‘MDH. From
left to right: 11, 12, 12, V'1*,0'3, 00, 13,

33. Oé:is D. curvirestris, lé_iS‘a'black—

back.g;'pulex frdny%he‘Churchill'area and -
11, 0'1*.0'3, 33 are D. pulex from the o

western arctic.?
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¢ - "

Figure 4.1.9 Electrophoretic phenotypes of GOT. From

left to right: 1'1', 13, 22, 23, 33. -

1'1' and 33 aré D_%curvirqstriS, 13 is
a D. middendorffiana from the Ch@rchill
. - -
area and- 22, 23 are D. pulex fr% the.
’ western arctic. o ' .
’ : ' t !
L4
. v
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Figure 4.1.10 Electrophorefic bhenotypes of T. From
.left to right: 22, 23, 33, 13, 24, 34, 44.

v All\phénofypes areigépgulex from.the western

arctic. - -
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Table 4.3 Clonal-complements of
. »~.Clonal abundances are

the habitats.
in brackets.

" T38(9), Tal(18)

Sample . Clonal Abundances
Size .
0id Crow 1 " 48 01(47), 02(1} -
0ld Crow 2 27 01(20), 03(7)"
. 01d Crow 3 28 01(28) ‘
. 0ld Crow 4 44 01(40), 04(4)
0ld Crow 5 12 01(8), -05(4) _
0id Crow 6 31 -02(13), 06(11), - 08(3), 011{2)
o1d Crow 7 40 02(28), 09(10), 011(1) .
Old Crow 8 28 . 09(16), 012(6), 014(3), o013y
0ld Crow 9 39 01(19), 017(3}, 015(9), 016(5)
Tuvik 1 38 118(4), T19(15), 2y . N
_Inuvik 2 44 I15(1), I20(32), I23(7), .I24{3)
Inuvik 3 30 I25(8), 1I26(2), 128(6)
Inuvik 4 48 I29(13), I130(35) . ,
Inuvik 5 33 124(33) '
Inuvik 6 43 I24(35), I31(8) Fﬂ\\k
Inuvik 7 47 I24(15), 132(32) " .
Inuvik 8 47 124(38), 132(9)
Inuvik 9 46 I22{23) 1I24(7)
Tuk 1 24 -T34(4), T35(20)
Tuk 2 38 T36(38)
Tuk 3 35 T37(31), T38(4)
Tuk 4 1 T36(1)
Tuk 5 4 T39(4)
Tuk 6 8- T42 = 01(1), T40(7)
Tak 7 18 T41(18) ' )
Tuk 8 27 .
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Between 1 and 5 clones were found in each habitat (Table 4. 3).
Ch1 -square analyses of genotype frequenc1es at polymor—
phic "loci in each old Crow population revealed-marked devia-
tions from Hardy—Weinberg equilibrium (Table 4.4). Of
the 30 X2 values calculated for the 0ld Crdq’métapopulation,
19 were significant at the 5% level. Thirteen of the signifi-
lcant deviations took the forh of a;heterozygoté deficiency
while the remaining 6 deviatiqns weré the result of hetero—w.
zygote.excesses. Heterozygete excesses and deficiencies
frequently existéd at diffe:ént loci in the same population.
Linkage disequilibrig were guite pronounced betweén certéin
loci. . For example, with the exception of one clone (06} all
PGI ll'homoz}gotes were also PGM 1'3 heterozygotes.
' Values of 3 dlver51ty indices (Shannon Weaver, Br1110u1n
“and°<) calculated after \each of the 9 014 Crow ponds were
included in a pooled sample are listed in Table 4.5. The
final diversity'values.calculafed when all ponds of the areé
were pooled were as follows: ©¢ index = 3.92, Shannon
Weaver index = 2.81 and Brillouin index = 2.66. ©< and
Brillouin diversity“indices were plotted against‘the number
of ﬁonds in the pooled sample in f?éure 4.2. The curves
of both indices tended‘to levei‘off as the number of pondé

&
«in the pooled sample increased.

;Flonal'Diversity at In(éik
» Seven of ten loci stﬁdied,wére variable at Inuvik and
clonal héferozygosities ranged from OJ4O.Q$ with an average

"of 21.3% (Table 4.2). Sixteen clones were recognized at

[ ]
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Inuvik, with as few as 1 and as many as’ 5 being detected in

"the same pona (Table 4.3). 1I24 was the most common clone, .

representlng 131 of 1376 lndlviduals surveyed and 1nhab1t1ng
féﬁﬂof 9 ponds. Eleven other clones (118 121 123 125,126, I27
I28,129,130,131,133) were found in only a single hapitat.

' As noted at 014 Crow, marked deviations from éardya
nghberg proportions Qere observed in each Inuvik poprula- .
tion‘kTable 4.4). oOf 31 X2 values calculated, 6 represente
51gn1f1cant (Qt the 5% level) heterozygote def1c1enc1es and
14 represented’ 51gqlf1cant Eeterozygpte excesses. Signif
cant heterozygote deficiencies and.excessgs commonl 'existed,
‘in‘the same pOpulatioﬁ and'linkage disequili?ria
seryed hétween'tertain loci. Fér.example, with' dhe ex- o
ception of 2.clones (I28,I32f, all LDH 13.heteLozygotes — @ﬁ“;?"
were also GOT 23 heterozygotes and all LDH homozygotes
(11 or 33) were 'GOT 22 hemozygotes. |

balues of the diversity indices calculated for the ' .
Inuvik hetapOpulation (o index = 3.39, "Shannon Weaver |
index = 2.88 and Briilpuin'index = 2.76) were similar to
those éstimafed>for 0ld Crow (Table 4.5). The rate of

increase ofe{ and Brillouin indices slowed appreciably as

_the.number'of ponds in the pooled sample increased (Fig. 4.3).

. - .
] ) -

Clonal Diversity -at Tuktoyaktuk
Gehot?pic data from the 7 pol&morphic loci at Tuk per-
“-hitted the recognition of 9 cloéig. Clonal heterozygosities

ranged.from 0-30.0% with an avefage of 16.7% (Table #.2)1

»
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- Evidence of Obliga%h Parthénoéenesis‘ ————

" l64 .

-

No more than 2 clones were present in a single habitat -

and 4 of the 8 ponds surveYed ﬂ?re uniclonal. Only 3 of.

the 9 chnes (T736,738,T41) were found in more than one pond

and no clone was presé%t in more than 2 habitats (Table 4.3).

Signifinant {at the 5% level) deviations from Hardy-
Weihberg equilibrium were observed at all.pSIYmorﬁnic loci
in the Tuk populations that were‘sunjected'gq g qhi—$guaré
goodness-of~£it test (Table 4.4). Chi-squnn;u¥nlnes were not

calculated for the AMY-1 locus at Tuk 2 or Tuk 6 due to

the presence ¢f a triple-banded phenotype. Heterozygote

. 1
>

excesses and deflciencies were present in ®*he same. pop-

ulations; althcough "heterozygote excesses were more common -

than heterozygote deficiencies at the Tuk polymorphic

loci.

of the diversity indices calculated for the Tuk

8

etapopulation {b(indéx

2.08, Sharinon Weaver index =
8 and Brillouin index

1.96) wére somewhat smaller.
than those of the 0ld Crow. or Inuvik metapopulations. This

is likely due at least ih’ part to the small sample size at ..

“Tuk. For the same reason, the curves representlgghshe trends

of the & and Brillouin dlver51ty indices with 1ncrea51ng
sample size (Fig. 4.4) do not level off to the same extent

as those for the In®vik and o0ld érow~mgtapopulatio s

~

- Marked Hardy-Weinberg deviations and the non-random

associations of genotypes at different loci suggé?ted that



e L LR

[ . ! . - » .

: 2 : . . 214WVS 03100d NI SONOd ON . o
s ww 8 £ 9 S v e .z . U 0

ALIS¥IAID

165

I v

| . o , I _,wmmcm >o @ - Xepur uTnoTTTId. g ,

. B B s ac

- T *30p 8yl Aq P

pasoToua axe uMoys Fou *g*s “ANL 3E sTdues patood . *° . e

syl uT pepniour spuod JO Isqunu SY} SNSISA

L . §90TpUT AJTSISATP >o URSW pue UTNOTTTIH . L e
cmmE.wo”A.mwmﬂvwmmuwfﬂumm.w>ﬂmmmousm,mo UOHQ ¥ p 'y 2anbtd

o
N -
. * . . G , ) -
3 s ‘ ' . .
Ly . -
: -7 b v, e .
: > . . ~ £
. las @ v B
. o »
. et e Ve LN a
e R .
B R
: { -
s e - .
v. o . .
» o, " . .
& . 3 AN -
N - . . , . .
i ? C oy . 3 )
. - 3 @ * B
I . . '
* 3
> P . . - ; . - o
N ' P a .



