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ABSTRACT

Electrophoretic surveys of asexual Daphnia pulex
populations in 150 coastal rock bluff ponds near Churchill,
Manitoba in 1985 and 1989 revealed 36 unpigmented clones.
Three clones dominated the assemblage in both years,
comprising greater than 76% of all animals detected, and
occurring in 135 of the 150 ponds. Clonal richness of the
ponds ranged from 1 to 5 clones, and averaged 1.7 clones
per pond in both years. Evidence from multiclonal ponds
indicated that coexisting clones were not ecological
analogues, and that coexistence in these ponds was
facilitated by seasonal shifts in fitness as well as rescue
effects from ephippial egg banks. Clonal distributions
were both non-random and stable, suggesting that the system
is at or near equilibrium. Distributions of individual
clones were impacted by environmental variables including
salinity, pH, and pond volume.

The three dominant clones were adapted to separate
habitat types. Clone 1 occurred in high-salinity habitats,
while clones 13 and 14 were found in lower salinity ponds.
The latter two clones inhabited ponds with similar
physicochemistry, but showed different sensitivities to the
predatory copepod Hesperodiaptomus agrecticus. Clone 13
rarely co-occurred with the copepod, whereas H. arcticus
was found in 90% of the ponds dominated by clone 14. Clone
13's dominance of low-salinity ponds in the absence of H.

arcticus suggested it was a superior competitor in these



habitats.

Experimental whole-pond manipulations examined
palrwise competitive interactions among the three dominant
clones in 1987. For the most part, clones were
competitively superior in their native habitats and
inferior away from them. Competitive interactions between
clones 13 and 14 were asymmetric,.with clone 13 showing
competitive superiority regardless of habitat. Further
competition experiments showed both clones 13 and 14 to be
competitively superior to two less-abundant clones.

A second series of pond experiments in 1988 tested
interactions between clones 13 and 14 in the presence of H.
arcticus. Clone 13 was displaced in all ponds where the
predator was introduced;'while control ponds showed results
similar to the 1987 experiments.

Reproductive differences amoné clones in multiclonal
and experimental ponds showed varying predictive ability
for clonal frequencies at the next sampling intervals.
Clonal freguencies in multiclonal ponds fluctuated widely
and showed poor predictability. Populations in
experimental competition ponds showed the greatest
consistency with predicted shifts in clonal frequencies,
while changes in frequencies of clones in fleld predation
experiments were largely uncorrelated with predictions from
fecundity estimates.

Observations of natural distributions of clones in

this pond system, as well as results from laboratory and

vi



field experiments showed that environmental heterogeneity,
competition and predation all influence the structure of

this clonal assemblage.
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CHAPTER 1

CLONAL ASSEMBLAGES AS USEFUL MODEL SYSTEMS

FOR COMMUNITY ECOLOGY



The study of factors underlying patterns of species
assemblages in communities has been one of the main
research thrusts in community ecology over the last three
decades. A large number of hypotheses have been generated,
which have gained mixed support from the scientific
community. Southwood (1977) argued that environmental
parameters determine species dist;ibution patterns, and
that interactions among members of a community are
influenced by the species' relative positions within the
habitat framework. A number of researchers (Diamond 1975,
Richmond et al. 1975, Schoener 1982, 1986a,b, Roughgarden
1983) have argued that competition is the dominant factor
operating among species within a trophic level, as opposed
to colonization or stocﬁastic events. This idea is
supported by numerous field and laboratory studies (see
Schoener 1983, Roughgarden 1983 for reviews), but
difficulties do exist (Connell 1980, 1983, Simberloff
1982).

Although competition has been a central theme in
communlty ecology for several decades, it has proven
difficult to study directly in natural communities (Connell
1975, Pianka 1976). An alternate hypothesis that has
received growing support in recent years is the predation
hypothesis, which suggests that members of higher trophic
levels exert strong selective pressures on the organisms
that make up their food base, and that these pressures have

a major effect on the composition of the prey community



(see Zaret 1980, Kerfoot and Sih 1986 for reviews).
Differentiation of the processes responsible for observed
species abundance and distribution patterns is often
difficult, as the patterns of species occurrence which
result from competition and predation may strongly resemble
each other (Holt and Kotler 1987).