. 166

ol _ the arctic D. gulex clones reproduced by obligate parthéno- }i

genesis. No males were ever observed in the natural popula-

tion samplés or in the lab cultures of'clones_from the three

-

- sites. Each of.13 randomly selected clones released ephip-

pialJ;st into.the brood pouch in the absence of males
(Table 4.6). Perhaps as a result of inaaequate food levels, -
individuals of all 13 clones’ produced some ephippia lacking
¥ eggs. In addition, no segregation was observed in 237 |

'hatohlings of 10 different clones scored at a total of

- 10 .
- 693 potentially segregational situations [g(no. of b
n .

ephippial hatchlings for clone i) (no; of heterozygous loci

-

. : ) T
for clone i)] (Table 4.7). ) ‘ N

Genetic Relationships Among the Clones ' ) o

-The mean genetlc dlstances (t s.E.) among D. g';

- ' X . -

clones fron\each of the three arctlc sites and Ontarlo are

l

P ) llsted in ‘Table 4.8. The dendrograms in Flg. 4 5-4.6

were constructed on the basxs .of the average genetic

e

- . distances among arctlc D. Qulex clones (Flg %&5) and among

the arctic and Ontarlo‘D. Qg;gg clones (Flg 4.5). Five
major clusters are recognlzable in Flg. 4 3. The first “
cluster consists of 4 0ld Crow olones, the secdnd and
_fourth clusters are,a mlxturefof 0ld grow, Inqv1k:andfﬁ§ab§j'“ - jJ;;
‘ ‘ clones; the thir&’clusten contaihgflo Inuvik clones and-h. '
the fifth cluster consists of 3 Tuk olones; With the

addition of Ontario clbnes in Flg. 4163 it was apparent°

. o that many of the Ontarlo and arctlc D. gulex Cclones were

-+ v
~

closely related. - : -

°
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Table 4.6 Nuﬁfer of ephippia containing eggs.

o
Clone n Proportion of total number
.. _ of ephippia containing .
. 0 _eggs 1l eqq 2’ eqds
01 17 0.12 P.2  0.59
04 28 0.43 \' 0.57
07 - 24 0.46 0.50 . 0.04
011 21 0.48 ‘ 0.52
013 20 0.60 ~0.10 ‘0.30 .
015 | 12 0.17 0.25 0.58
124 , 31 ., 0.52  0.35° 0.13
129 36 0.31 . 0.33 - 0.36 . , .
132 30 0. 0.20 0.20 0.60 | )
T34 35 0.89 0.09 0.02 o
™37 . 3 - 0.67 0.33 i "
T30 12 . 1.00 -
T41 18 0.22 0.28  0.50
:;T42 % o1 21 0.48 . 0.52
- “-
,
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Figure 4.5 Dendrogram showing the genetic relationship

of D. gpulex cleones 'from 0ld Crow {0}, Inuvik °
(I) and Tuk (T). .

. ) .
/ . . b :

, T39
§ ——, .
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Dendroénam showing the o . W1

genetic relationship -of . w17

-D. pulex clones from °ld o 3 pe]

Crow (0), Inuvik (I), Tuk - [ e
. 129

{T), Windsor (W) Ont.,
L —W3

Kingston (K) ‘Ont.
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. DISCUSSION

H. The results of the present studv indicated that Daphnia
uléek inhabiting ponds oﬁ.ghe northwestern Canadian arctic

e obligately pagghenogehetic, like their Ontario conspecié
i - * =~ . - u
‘fics (Hebert and Crease,‘1982). Marked déviétions from

Hardy-Welnberg expectatlons were observed at pglymorph;c
i

loci in all pépulations from "each of the 3 areas. surveyed

5 o

(014 Crow, Inuvik and 'Tuk) and linkage dlséqullbrla bet-

i'ween “loci were evident. The high frequency of heterozygote’

;‘deficiencies'otserved’in these populetions can be attributed
to the lo;s of sexuil reproductlon rather thih any short:
‘term selectlon agalnst heterozygotes {Hebert et al.,1982)
Similar genotypic ch¥»acteristics are-common“%n other

-

species reproducing by obligate ﬁerthenogenesis (Sucmalainen
and Saura,.1973; McWalter, lQSl:vﬂitter et'al., ;97é)

_While gendtypieffrequ%pcies”in cyclic parthéﬁo@enetic
Daghnie_speciesjiphabiting temporerv ponds are generally

in agreement with Hardy-Weinberg proportions and disequi~
{ibria between ioci'are absent'(LoarinQ'andﬁHebert, ir prep;,
Hebert, 1974: Hebert and Moran, l?éb: Lynch, 1982). Since -
the ponds sampled in.the present study:freeze:solidly to

the bottom eacb winter, all populetieps are regenerated

.\-‘

each spring from ephippial eggs. Therefore, the deviations

from Hardy-ﬁeinberg eQuilibrium observed in these populations

;uggest thé apomictic production'ef'ephippial eggs.
Several additicnal lines of ev1depce s#pported the

'notlon that these D bu g; populatlons -do not reproduce

172
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- ' -_Sexeally. Males were hever obsefved:iﬁ;eithet naturei
bopulation samples or in laboratory cultﬁfes.: Contrary
L X

to' “this observation Mei jering (1975) laentlfled D. pulex
.males in three out of four -ponds sampled”from the Tuk a;ea.ﬂ
An explanatlon for thls dlscrepancy may lie in the sampling
of different D. Qg;gg populations between the two studies.
Meijerlng identified 1nd1v1duais posse551ng several D. |
middendorffiana-like characteristics (1nclud1ng brown plg—
mentatlon on the dorsal parf of the head) as. D. Eg;g;.
L However, for the‘pfesent study, oniy unpiémented ihdividuals
were colfected."These pophlations were generally found
in the inland frost-polygon ponds and not in the ponds
on the sea coast Qhere Mel jering sampled Consequently,
it is possible that the different mor?hs of g; pulex
- present in the Tuk area be;y in their capacity to produce
. males. Moreever, heijering"coilected his samples in early
Sept. while the samplesmi;ixhis stuey were collectedlin'
\\£hearly Aug. Acca;dingly; thefpopulatiens sampled in
P the éresegt study may'have been capable of male pro— g
duction but not until later.in the yeat; and laboratory
. condgtions hay not have induced male .prbductioh.
For examplb?;black morphs of D. pulex inhabiting ponds

ih the Ch;rchill area normally do not engage in male pro-

aucti;n*before the month of Sept. (Hebett,,pers, comm. ) .

However, it is important to bear in mind that?ﬁaghnia clones.
“~reprdducing by obligate parthenogenesis-often retain male

production (Hebert and Crease, 1982). In addition to the
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agparent‘iack'of‘males, females of a random sample ef D.
pulex clones‘released-enhippia containinq eggs while .in the
abeence-bf males.; Females of specmes renroduc1ng by cycll-
cal parthenogene51s normally resorb their eggs in the absence
of males- and ehed empty ephlppla (Aéar, 1920; OJlma, 1958;
brease and Hebert 1982) . Finally, the eohlpplal offsprlng
of 10 clones showed no segregation at variable loc1. The*
existence of “obligate asexuality  in sewveral Danhnla spgcies,

’ .
1nclud1ng D. gulex (Hebert and Crease, 1982),._L middendorf-
fiana’ (McWalter and Hebert 1982) and D. cephalata {Hebert,
1981) has been previously documented. '

Previous studies have provided eviaence that differences
in the ameunt of intrasbegific-genetic variation exist
between asexual taxa. Several workers have documented an
absence of variation;within parthencgenetic aphid species
and have attributed this lack to.the aetion of direct;zLaI
selection operating upon the aphid:clones (Suomalainen et
al., 1980; Tomiuk andonhrma.nn. 1980; Wool et al., 1978) .
Similarly, parthenodenetip populations of Daphnia cephalata
‘(HenErt, 1581) and QOctolasjion tyrtaeum .(Jaenike et al., 198D)
exhibited little elenalgdiversity. On the other hand,'manv
studies have shown that parthenogen;;;c species are quite
clonally dlverse and are presumably capable ¢f evolving
(Hebert and Crease, 1982;.MeWa}ter and Hebert, 1%82; Mltter
et al., 1979; Suomalainen and Saura, 1973; ﬁark;r, 1879 ;
Selander et al., 1978). Populataons of D. gg;gg investigated

in the present study were also found to be clonally diverse.

K-S



' clones “were detected in a single pond. ~As in the case of
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Most habitats contained more than one clone ‘and ‘up -to five

- .

fthe Ontar;o D. pulex populatlcns, {Hebert'and‘Crease,'1982),

'most habltats are thought to have been colonlzed by several

b

clones since the genetzc dlstanCes between coexlstlng

-

tclones were often. too large to have arlsen ‘through in situr .