A number of different approaghes have been employed in
the effort to develop an understanding of factors
responsible for community structure. A rich body of
theoretical literature on the nature of species
interactions and expected community patterns has been
generated (see May 1976a,b, Wangersky 1978 for reviews},
although the applicability of many models to natural
systems is limited (Simﬁérloff 1982). Attempts have been
made to infer past competitive interactions from
biogeographic studies (Diamond 1975, Moulton and Pimm
1983), but this approach has been criticized and is now
primarily used as background inference for experimental
studies (Connell 1980, Diamond 1986). Numerous laboratory
experiments have been carried out on pairwise species
interactions, but are prohibitively difficult when multiple
species are considered. It is now generally accepted among
ecologists that manipulative field experiments with
appropriate controls are the best way to study interactions
among species in nature (Diamond 1386), although reviews of
the results obtained have been mixed (Connell 1983,

Schoener 1983, 1986a).



Unfortunately, direct approaches to studyling multi-
species communities automatically introduce persistent
sources of variation at both the inter- and intraspecific
level. At the interspecific level, size differences among
the species under study may affect dispersal abilities,
choice of food, response to predation, and other traits.
Species~specific differences in mprphological, behavioural,
and reproductive strategies, as well as responses to
environmental stimuli, can easily affect the outcome of
interactions among the species considered. All of these
factors are potential sources of variation, and may obscure
the meaning of results generated from experiments unless
variation in each factor and its consequences are measured
and weighted accordinélf (Tilman 1987).

In order to discount these sources of variation, a
detailed knowledge of the natural history of each species
involved in the system is essential, requiring a great deal
of background effort. Too often, studies are forced to
conclude that patterns of species coexistence or exclusion
observed in nature can be attributed to species-specific
characters (Connell 1983, Schoener 1986b).

Efforts have been made to minimize life history
differences among study organisms. For example, Diamond
(1975) argqued that members of a guild which share a common
evolutionary past and have similar dispersal and
reproductive habits should be excellent systems for

evaluating the impacts of competition and predation.



Numerous microcosm studies using similar organisms from low
trophic levels have been useful in elucidating issues in
community ecology (Neill 1975, Maguire et al. 1980}.
Studies of this type, however, have serious limitations
when extrapolating results back into natural communities
(King 1980).

It is generally acknowledgedjthag_many experimental
tests of community hypotheses have failed due to
dissimilarities among the species under study (May 1976b,
Connell 1983). For example, recent studies on ant
communities (Cole 1983a,b) suggest that community patterns
can be largely explained by differences in life history and
dispersal ability of the species examined. 1In natural
communities, it is quité difficult to £ind two or more very
similar species co~-occurring, which would enable
researchers to measure or test competitive interactions and
their outcomes (Pianka 1976). Moreover, when closely
related taxa are identified, genetic variation within each
species may affect the outcome of their interaction. For
example, the indeterminacy observed in Park's (1948)
classic competition experiments between two Tribolium
species may have partially been due to founder events.

An alternative approach to investigations among
different species is to use members of an asexual taxon as
analogques to species in a community. By treating clones as
separate "species™ in a model system, interspecific sources

of variation are eliminated. Instead of requiring detailed



information on a number of different species, research
concentrates on just one. Conspecific clones typically
have identical modes of dispersal, very similar body plans,
food requirements, life histories, generation times, etc.
Although their ecological strategies may vary, clones
typically have much greater similarity than the most
closely related species (Sebens apd Thorne 1985). 1In
addition, intraclonal variation is greatly reduced in
comparison to its analog (variation within a species).
Thus, by treating the various clones which comprise an
asexual taxon as species analogues, one can study
community-level interactions at a single trophic level, in
a system which lacks several sources of complexity inherent
in natural communities..

Although the idea of using clonal taxa to examine
interspecific interactions has been suggested by a number
of authors (Solbrig 1971, Parker 1979, Angus 1980, Hebert
and Crease 1980, Jaenike et al. 1980, Loaring and Hebert
1581, Cook 1983, Jackson et al. 1985, Hughes 1987, Hebert
et al. 1988), no studies have yet taken full advantage of
the potentiai that such assemblagesrpffer for manipulative
field experiments (Bender et al. 1984). Opportunities for
such research are plentiful: asexuality occurs in all five
kingdoms and a sizable proportion of lower taxonomic groups
(Bell 1982, Suomalainen et al. 1987).