Il

mutatlon. : ' -

Although clonal diversity was high in the D. pulex

populations under'investigatian, few eloneé‘weye widespread:
and most inhabited only a single pond. Similar situations,

have been noted in parthenogenetih,moth (Mitter et al., 1979) ~

and earthworm populations (Jaenikevet al., 1980) and have

led to the suggestion that rare clones are specialists,

’

while common: clones represent 'general purpose genotypes'.
In their study‘of obligate,parthenogenetic Daphnia
species, McWalter and Hebert (1982) listed several factors

which suggested that there had been substantial clonal

.diversificationﬁaftef the adoption of asexuality:

1. high heteroﬁygosity levels - .

2. high incidehce of null alleles at central metaﬁglié loci

3.,5 possible increase iﬁ the freﬁuency of .gene duplications

4. the, extent of denetic divergence at peripheral loci

5. existence of morphological and ecclogical differences
.betweee clones. . . ‘

In the!preSEnt study, the_average cle;al heterozygosities

were 16.5%, 21.3% and 16.7% for the Old Crow, Inuvik and *

Tuk clecnes respectively. As such, the levels of heterozygosity
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. in these D. pulex clones-ére substanfiéllyﬂﬁi;;%r than those

Seen in-cyclic pafthénOthetié species (Crease add. Hebert,
1982:‘Heberg'and Horén. 1980;- Hebert, 1975; Haﬂh and Hepéft,
in pégpm)’ok.fﬁ sexually rébroddcing inGerteyratés‘(Selander
and Kaufman, 1973;- Begfé -and‘;g'ice, 1981;';Ham'1.:ick,.1979').t ‘
Obligate parthenogénetic cldnes of DT pulex from Churchill
'afld Frobisher B;;ﬂﬁere'%lsp fduhd to. have hiéH héférozygosity||

levels,(32.4¥) (McWalter and.Hebert, 1982). In the present

-
-

'survesh‘null allelés‘were detected at two loci (AMY-2 and
MD&{ and a possibie gene dgﬁlication (as reveaied by a 3T
banded phenotYpe for the monomeric énzyme AMf4i) was ob-
served in 2 Tuk clones. Neither of these phenomena were as
-p:evalent1as in*the clones étudied by McWalter and:HEbertﬂ
’(1982), but their failure to bé documénted'for’other clado-
cerans reproducing by cf;lic parthenogenesis -suggests ori-
gins subsequent to the adoption of obligate £arthenbgeneéis."
Moreover, the EST locus proved fblpe highly variable amogg
‘clones of D. Eg;gg ffom-the western arctic. Unfortunateiy;

. h

it is not known whether the clones differed ecologically,

but‘differences in head shape and #ail spine leng?h were

aéparent’betwegn.geneticaily aistant clones (Hesg;t and

'Loaripg, in prep.). Therefore, according to the criteria

givep by‘MgWalter and Hebe;t_(1982), the'presént study has

-provided additional evidence tﬁat geﬁetic.diversification |

- is possible after the adoption of dbligéte parthenogenesis.
As a result of multi-locus electrophoretic studies,

. o .
Avise (1974) noted that levels of genic similarity between



_and Hebert and Cregse (1982) found substantial genetig

LY

. (range: 0.26 £ 0.26 to 0.40 * 0.05).  Similarly, Tilley
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»

bonspegifiq,poﬁulations appeartvqry high. Other'wdrkers

‘have found that lodal populations of sexual species generally

'd;ffer'atfless than 5% of their loci (Beck and Price, 1981}‘

iimmerman et al., 1978). For example, Ward (1980) found~
that the mean genetic distance between populations of several

ponerine ant species was only 0.015. -However, the mean

- génetic distances among the D. pulex clones within a specific ;

area ranged from 0.18 * 0.12 at Inuvik to 0.35 0.1l at
Tuk. Earlier studies have -also- documented the occurrence

of large genetic distances between clones. McWalter j;981)

-

distances between clonés of D. middendorffiana andig; pulex

. and the 8 clones of Octolasion tyrtaeum detected by Jaenike

et al. (1980) were found to- differ at 30% of their lgci,
on ave;age, » B !’ .

Only a single clone (clone 01 = T42)’, isolated from the
Tuk and 0ld Crow populatiqns,'was common to two areas. The

mean genetic distances among clones within an area (range:

0.18 % 0.42 to 0.35 * 0.11) were slightly smaller than the

L IR Y . . .
mean geneti¢ distances among clones from different areas

et al. (1978) found that leQels‘bf genetic divergence were
usually highesg-among-populations of salamanders from_dif—
feren; mduntain ranges. In fact; it ﬁas been suggested
thét‘intraspecific genetic distance increases.with ged-

graphical distance (Nicklas and Hoffman, 1981). The results

of the present study did not support this conclusion. The

b -t
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mean genetic distanées ﬁepween clones from aﬁy two of the

westeéﬁ arctic areas (éange:~0!é$ + 0.26 to 0.33 i‘0.18)

were roughly the same si%e as ﬁhe mean genetic distances bet-

‘weep clones from Ontario and those from the Northwest Yrange:

0.28 £ 0.37 to 0.40 * 0.55). 1In a similar étﬁdy,:Richard-

son et al. (1980) found pb‘relationship between gen%tic

distances ;ﬁd geographical distances separating rabbif
populaticns in Aust;alia. 4 |
A single index which characterizes-the ééttern of the

"abundances of different sﬁecies or clones is of great
practical use” dnd several “such measures have been‘fo:mu-
lated. Two of the most commeonly used indices are the |
Shannon-Weaver diversity index and o, which is a para-
meter of thg log series distribution. Téylor et al. (1976)
have shown ﬁhat alth@ugh the :log series model is by no
meané always an idéal‘description of population structure,

" diversity as measufed‘by.CK generally behavesumor§.pre—‘
dictably and consistently thanfaiversity predicted by the
Shannon-Weaver index.. In partic;;ar, o is unaffected by

‘sample size onée n exceedleOOO,‘it is much iess sensitive
than the Shannon—Weavé: index to the abundance of the common-
est'species‘an& replicate Eolléct?oné invariably‘have simi--
lar o< values. Despite these persuasfve arguments, many °*

‘eéﬁloqists'have employed the Sha;;on-Weaver fndex or the :

closely related Brillouin index_§5”convenient.measures of
diversity7 In fact, Pielou_(1966).sqggestéd the use of the

S

Brilleouin index toc describe the diversity of a collec¢tion

’
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that is small enough for all its members to be ldentified '
and counted. 1In the present study, the clenal'diverSities
of D. pulex collections made from each of the three western
arctic areas (01d érow, Inuvik and Tuk) were estlmated and
‘compared using the Brillouin, Shannon-Weaver and C’Rdlver51ty
lndlces. Although the estimates for <X were usually
larger than those of the other %.ih@icesZ‘ell three ex-
hibited siﬁilar trends within a locality as populations
were added'toethe pooled sample.
Since glacial refuges have been available for colon-~
‘ization‘and‘habitation longer than areas that were ice-
‘covered during the last glaeial advance, it Qas thought
that the clonal diversity of D. E__gg'pebulatiens collected
from a refuge (Old Crow) would differ from the diverstiy
present in glac;ated areas. This predlctlon was not sup- »',‘
ported by the data of the present study. With a similar
sampling effort, the numbér of‘clones (17) - detected at 0ld
Crow did not differ greatly from the nufber of clones at

. Inuvik (16), Windsor (22) brlKingston (17), all of which
were eovered by'glacfal ice. The ‘Tuk area, Wthh was
also glac1ated had fewer clones (9) thah any of the
other areas surveyed but this undoubtedly\Feflected smaller.
sample ;lze and the fallure to collect pigmented D. pulex
m?rphs oh;ervea in this locality. 1In addltlon,‘clonal”
divefsity aé measured hy the Erillouin, Shannon—Weaéer
and o< dlver51ty 1nd1ces were no hlgher at 0ld Grow
than at Inuvik. Pielou's (1966) method of plotting succes-
sive estimates of the BrlllOUIH index against the number of

ot

ponds (quadrats) included in the estlmate resulted in ‘ *

-~
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curves whlch lncreased rapldly at flrst and then levelled

off for both the 0ld Crow and Inuvik areas. Once diversity T

reached a certain ‘level, 'the addition of new ponds to the
samnle had two opposing effects: common clecnes were added
more rapidly than raré clones previously encountered, there-
by reducing diversity; and at the.same time, previously
nnrecorded clones were bfought .into the sample, -thereby ’
increasino diversity. When}the two effects balanced, the

' curve levelled off (Pielou, 1966). The tendency of the
curves to level off would undoubtedly be expreseed to a
lesser.or greater extent with different random orderings of
pond accumulation. The near-absence of the leveliing |
trend‘in-clonal oiversity for tEe/Tuk area indicated ‘that
many Tuk clones went nndetected in the analysis due to
small sanple eize. Workers using the method of ﬁielou are
able to estimate the Shannon-Weaver dlver51ty 1ndex and 1ts
standard error from succe551ve 1ncrements in the Brillouin
index taken after the curve has levelled. " Such estlmates
have dgenerally entailed the analysis of greater than 100

' different quadrats (Pielou, 1966,1974; Lloyd et al., 1968).
Ashasch the fallure to sample adequate pond numbers and
collect larger samples from each pond prevented the.calcu-
lation of a Shannon-Weaver index‘for the areas under inves-
tigation. Instead, the final Brillouin index calculated
nhen all ponds were inciuded in the sample was taken to
represent the diversity of the poocled collections of.an

: +
area with unknown sampling variance. These-values are not
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representative of, but h0pefully are oorrelated'with;-the
true clonal diversities'of each area. The observation of
a levelllng trend in dlversity for both 0ld Crow and Inuvik
suggests that with largor sample sizes, ah estimaie of the
clonal diversity Qf an area could feasibly be made.-

The absence of a olear difference in clonai diversity
levels Between glaciated areas and glacial refuges canhbe

explalned if one assumes that the rate of clonal vaUlSltlon

in an area is described by a rapld asymptotic approach to

4

" a fixed value.. This line of reascning  is quite similar to

¢ .
- .

. C : \ ’
Strong's (1974) asymptotic species accumulation model. He:-
argued that variation in diversity between habitats is

accounted for by a. species-area phenomenon with a richqess

_'asymptote reached within a_short period of time. The asymp-

tote is set by the-structural properties of the environment,

(——'-"\

independently of age for all but the youngest habitats. Thus,

by the time of the glacial retreat, the 0ld.Crow area may,

. have attained the maximum number of clones it was capable

of supporting. Diversity levels at-Old‘Crow-undoubtedly
excee eé’:hg;;/;t Tnuvik or Tuk at this time, but if the

Jlattef two areas were rapidly colonized by several clones !

that ubseqpently'uﬁderWent'further genetic diversification

in situ, then cional diversity levels wouid soon approach
those of glacial refuge areas. If such was the case, then
. ) : 1 _
clonal diversity levels would not reflect the length. of

* time that an. area has been suItable for habitation.

-

. ¥
AT e
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In a ﬁumber of cases, it has been shown that bisexual
relativés of asexual taxa survive in glacial refuges {Lokki

et él., 1975; Suomaiainen and Saura, 1973). The present wo:k'

revealed no evidence of the éresence of sexually reproducing

D. Dulex‘ih'the old Crow area. Therefore, it is possible
lthat this species may have adbpted an asexual mode of repro-
duction prior td;the Wisconsin glaciation or that.the sexual
forms may haQe been.excluded.from‘the areé by'cémpetitiveiy
supérior asexual descendents. Present data, while admitted-
ly scanty, suggest that sexﬁal}y‘réproducing populaﬁions of
D. pulex occur in_the midwestern U.S.A. and perhaps extend

northward to Alberta.



SUMMARY .

Populations of Daghnia pulex in both glacial refuges .

K]

and glaCiated areas of the western Canadian arctic repro-
duce by obligate parthenogeneSLS The great extent BE-
genetic diverSification observed in these populations

' weakens the argument that asexual taxa are evolutionary
dead ends. On average, clone;tfrdm thersame locality

were more closely related than clones from different loca-
lities, but genetic distances between arctic clones and -
Ontarib.clonee were no higher than the distances between
clones'from two different arctic localities; The results
of the present study do not support the hypothe51s that

clonal diverSity is related to habitat age, for diverSity

1

values were similar in refuge and glaciated areas. The\_
lack of variation in clonal diver51ty levels between glacia-
ted areas and glaCial refuges can be explained by assuAing

a rapid, asymptotic approach to an equilibrium diversity. N

183
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CHAPTER V

THE- DAPHNIA PULEX GROUP:
AGAMIC COMPLEXES AND SIBLING SEXUALS
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INTRODUCTION

\ 4 - ' .
‘The-sy$temapics of the genus Daphnia have been

‘and repain in a state of disorder. Although'forms collected

within a small geographic area may fall into distinct
‘morphqlogical groups, populations from outside the study
area or even new.collections from within tﬁe study area
often contain intermediate fofms'(DSdSon 198l). Daphnia .
" pulex, probably-the commonest species in pond habitats..

> .
throughout the Holarctic region, is a case in point.

Until the late 194015, all EuroPean'formS with a prominent

medial ped%en'were identified'?x)g;,gglgg. Based cn a
study of %ngliéh specimans, Scourfield (1942) and
Johnson (1952) pointéd‘out that at least tﬁg additiénal
taxa, D. curvirostfis ana g; obfu;;, merited recognition.
Anﬁthér species of the "pulex group",_ D. gulicéria has,
been recognizea in central Eurépe (Hrbacek 1959), but

the ﬁalidity'of this species remains unclear. bnly

D. pulicaria and D. pulex have been reported from North

‘America; old records 'for D. curvirostgas and D. obtusa
have been discounted (Erooks‘1957). In his_ﬁonograph‘

of North América;_baphnia,'srooks (1957) fecognized that
iﬁdividuals with-é morphoioéy intermediate-between two .
:descfibed species were.frequent. As‘an.explanatioﬁ,‘ﬁe
suggested that introgressive hYbridizatiqn between species

was. common. He felt that North American populatigns of
) - ) : . .
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Daphnia pulex hybridized with D. middendorffiana, D.
. &
schodleri and D. rosea. Hebert and McWalter (1982) have

proposéd an altefnaté.explanaticn for such intergradation‘
‘bétween 'species’'. They_argued that these intérgradés
reflect not hybridization,. but the absence o%‘sexual
feproductipn. Taxonomic difficultieé have,afgsen from a mis-
guided attempt to impoéé species bound;rie;’on an agamic
cqmpiex. fhe;é is no doubt thﬁt many, if not all, popula-
tions of Q+ pulex andig;‘middendorffiana reproduce by
obligatg'parthénogenesisi Studf of Qopulations in the
eastern and central arctic indicétes that these two forms
are clbsely related genetiéally and may comprise'a sindle
_agamic éomplex; The‘present study aimed to extend this
" survey of genetic diversity to D. pulex in;thé wéstern
arétic. ' | |

In the coursé‘of~this work, three clones.were encoun—‘
tered witH geﬂetic characteristics markedly different from
tﬁcse of D. pulex clones studiéd in the present and
pgevious analyses. Mor?hologicgl examination indicated
that these clones wére, in fact, Daphhia curvirostris.
In addition to\tﬁe collections of D. pulex and D. curvi=
rostris, two‘cloﬁes.ong; schodleri were also e;amined
'elecirophoreticaliy.- The results indicated that D.
sqhoéleri feproduced by gbligate parthenogenesis.

The presént étudy has pointed out theAvalué of com-

bining morphological‘dbservaticns with allozyme‘investif

gatieons in taxonomic work. The'suspiFion that g;.schodleri,

Tl
St



191

as weil as.D. pulex and D. middendorffiang, may be part:

of an agamic complex has been confirmed, but the likely

occurrence of unrecognized species in the D. pulex group . .

has also been indicated. Moreover, this work has revealed =

a2

the.presence'?f D. gurvirostris in North America, while

- other workers have suggested that North Ameficén populations

of D. obtusa méy alsd_pkis; (Hebert and.Schwartz pers. comm.).

v . e . ) . ’ “
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MATERIALS AND METHODS

lee samples were collected from 28 Daphnla popu-

e lations (composed of several Spec1es but.predom;nantly
D. pulex) located near Oid Crow, Y. T. (67.35N 139.50W),
Inuv;k N.W.T. (68.25N 133.30wW) and Tuktoyaktuk (Tuk),
N.W.T. (69.,27N 133'02w> ( Appendlx IIT). The populatlons

. were. sampled in Aug. 1980 and air frelghted to Windsor
where 48 Lnd1v1duals were lsolated from ‘each population
.1n an attempt to establlsh clones., Some of these indi-
viduals failed to establish clones: this loss ;aried among
populations. fhe clonal genotypes were electrophoretically
determined at 10 enz?me loci: glucose-6-phosphate dehy-
drogepase (CBPDH) xanthine dehydrogenase (XDH), lactate
dehydrogenase (LDH) , phosphoglucose isomerase (PGI),
phosphoglucomutase (pgM) , glutamate oxaloacetate trans—‘

'aminase.(GOT), esterase-1 (EST) , amylase-1 (AMY-1) ,
amylase—2-(AMY—2) and malate debydrogenase (MDH);

Alleles were nurbered in order of increasing migratioh
from the anode and the allellc designations are those of
McWalter and Hebprt (1982). For details of the electro-
phoretic procedures see Crease (1980). Gene_frequencies
calculated for each clone were used to determine Nei's
(19975) measures of.genetic'diﬁergence, I and.D. A'dendro-‘
gram was constructed using single link cluStepbenalysis

performed on the matrices of genetic distanceS'among-clones.