Natural aésemblaqes of clones occurring in spatially

or temporally heterogeneous habitats are frequently diverse



(Sclbrig 1971, Harper 1977, Hebert and Crease 1980, 1983,
Hebert et al. 1988, Jaenike et al. 1980, Loaring and Hebert
1981, Lyman and Ellstrand 1984, Tucic et al. 1988, Weider
1389, Weider and Hebert 1987a,b, Weider et al. 1987, Young
1279). Such co-occurrence of large numbers of very similar
but genetically distinct organisms is rarely equaled at the
species level. Such clonal arrays largely remove the
difficulties of testing theoretical models of multispecies
communities (e.g. May 1976b, Pianka 1976). These model
systems would also overcome many criticisms of field tests
of multispecies systems (e.g. Conneli 1983).

An additional advantage to using asexual organisms for
experimental studies is the restricted distributions of
many clones. Although éarthenogenetic organisms often have
larger ranges than their sexual relatives, many asexual
organisms utilize passive dispersal and have limited
vagility in their active or growing phase. Additionally,
despite the widespread distribution of asexual taxa,
specific clones usually occur over areas of much smailer
geographic scale than do species (Sebens and Thorne 1885,
Suomalainen et al. 1987). Experimental animals are
therefore less likely to leave study areas than is the case
when dealing with species assemblages. The limited natural
distributions of most specific clones also decrease the
possibility of a rescue effect occurring through
immigration from outside the experimental system.

Another advantage of using clonal organisms for



experimental work is their ease of culture. 1Tn addition to
being able to obtain large population sizes quickly,
experimental manipulations can be established from small
numbers of individuals without introducing founder effects
which can complicate work with sexual species,

The analogy between a clonal complex and a
multispecies community is not per?ect. Many studies have
shown that clonal and species abundance patterns differ
(Sebens and Thorne 1985)., Thus, studies of clonal
diversity have consistently found a small number of
extremely common clones, few clones with intermediate
abundance, and greater numbers of rare clones than is usual
for species assemblages (Jaenike et al. 1980, Hebert and
Crease 1980, 1983, Lymaﬁland Ellstrand 1984, Sebens and
Thorne 1985, Weider and Hebert 1987a,b, Tucic et al. 1988,
Weider 1989). The lognormal distribution (Preston 1948,
May 1976b) characteristic of species assemblages is thought
to arise from the interactlon of multiple independent
factors which produces an abundance pattern that resembles
that expected by the Central Limit Theorem. The polarized
clonal abundance patterns suggest that asexual taxa are
exposed to more intense selective pressures than normally
operate among species (Parker 1979, Hebert 1982, Sebens and
Thorne 1985), which agrees with the theoretical argument of
limiting similarity (Pianka 1976). 1If clones are
ecologically equivalent, their extreme similarities should

generate abundance pattezns closeiy resembling Preston's



{1948) lognormal, based on the Central Limit Theorem of
statistics. Polarized clonal abundances, however, indicate
that these clonal populations are responding to strong
selective pressures. Since genetic variability within
clones 1s largely fixed, with mutation being the only
source of variation, selection acts on the entire genome
rather than upon additive effects of several gene loci
(Wright 1977, Parker 1979, Templeton 1979, 1982, Hebert et
al. 1988).

In theoretical considerations of competition,
organisms compete for some limited commodity such as space
or food, with the assumption that the intensity of
competition varies in direct proportion to the degree of
niche overlap (May 1976&, Pianka 1976). The Lotka-Volterra
equations, classically used for examination of competition
among species (May 1976a, Pianka 1976}, may therefore apply
more closely to clonal than species assemblages, due to the
higher competition coefficients expected from the extreme
similarity among clones. The intense competitive
interactions among clones should drive selection in the
experimental system more quickly than normal for species
assemblages.

The ability of asexual organisms to rapidly increase
their population size, coupled with the strong selective
Pressures exerted on clones by their biotic and abiotic
environments, should enable researchers to achieve

definitive experimental results in relatively short spans



of time. Indeed, prlor work has shown that under stable
environmental conditions, clones respond rapidly to
selection (Seclbrig 1971, Parker 1979, Lyman and Ellstrand
1984, sSebens and Thorne 1985) and that competitive
exclusion typically occurs in less than ten generations
(e.g. Snell 1977, Loaring and Hebert 1981).

When choosing a clonal assemplage for use as a model
system, it is essential that the organisms are strictly
asexual, as the generation of new clones from sexual
relatives would confound the effects of selection on clonal
diversity and abundance (Sebens and Thorne 1985). It would
also be useful to know how the clones under consideration
were formed, since clones derived from monophyletic and

polyphyletic origins may exhibit qualitatively different

competitive patterns (Parker 1979}.