192
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The'ciustTpihg‘procedure{ performed with the assistance'of
én'IBM‘3031 compﬁter was based on ayerage genetic distance
and@ used the BMD-P1M program. The geénetic distance between
two clones is defined as_b = _1nI where I is the mean gen-
etic identity between clones. Since two clones (I28 and C3)I
sﬁared no‘élleles at -any of thé 16 loci'examined,'I.qualled'
0 and D was aﬁ_undefined,quantity.. Aéra result -, élone I28
wés'omit£ed in the construction of a dendrogram.
' | - Based on the I'ﬁlts of the cluster~énél§sis, 8 Qf'gg;gg
clones (03,118,125,124,123,T34,T37,T39), 1 D schodleri
clone (S1) and 1 arctic D. curvirostris clohe (Ci) sglected'
to represent most of the major-ciustérs, wefa subjected'
to ﬁorpﬁological examinationlusiﬂg Leitz ahd Nikon photo-
.microscopes. In addition, scanning eléctron micrographs'
"of 2 D. pulex clones (I28,T39), 1 D. schodlefi clone (Si),
1 arct%ﬂ”g.'cufvirostris clone (Cl) and 1 Endlish Q; curvi -
rostris clone were taken.using-a‘sémco Nariolab 7 écanning
eléct;on microscope with 15 KV éccelerating'voltage. Spec-—-
mans'for.use in SEM were air drieqiép double sided cellulose
tape'and coated by tﬁe evaporatioﬁ:ﬁf a gold palladium
_ allof fof 2-3 sec. to obtain a co?t thickness of aApprox-
imately 150—206'angstroms; ‘

Ephippia éhed by females of two D. schodleri clones
(S1 and S2) and two Q;‘curvirostris clones (Cl and c3)
maintained in the absence.bf males were examined in order
to\determiné if these clones feleaged ephippial egds._ The

-

results were compared With\iéOSé of the D. pulex clonfé
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- .studied by Loaring and Hebert {(in p;ep.).,'Four ephippial
. hatchlings of gapschodlefi clones S1 and $2 were eaéh
scored at sevefal‘hetgrozygpus‘loci. The conditionsr
under which ephippiél hatching took place are described
in-Loariﬁg and Hebert (in prep.);'



RESULTS

Mofphology
Morphological ekaﬁination-of the clones ueder study

revealed that 3 of the ‘47 clones were Daphnia curvirostris,

£

2 were D. schodleri and .the.remaining 42 were D. pulex.

The morphologlcal characterlstlcs of clones cl, C2, C3

e

'and the. Engllsh clone were con51stent with those llsted by

Johnson»(l952) as being diagnostic of D. curvirostris.

‘'The head shape was very simiiar to that‘of‘D. E_;gg,i
\hav1ng a rounded ‘anterior margin and a concave ventral
margin (Flg. 5.1. l) However, the antennular mound

(Fig. 5.1. 11-5.1. 12) was low and not nearly as well develoPed
as that observed in D. pulex (Fig. 5.1.13f5.1.14). The
£ail spine‘(Fié. 5.1.36-5.1.37) was quite short and the
‘dorsal ridge of the ephippium (éig;;5.1.25-5.1.27) was

. $mooth and devoid'of.spineles-fFig. 5.1.31~Sul.32). In
contrast, the ephippia shed by D. pulex (Fig. 5.1.28—‘

0 5.1.29) possessed ﬁumerque distinct spinules on its

dorSai ridge (Fig. 5.1.33-5.1.34). The‘pectens (Fig. 5.1.
21-5.1.22) on the postabdohinal claw (Flg 5.1. 16— '

-5.1.17) of D. curvirostris had more numerous, flner teeth

" (medial 8-- 11; pfbximal 10-11) than the pectens 'of D.
pulex (Fig. 5.1,23-5.1.24) WHich had comparatively few

coarse teeth (medial 5-7; proximal 6-8). Of the three

D. curvirostris clones identified, one (Cl) was found in

a single 0ld Crow habitat {0ld Crow 4), one (C2) was found
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in é single Tuk pbnd~(Tuk #) andAC3 inhgbited 2 Tuk ponds . 4
(Tuk 7 and Tuk 10).- :.  : | | |
The takonomic features aeécribed in Brooks.(1957) wefe

‘ﬁsed td.identify clones S1 and S2 as D. schodleri. The

morphoiogical diétinction between clones qf,tﬁis species

and D. pulex clones was based primarily upon the félaﬁive

size and shape of thé head, énd the length of the tail

spine. -Thé Qentral mérgin of the head of D. schodleri was

'néarly straigﬁt (Fig. 5;L.10).whereas that of D. ilex was
| concave (Fig.5.1.2}.4,;5;28).Th§ anteﬁnular mounds were
> well developed (Fig. 5.1.15) as‘iﬂ the D. pulex clones.

~ The tail spiﬁé.of.Sl and S2 was stout-and l&hg (FIE. 5.1.
40) , whéfeas the ﬁail spine of D. pulex was shorter and
thipner (Fig. 5.1.38). The postabdominal claw (Fig. 5.1.
20) was similar to that of D. pulex in that it possessed
5 - 6 teeth in the medial pecten (Fig.5.1.25) énd 6 - 7
teeth in the ﬁroximal pecten. Clone S1 was found in 2 Tuk ,
ponds (Tuk 4. and Tuk'g)_while clone S2 was isolated only
from Tuk 9. Of the 28 habitats investigated in éhis study,
Tuk 9 and Tuk 10 were the only ones in thcﬁ D. pulex
was not identified. ' : - | : St

The'remaiﬁing 4é clones under .study were ;ééﬁtifiéd

a;:gL pulex but substantial variation was noted in their
morphologies. Many clonés (03, 122, T34,T39)7 |
possessed the concave head shapé (Fig. 5.1.2,.4,.6,.8). and
short téil spine (Fig. 5.1.38) characteristi¢ of D. pulex

while others (I28) had heads with straighter ventral

#
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Figure 5.1.1 D. curvirostris clone Cl female head (100x)
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Figure 5.1.3 D. pulex c‘:lonej-I:lS female head (100x)
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Figure 5.1.5 D. pulex clone
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I24 female head (1oox)
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head (100X).
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Figure 5.1.9 p;-puiex clone I28 female head (100X)
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Figure 5.1.11 SEM of D. curvirostris clone Cl antennular
~mounds (500X) ) . : - -

-%

Flgure 5.1.12 SEM of. Engllsh D. curvirostris clohe
: "antennular mounds (500X)
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Tigufe'S.l.lE SEM of D. gulek clone T39 antennular
R mounds (500X%) o ‘

_Figdre-5.1.14‘SEM of D. pulex clone 28 antennular
' mounds (500X)
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Figure 5.1.15 SEM of D. schodleri clonerSl‘antennuiar
mounds (500X) S '

Figure 5.1.16 SEM of D. curvirostris clone cl post-
- abdeminal claw (400X) .
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Flgure 5.1.17 SEM of Engllsh D. curvmrostrls clone

postabdomlnal claw (400X) ‘

Figure 5.1.18 SEM of D. pulex clone T39 postabdominal
. claw (260X) - . ' .




_ Figure 5.1.19

Filgure 5.1.20
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SEM of D. pulex qlbﬁe 128

_claw (200X)

postabdominal .

SEM of D. schodleri Sl postabdominal

claw (250X%)

-
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Flgure 5. l ,21 SEM of D.. curV1rostrls clone C1 medlal

- pecten (l:OOx)

Flgure 5.1.22 SEM of English D. curv1rostrls clcne
‘medial pecten (1100X)
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- Figure 5.1.23 SEM of D. pulex clone T39 meaial pecten’
’ (1300X) C o .

]

Figure 5.1.24 SEM of D. pulex clone I28 medial pecten
-t (1200X) T
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Figure 5.1.25 SEM of D. schodleri clone sl medlal
: 'pecten‘(IBOOX)

Flgure 5.1.26 SEM of D. curv1rostrls clone Cl
: ephlpplum {110X) ' :
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Figure 5.1.27 SEM of English D. curvirostris clone .
: ephippium (110X) '

Figure 5.1.28 SEM of D. pulex clone T39 ephippium
) (85X} : . -
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.Figure 5.1.29 SEM of D. pulex clone I28kephippium
' ( 85x ) . i:,' - .

.

Figure 5.1.30 SEM of D. schodleri clone S1
ephippium (85X)
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Eigure 5.1.31 SEM of D. curvirostris clone Cl ephippial

spines (1000X)

Figure 5.1.32 SEM of' English g;-curvirostris clone
ephippial spines (1000X)
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.

Figure 5.1.33 SEM of D. pulex clone T39 ephippial 5pines
‘ (1000X) ' '

6-8:-‘"

Figure 5.1.34 SEM of D. pulex clone IZ8 ephippial
spines (1000X) .
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Figure 5.1.36 D.' curvirosfris qionq Gl fellle
. L) . Lo .