This type of model system has many potential
applications. By correlating temporal patterns of clonal
abundance with environmental parameters, for example, one
should be able to closely examine genotype-environment
interactions. Although this is highly desirable in
community ecology, it is rarely accomplished successfully
(Pianka 1976). Hypotheses examining evolutionary
strategies of rare organisms (Rabinowitz et al. 1986) axe
also diffiéult to examine at the specles level.
Experimental and theoretical studies of rarity have
frequently failed to explain observed species patterns

(Levins and Culver 1971), although this type of study is
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extremely simple using clones as species analogs. Asexual
plant species such as dandelions (Solbrig 1971) are ideally
suited for practical tests of frequency- and density-
dependent selection, due to their ease of culture, large
potential number of replicates, and the ability to
construct appropriate controls. ..Indeed, observational
Studies on clonally-reproducing p}ant species have already
provided some insight on how these processes operate in
nature (Lyman and Ellstrand 1984, Tucic et al. 1988).

The freshwater cladoceran Daphnia pulex (Leydig) is an
ideal organism for a model system of the type proposed
here. The species occurs throughout the arctic and
northern temperate zones (Reed 1963, Hebert and Hann 1986,
Haney and Buchanan 1987; Hebert 1987), and is a common
member of zooplankton communities in ponds and small lakes
(Hrbacek 1987). Members of the genus Daphnia have been
intensively studied, and an enormous body of literature
exlists on all aspects of their biology (De Bernardi and
Peters 1987). The number and diversity of studies carried
out on Daphnia pulex make it an excellent choice for
studying fundamental questions such as community structure,
The species' small size, simplicity of culture, and
potential for rapid rate of population growth make it
ldeally suited for experimental studies (Schwartz 1984,
Edmondson 1987, Peters 1987). Although some populations
reproduce by cyclic parthenogenesis, populations in much of

Canada reproduce by apomictic parthenogenesis (Hebert and
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Crease 1980, Hebert 1981, Hebert and McWalter 1983, Innes
and Hebert 1988). In those regions where it reproduces
asexually, the species exhibits high levels of cional
diversity (Hebert and Crease 1980, 1983, Weider and Hebert
1987a,b, Weider et al. 1987, Beaton and Hebert 1988, Hebert
et al. 1988).

The present study has invest;gated patterns of clonal
diversity in populations of D. pulex at a site near
Churchill, Manitoba (Figure 1}. The Churchill area along
Hudson Bay is characterized by quartzite rock outcrops
rising up to 30 m above the shoreline, interspersed with
areas of low-lying tundra. Many of these rock bluffs have
hundreds of ponds in rocky depressions formed by glacial
scouring and freeze—tﬁaﬁ action of ice. The ponds support
a diverse assemblage of zooplankton species, of which D.
pulex is one of the most common.

This pond system has already been the subject of a
number of studies. Physical and chemical variation among
ponds has been documented (Billington et al., in prep.), as
well as zooplankton composition of the ponds (Hebert 1985,
Billington, unpubl.). Patterns of genetic diversity have
been analyzed in a number of taxa, including flatworms
(Hebert and Payne 1985), copepods (Boileau 1989), and
ostracods (Havel and Hebert 1989). Members of the genus
Daphnia have been particularly well studied. Good (1981)
examined biogeographic patterns among several daphniid

species in the area, and Hebert and Loaring (1980) studied
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Figure 1-1: Location of study area, showing relative
positions of bluffs A and C in relation to
Churchill, Manitoba (Ch) and the Churchill
Northern Study Centre (CNSC).
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the influence of copepod predation on daphniid
distributions. Populations of D. pulex itself have been
shown to reproduce by obligate parthenogenesis (Hebert and
McWalter 1983, Hebert 1987), and to be comprised of two
separate, diverse clonal assemblages - pigmented and
unpigmented. The two assemblages differ in ploidy level:
melanic or pigmented clones are tgtraploid, while
unpigmented clones are largely diploid (Beaton and Hebert
1988). Both clonal assemblages display high levels of
genetic diversity, as indicated by both allozyme and
mitochondrial DNA analyses (Stanton 1988). The plgmented
Cclones are protected from near-ultraviolet radiation (NUV)
by their melanic carapaces and occur in ponds with low
humic content, while unbigmented clones are restricted to
ponds with higher humic content because of their
vulnerability to NUV radiation (Hebert and Emexry 1990}.
Melanic D. pulex have been studied with respect to
microgeographic distribution patterns of clones {Weider and
Hebert 1987a), life history (Weider 1387), and ecological
and physiological differences among clones (Weider and
Hebert 1987b}.