A

¥ L4

' Flgure 5.1.35 SEM of D. schodleri clone S1 ephlppmal'
' spines (1000X)
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Figure 5.1.37 English Q;'éurvirostris clo

. e,

Figure 5.1.38 D. Eulex.clqne T39 female

-

ne female

-1
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 Figure 5.1.39 D. pulex clone 128

L]

AN

female

S1 female

el



- '

217
R

marglns (Flg. 5. 1 9) and longer tall splnes (Flg. 5.1. 39)

'llke D. schodlerl._ It was interesting to note that these

_5clones were qulte genetlcally similar to those clones

1dent1fied as D. schodlerl (Flg. 5.2).
R

7Enzyme Phenotypes

‘null allele (0*) observed at the PGI 1

"were slower than any’ found in either D.

- -

The three clones of D. curvirostris showed marked .

genetlc differentiation from the 42 clones of D pulex.

They were substituted at 6 of the 10 loci examined (Table
5.l). 'The'genotypic data for the D. pulex clones'and

photographs of the allozyme phenotypes found inlg. curvirostris,

-D. pulex and D. schodleri are in Loaring and Hebert (in

prep.). The two normal activity allelles «(0,0') and the oné

us in D. curvirostris

D.schdédteri.

Alleles 0' and 0* appeared to have the same mobility. i:j)

Clones Cl and C2 were single banded homozygotes (00",
while clone C3 was a double banded null heterozygote (00%),

Three alleles were observed at the GOT locus {1V, 2, 3).

,Alleles.Z and 3 were commonly observed in D. E lex clones}

but the slowest allele (1') was unigue to clone C3 in which

© it exlsted in the hcmozygous condltlon. Clone Cl was homo-

zygous for allele 3 and clone Cc2 pessessed a triple banded- ‘
heterozygous phenotyﬁe (23). At three loci (MPH, XDH, G6PDH),
clones Cl, C2 end C3 were homozygous for an allele (0) which
was slowet than any allelé present in D.pulex or'g.schodleri.

Similarly, the D. curvirostris clones were homozygous at
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aMY-1 for an allele (7) which was faster ‘than any allele
.noted in D. pulex or D. schodleri. Homozygous patterné \ -
of coﬁmon D. pulex alleles were observed in ali D. curvi-
rostris clones at .PGM (33);‘LDH (11), EST- (44) and AMY-2
(O;O*):; As in thg'caselof fhejg. 23;95 ciénés; AMY -2
allele 0* was a null allele Qith no activity in the homo-
zygbus'conéitioﬁ. : |

The Q; schodleri clones (S1 and SZ)_werg characterized
.by a double banded hepsrozygous PGM phenotype (34) which -
was not observed in any clones identified as D. pulex
~ (Table 5.1). ﬁhenotypes observed at the other 9 loci
were commonly noted in D. Eg;ég clones.(Loaring.and

Hebert, in prep.}; '

Genetic Divergence
The heterozygosiﬁies-calculated.for each‘g.gggzi-
rostris'and D. schodléri clone are.listed in Table 5.1.
The mean genetié distances (* S.E.) among clones of

D. curvirostris, D. schodleri and D. pulex are shown in

Table 5.2. The denérogram in Fig. 5.2 illustrates the
genetic relationships among the clones of the three species.

Six major clusters were-distinguished.‘ The first cluster

inclﬁdéd the 3 D. curvirestris clones, which were quite
»'gegetiéally distinct from all other clones in the study.-’ AL
" .Cluster 2 céntgined the 2 Q._séhodlefi clones and several

D. pulex clones»from the Inuvik locality. Cloﬁe 128

fell into this cluster (adjacent to clone I27) when it

was included in the cluster analysis. The third and £ifth

clusters were a mixture of D. pulex clones isolated
. L] .
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from all threé'arpﬁic localities. The fourth cluster included
‘4'§.”Qulex clones from 0ld Crow and the'sixﬁh contained

3 D. pulex clones from Tuk. ' A

Evidence Pertaininglto Mode of Repfoduction
Two epﬁippial hatchlings from each'of_the two D.
sbhoéleri clones SQP and Sé) were examined for segregation
" at the five loci (LDH,PGI,PGM,GOT,EST) heterozygous in
lEheir‘maternal parent. Attempté to hatchAephippia produced
be Q. curvirostris cloneé hgferozygous atlany locus, failed.
The studies on éphippial egg preduction in the absence

of males indicated that D. . curvirgstris produced only

eﬁpty ephippiaf while D. schodleri , like D. pulex, -
frequently;produced ephippial eggs amictically. Of the

64 epbippia produced by clone S1 females in the absence

of males, 42 contained at. least one egg. Simiiarly, -,
' 1 or .2 eggs were found in 23 of 28 ephippia shed by females
of cloné $2 in the absence of males; Under similar con - .
ditions, 13 randomly selected obligat; parthenogenetic
clones of D. Eg;g5 all released ephippia céntaining eqggs.
In contrast, the 22 ephippia-cést by clone C1 and the 6
ephippia produced by females of clone C3 were all.empty;

- Moreover, no males of D. schodleri were observed in the
labokator& cultures, but at l;ast oné>g. curvirostris

clone (C2) regularly produced‘males.“



- DISCUSSION '

One of the most 1nterest1ng flndlngs of this study

was the dlscovery of Daghala gurvirostris lnhabltlng

ponds of the western Canadian arctic. Little. 1nformat10n
is avallable regardlng the dlstrikutlon of thlS species,
but Johnscn (1952)‘reported lts existence in Shallow pools
throughoat the Soutﬁ and east of England as well as“in
Europe and Corfu (Stephanide5‘1948). Although the.5pecies
was recorded in North America {Birge 1918:‘K1Ser 1950;
F.ordycel‘_ 1901; Johnson 1952), Brooks _6.1957)\‘:135 since
d;Scounted these recode.

Unlike the D. pulex cloneS frem the western arctic
(Loaringlaﬁd Hebeqf:in prep,) or:those studied throughout
Canada (McWalter and.Heberﬁ 1982: Hebert and Crease 1982),
‘the clones of D. gurvirostris analyzed 1n’thls s;ady did
not appear to reprodu e by obligate parthenogeneSLS. The
presence of males in Saboratory cultures and the lack of
eggs in ephlpp}a shed by females maintained in the ab-
sence of males inﬁicated that, in all likelihood, D. ggﬁz;-
rostris is a cyclic parthenogen. The low heterozygosity
levels (mean = 6.7%) observed in clones of this species
were consistent with tﬁe’relative lack of genetic wvaria-
tion observed in several other cyclic partheﬁbgenetic
Daphnia species (Hebeft 1974; Hebert and Moran 1980) .

More direct evidence, such as the demonstration of

segregation in the ephippial hatchlings of a heterozygous

223
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1

D. cufvifosfrisléléné, or an'aséessmént of-genotypic:

: frequencies in qafurél,populations, is needed to confirm
Ehat Canadian popuiations of Q;véurﬁifostris are cyclically
parthenogénetic.

Clones of D. curvirostris and D. pulex are deceptively

similér and only' a few taxonomic characteristics serve to
distinguish them. Despite this morphologica1 siﬁilarity,'.
the averagé genetic.digtance between clones of these two
species (1.47 t 0.03) was sqbstantially-highér‘than distan-
ces between well @ifferentiéted-species, éenera and even
families of organisﬁs studied by other workers (Nei, 1975).
There have béen previous insténées in which high levéls df
genetic'divergénce yithin or between species have been
associated with 'a .lack of morphological variation (Nixon
and Taylor 1977} Ayala et al. 1974; Tilley et al.”1978;
Crease and Hebert 1982). As pointed out in other .studies
Crease and Hebert 1982; Turner 1974; Nixon and Taylor
'1977); the lack of hgreement between morphological and
allozyme variation may imply diféerent rates of evolution
at thése two ievels. Siﬂcé arctic D. curvirostris has
diverged so-drématically from other baghnia species inhabi-
ting the same locality, it would be interesting to deter-
miﬁe the extent to which these popﬁlatioﬂs have dive;ged
frémuEuropean D. curvirostris.

fPPpulations of Q% pulex reproducing by obligate

parthenogenesis have been reported in several areas of

o
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- Canada (Loaring and Hebert in prep.; McWalter and Hebert

1982; Hebert and Crease 1982). Howe&er,_other workers

I'XLynch 1982) have recently‘reported the ekistence of cyclic

J

parthenogénétic popuiations of D. gg;gi inlNorth America.
The reéults cf the péééent-study suégest that these popu-
latiéns may have been inqﬁrrectly identifiéd.‘ Indeed,
‘cyclic ﬁarthenodénetig populations,ffom Nebr;ské,.identi—
fied as D. pulex, were révealed to be D. obtusa upon closer
étudy (Hebe;:t: and Schwartz pers. comm.). Thus, there is

a definite need for the careful examination of all cyeclic
parthenoggnétic populations présumedn to be D. pulex in
‘order to rule.out the possibility that they ére.g morphplo-.
gicallf gimilar'SPecies, such as D. curvirostris or D.

obtusa.

The Daphnia schodleri clones were genetically similar

to the D. pulex clones investigated in this study. In fact,

~the average genetic distance between cleones of these two

“

ﬁspecies" was no larger than the average génetic.distance
among the D. pulex ciones.- It was intefésting to note

that the degree of genetic differentiation‘éﬁong the
'D. pulex and D. schoéleri clones was.réiated to the degreé-
of clonal morpholﬁgical differentiation. The 2 D. schodleri
‘clones fell at one end of the genetic aiétance dendrogram;
while the opposite extfeme wasloccupied by "true" D. pulex
clones which conformed quite clssely to the deécription of

D. gulex-éiven.by Broocks (1957). Intermediate forms,

‘Which were genetically similar to both the D. pulex anq @5
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'QL schodleri groups and which possessed morphological

features characteristic of both groups, occupied the

central portion of the dendrogram These results suggest

that D. schodler1 and D. pulex belong to an agamlc complex .

which includes an enormous number of clohes which vary
in terms of morphology and allozyme phenctype. "In.an”

earlier study, Hebert and McWalter (1982) indicated that

arctic D. middendorffiana and D. pulex may'formdsuch a.

complek;.The addition of Qélschodleri to this apomictic

complex emphasizes the need for-a survey of the genetics

and mode of reproduction of Daphnia populations. As pointed

out by Hebert and McWalter (1982), the:difficultres
encountered by taxonomists in identitYingua'group'of char-
acters which distinguishog; pulex from several of its close
relatives stems from their attempt to piace speciesﬁhoun_
daries on an apomlctlc clonal complex. Dodson (1981) has
suggested that the D. Bgigﬁ species group is comprlsed of

a larger number of species than are presentlY‘recognized

or that the D. gg;gﬁ spec;es group is one W1despread and
variable "species". The present study shows that both

hypotheses,may be true.



CHAPTER V'
SUMMARY

Thé present’ study haé involved a study of genétypic
di&ersity in pdpulations of‘Daghnia.gg;gg and its close
relative D. schodlefi from localities in the western arcf;b.
It has been_shown that both species reproduce by obligate
partﬁenogenesis. Theré is, a close genetic relationship
between the species %Pd morphological studies indicate _
the existence of a continuum ranging from classical D. pulex
'forms—(as described by Brooks 1957) to classical D.
schodle;i forms. The difficulties which taxonomisté:
have f%ced in distinguishing these species are evidently
the result of attempts to place spEQie; bouhdagies on an
apomictic complex. |

This study has also documented the ex;stence of D.

curylrostrls‘in North America. Despite its morphological

51m11ar1ty to D. gg;gg genetic studies inaicate‘that.the
two species are only dlstantly related and that D. curviros-
tris appears to reproduce by cyclld parthenogenesis. The .
‘presence of such sibling species makes clear the need to

Aconfirm that cyclic parthenogenetlc populations ldentl-.”f

fied as D. gdiex do, in fact, belong to this speqieé.j

227



- . .
. Al
- .- " e

References

Ayala, F.J.., M.L. Tracey, D. Hedgecock and R.C. Rlchﬁond‘ 1974.
Genetic dlfferentlatlon during the spec;atlon process in
Drosophila.Evolution 28 576-592Z.

Birge, E.A. lng The water fleas (Cladocera). In Freshwater

- Biology 1°% edition. Edited by H.B. Ward and G.C. Whlpple.
Jd. Wlley and Sons,, New York pp. 676-740.

-

Brooks, J.L. 1957. The Systemaxlcs of North American Daphnia.

Mem. Conn. Acad. Arts. Sci. 13: 5-180. -

Crease, T.J. 1980. Genetic variation‘ih Natural Populations of
" Daphnia. M.Sc. thesis, University of Windsor.

Crease, T.J. and P.D.N. .Hebert. 198Z. Genetic-divergence
' between metapopulatlons of Daphnia magna. Evolution
(1n press)

e T

Dodson, S.I. 1981. Morphological variability of Daphnia pulex
Leydlg and related species from North- America. Hydrobiologia
83: 101-114. :

Fordyce, €. 1901. The Cladocera of Nebraska. Trans. Amer.
Micr. Soc. 22: 119-174.:
Hebert P.D.N. " 1974, Ecological differences between genotypes .-
in a natural populaticn of Daphnia magna. Heredity 33: 327-337,

. |

Bebert, P.D. N. and C. Moran. 1980. Enzyme varlablllty in natural
populatlons ofDapnnlacarlnata Klmg. Heredity 45: 3l3 321.

.and T.J. Crease. 1982 Clonal dlver51ty in populations

~ of Daphnia pulex reproducing by obllgate parthenogenesis.
Genetics (in press).

and D.8. McWalter 1982. Cuticular pigmentation in
T arctic D aphnia: adaptive diversification of asexual
" lineages? Submitted to Amer. Natur. -

'Hrbacek J. 1959,  Uber die angebllche Varlabllltat von Daphn
Eulex L. Zool. Anz. 162: 116-126.

Johnson, D.S, '1952. The British species of the genus,DaEhnia
~ {Crustacea, Cladocera).  Proc. Zool. Soc. Lond. 122: 435-462. '

Kiser, R.W. 1950. A Revision of the North American Species

of the Cladoceran Genus Daghnla Edward Bros.; Ann Arbor,‘
’ Mich. 64 pp. , -

228



229"

References Continued

Loaring, J.M. énd P.D.N. Hebert. A compafatlve study of clonal
‘ dlver51ty in Daphnia Eglex metapopulatlons from habitats
of different aQes In prep.

Lynch, M, 1982, The genetic structure of a cyclical parthenogen.
In prep. . . R : '

McWalter, D.B. and P.D.N. Hebert. 1982‘ Genetic variation in

argtlc aphnia reproduc1ng by obligate parthenogen251s
Submltted to Evolution. ~

Nei, M. 1975. Molecular Bopulation Genetics and Evolution.
North Holland, New York.

Nixon, S.E. and R. J. Taylor. 1977. Large genetic distances
- assoc1ated with little morphological variation in Pclxcells
coronata and Dugesia tigrina (Planarla) Syst. Zool. 26: 152-163.

Scourfield, D.G. 1942. The "pulex" forms of Daphnia and thelr
separatlon into two distinct series. Ann and Mag. of Nat.
Hist. 9: 202-219.

Stephanides, T. . 1948. A survey of the freshwater biology of
Corf u, and of certain cther regions of Greece.

- Tilley, S.G., R.B. Merritt, B. Wu and R. Highton. 1$78. Genetic )
differential in salamanders of the Desmognathus ochrophaeus
complex. Evolution 32: 93-115. s .

. . £

Turner, B.J. 1974. Genetic divergence of Death Valley pupfish
species: biochemical versus morphological evidence.
Evolution 28: 281 - . . o

.




* APPENDICES
~ - APPENDIX I

Linear regression analyses of

i) weekly maximum water temperature on weekly high mean.

’ s

air temperature and ] S
ii) weekly minimum water temperature on weekly low mean
. ’ .

air temperature.

Data from weeks 9 - 25 were used in the analyses.

Dependent’ Regressor Intercept Regfession iy P value.:f'i2
Variable Variable Coefficient

Max.water High mean ©-1.88 . 1.20 73.08 0.0001 .8490
_temp. " air temp. o . .
Min.water Low mean -0.36 0.83 76.75 0.0001 .8550
- - : - . .

cemp. air temp.
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APPENDIX II : .
Weekly measurement of mean water.temperature, aigaé
densiﬁy‘(group 1, group 2, ﬁot;l) Daphnia dehsity £.5.E.
{juvenile, adult total), reproductive phenotype prop%r-
tion nparthenogenetlc females, ephippial females, non-
reproductive females, males) and genotype'frequené?

{(with 95% confidence limits) .in the 4 aguaria are given iﬁ

in the following pages. The variables are as follows:

WK - = week number

AQ = aquarium number T
MT = mean water tempe:éture

Gl = group 1 algae density B

G2 = group 2 algae density

TOAL =. total algae dens;ty

JU = juveniie Daphnia density
- AD = adult Daphnia dgnsity

= total Dagﬁnia density

TODA

PF = proportion of adult populatlon represented by par-
thenogenetic females .

EP = proportion of adult populatlon represented by ephip-
" pial females

NF '= proportion of adult pOpulatlon represented by non-

. reproductive females .

ML . = proportion of adult population represented by males

cl = genotype frequency of clone 1

c4 = genotype frequency of clone 4

Cé = genotype frequency of clone 6

'Cl3 = genotype frequency of clone 13.
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TUK 1 P - TUK 10.P

APPENDIX III

Locations of the Tuk, Old Crow, iﬁuvik, Williams L.

and San Diego pends ‘are described. in the.following pages.

The symbols are as follbws:

N .
.k

TUK 1L M - TUK 10 M = 10 Tuk ponds fédm which D. magna was

' collected

10 Tuk ponds from which D. pulex,
Q;‘chrviroétris or D. schodleri were

collecﬁed

-

OC 1 - 0C 9 = 9 0ld Crow ponds from which D. pulex or D.

curvirostris were collected

3

- IN 1 - IN 9 = 9 Inuvik ponds from which D. pulex was collected
. ‘ 2

'WL4 and WL6 =7 Williams L. ponds from which D. magna was

collected.
PSCP = Polar Continental Shelf Project é
WASRC = Western Arctic Scientific ﬁeéource Centré
SANTEE,LAKES = Connected ponas from which the 2 Sén Diego’

D. magna clones (S25 and S27) were collected

- 238
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poMg ~ CANMAR
PETROLEUM

@k s p
®1uk 6 .
- @TUK 7 ¥
TUK 5 M " S
«—TOWN PSCP||| .
UK .3 M=TUK 2 P
D
). : .T

4 M

C . SBA
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.
} : 5
- AIRPORT:
L~
LARG
POND
I ‘DC 13
@ ®c >
@®oc s
' \
LARGE ' _
: POND - MOUNYTAINS
TOWN .
o
. oC 9
-l ‘ (

e’

_0C 6’ - OC 8 LOCATED APPROX. 6 MILES WEST OF
OLD CROW ON THE SOUTH BANK OF THE
PORCUPINE RIVER : _
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‘ ., INUVIK PONDS
AIRPORT . : S RUNWAY .
@y 7 ,
DEMPSTER
HIGHWAY ,
'y
0.2 km | .IN 6
e 4 “
1.6 km ;
I @n 5
4 :
3.3 km )
J' CARN ST.
IN 2
buMp ——5
' 0.2 kn NAVY RD.
~ ) . o
@y 1 WVASRC
MACKENZIE RD.
IN 2 v "
. 1.2 km _
| kIN.'-‘)
‘N.T. RD.
A . . . 3
b 0.8 km Y - -
-ﬁ“
® .
- IN 8




WILLIAMS LAKE PONDS

LOCATED APPROX. 30 MILES WEST OF WILLIAMS LAKE, WEST OF

THE FRASER RIVER, NEAR THE TOWN OF RISQUE

FISHLAKE CENTS%

J
FISHLAKE RD.

1.6 km

I

CREEK

TOWN OF.
RISQUE CREEK

r
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SAN DIEGO PONDS T S <,
7 . S
: ©
' Y

¢+, SANTEE 2\\‘1 :
“ 7 LAKES .NCORPORATED
o \ CITY OF .
oo : "SANTEE .
CARLETON OAK .
COWLES
MOUNTAIN

PARK

CITY OF
SAN DIEGO

-
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\

The saiinitiés ar;d conductivitgs of several éf Tuk,
0ld Crow, Inuvik and Williams L; _pdnds -are lisi:ed in the
following' pages. The Tuk ponds £rom whic:-h D. magna were
c_-’.-olll'ected.are de’signai.:ed as’ ‘I‘uk&gh M -.Tuk. 10 M and the
‘I{Jk ponds from which_-g._ pulex, D. curvirostris o;: D.
schodle‘ri were collected are designated as Tuk 1 P -

——

Tuk 10 P. J

244__



Pond .

Conductivity -

245

\Locality Salinity
' : (}{hm/cmz) (%)
“Tuk Tuk 1M - 510Q 4.5
S Tuk 3 M 2900 2.4
Tuk 4 M. 3000 2.5
Tuk 5 M 2800 2.2
Tuk 7 M 13150 2.8
Tuk 8 M 4400 3:9
“Tuk 9 M 2750 2.2
Tuk 1 P 185 0.1
Tuk 2 P 2900 254
Tuk 3 P 260 0.2
Tuk 4 P 590 0.2
Tuk 5 P 230 0.2
Tuk 6 P 1680 1.2
Tuk 7 P 550 0.8
Tuk 8 P - 320 0.4
Tuk 9 P 990 0.5
Tuk 10 P 6500 5.5
_Williams WL 1150 1.5
Lake _
WL ; 4500 4.0
old Crow  0C 380 0.1
oc 230 0.1
oc 120 - 0
oc 90 0
ocC 450 0.1
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. . ”C . . . .
Locality Pond Conductivity  Salinity S
. i’j.ihl"n/cmz) b (%) e
| --‘ R .‘ s e W . \ -‘__-\' <
— ; __U . ‘_\ .

0ld Crow oC 6 240 B IR

oc 7 310 0.1

4
oc 8 300 _0.1
L oc 9 100 0.05

Inuvik IN. 1 2300 1.5

IN 2 700 0.4

IN 3 700 , 0.2

IN 4 180 0

IN 5 550 0.2

IN 6 720 0.4 .

\J\

IN 7 740 : 0.4

IN 8 270 0

IN 9 <750 . 0.4

.l
c

ALl i ardea



APPENDIX V -

The PET microcomputer programs (in BASIC) for the
"calculation éf the Shannon-Weaver, Brillouin and <<

diversity indices are listed in the following pages.

Kl

247 =7

R
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& Divgrs ity Index

5P
10
15
20

RINT*3" ~
PRINT"INPUT #. OF SPECIES REPRESENTED BY 1 SPECIMEN"
INPUT. F

PRINT"ENTER THE NUMBER OF SPECIES IN THE COLLECTION"
INPUT S ,
PRINT"ENTER THE NUMBER OF SPECIMENS IN THE COLLECTION"
INPUT N .

PO=F/N
XE=1.00-PO
PRINT®*THE APPROXIMATION OF X IS";XE
GOTO 100

LET XE=XE-.00001l
GOTO 100

LET XE=XE+.00001
GOTO 100

'y=N/S

R=1=-XE
P=(-LOG(R))/2.3026
QU=2,3026*Y-XE/ (R*P) _
PRINT"CURRENT VALUEOF X IS"; XE : (“\\J
IF QU>.10 THEN 80

. IF - QU<=,.10 THEN 70

~IF QU».001 THEN157 ' . ‘

IF QU¢-.001 THEN 155 °

GOTOl60

XE=XE=-, 0000005

GOTO100

XE=XE+,0000005

GOTOL00

AL=(R*N) /XE

PRINT"3"

PRINT"THE MAXIMUM LIKELIHQOOD ESTIMATE OF X IS";XE
PRINT"THE MAXTMUM LIKELIHOOD ESTIMATE OF ALPHA IS";AL
Al=AL 3

Bl=(N+AL) 2 ;

Cl=(2*N+AL) / (N+AL) - S
D1=LOG(Cl)

El=AL*N .

Fl={(S*N)+(S*AL)-(N*AL)) 2

Gl=Al* (B1*D1-E1)

V1=Gl/F1

S1=SQR (V1)

PRINT"THE STANDARD ERROR QF ALPHA IS";Sl

END

JRPCTELS 3



5P
6 P
8 H
5 P

249

Shannon- Weaver and Brillouin Diversity Indices |
RINT"3"
RINT
=0
RINT
PRINT"ENTER THE NUMBER OF INDIVIDUALS IN THE COLLECTION'

1o
20
25

. 261

262
263
270
271
280

INPUT N

FOR A=l TO N A\

S=S+10G (B) '

NEXT A

PRINT"3" ;

FOR Y=1 TO 30

PRINT"ENTER THE NUMBER OF SPECIES REPRESENTED BY";
PRINTY; " SPECIMENS" :

PRINT"IF THERE 1S NO MORE DATA INPUT —1"

INPUT C

IF C<0 GOTO 134
PRINT

PRINT

FOR B=1 TO ¥

P=P+1L0OG (B)

NEXT B g

BT=RT+C*P

P=0

H=C*((-Y/N)*(LOG(Y/N)))+H

) NEXT Y - .
PRINT"3" ’ i
PRINT"ENTER THE ABUNDANCE OF ALL SPECIES WITH N>30";
PRINT* ONE BY ONE"

PRINT"WHEN ALL THE DATA HAS BEEN ENTERED INPUT 0"
INPUT Z -

PRINT .

PRINT -
IF Z=0 GOTO 220 . o

FOR C=1 TO 2 '

D=D+LOG (C) \h-

NEXT C '

BT=BT+D ' '

H=H+ (- Z/N)*(Loc(i7ﬁ)) .

D=0 . ‘ &
GOTO 135 ' . R
BR=(1/N)*(S-BT)

PRINT"3" d
PRINT"THE VALUE OF THE BRILLOUIN INDEX FOR";

PRINT"THIS COLLECTION IS";BR

PRINT .
PRINT “
PRINT"THE VALUE OF THE SHANNON:WEINER INDEX";

PRINT"FOR THIS COLLECTION IS";H )

END
-

o
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