Previous work (Hebert et al. unpubl.) showed that
populations of unpigmented D. pulex were also clonally
diverse in ponds on the Churchill rock bluffs, and that
clonal distributions and abundances varied greatly. My
research has involved a description of the nature and

stability of these clonal distribution patterns. 1In
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addition, experimental studies were conducted to ascertain
the selective forces responsible for the distribution
patterns. Specifically, Chapter 2 examines stability of
the clonal composition of D. pulex populations on rock
bluffs A and C by comparing the results of dnalyses carried
out in 1985 and 1989. The influence of habitat on clonal
distributions is also considered py examining correlations
between clonal distributions and environmental parameters.
Most ponds contained only a single clone, but some
contained up to five. Chapter 3 examines temporal shifts
in clonal abundance and reproductive status in multiclonal
ponds with a view towards gaining an understanding of the
factors important in the maintenance of diversity.

Chapters 4 and 5 examiné'the effects on clonal composition
of interclonal competition and predation, respectively,
using perturbation-type field experiments. Finally,
Chapter 6 provides a synthesis of the results, and a
summary of the factors involved in determining the
distribution and abundance patterns of clones in this model

system.
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CHAPTER 2

STRUCTURE AND STABILITY OF

ABUNDANCE AND DISTRIBUTION PATTERNS IN A CLONAL ASSEMBLAGE
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INTRODUCTION

Patterns of species abundance and diversity are of
intense interest among ecologists, as community structure
reflects interactions among component members and their
responses to selection pressures (Connell 1975).
Examination of community structure is therefore a necessary
first step in any study attempting to examine species
interactions within communities.

The optimal approach to the study of community
structure has been hotly debated over the last decade.
Natural experiments [as discussed by Connell (1975) and
Diamond (1975)] and observational studies of in situ
communities, while useful, are not sufficient to determine
the forces which underlie Community structure {(Connor and
Simberloff 1979, Diamond 1986). Null models based on
natural abundances of species (Connor and Simberloff 1979,
1984, Lawlor 1980) have been attempted, but have largely
failed due to their inability to simulate truly random
natural assemblages (Diamond and Gilpin 1982, Gilpin and
Diamond 1982, 1984, Case and Sidell 1983, Colwell and
Winkler 1984).

The forces most dominant in structuring specific
community types has also been argued extensively (see
Chapter 1), Southwood.(1977),has argued that habitat
parameters provide a framework which largely influences
community structure, such that species interactions occur

within this framework. This idea has been further

23



developed by other authors (e.g. Greenslade 1983, Holm
1988). Talling {1951) has suggested that random events
such as colonizationAare sufficiently important in some
communities to obscure the outcome of deterministic
processes such as competition and predation. Problems in
assessing the relative importance of various selective
factors also arise when different processes produce similar
outcomes (Holt and Kotler 1987).

The debate over forces involved in community structure
L;s been further complicated by the issue of ecosystenm
stability. Although numercus biotic and abiotic
forces/processes are acknowledged to operate in
communities, their structural effects are trivialized if
the resultant species patterns do not persist over
ecological time spans (Hutchinson 1961, Wiens.1984, Chesson
1986, Chesson and Case 1986). Any study attempting to
understand the internal structure of an ecosystem is
therefore incomplete without some knowledge of the long-
term stability of that system (Wiens et al. 1986).

One of the most commnon approaches to the investigation
of community structure has been to examine species
abundances within a community. Abundance patterns can
usually be described by simple mathematical models. Which
model is chosen depends on how the underlying assumptions
of each model correspond to natural processes operating
within the community. Abundance patterns of species in a

community may approximate logseries, lognormal, or "broken
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stick" curves. The resemblance of specles patterns to
these models often provides insight into the selective
forces operating in the community under study.

Aquatic systems are ideal for studies of community
structure (Kerfoot 1980, Wetzel 1982) as their boundaries
are sharply defined, in contrast to most terrestrial
communities. The simple communitlies in small ponds are
especially well-suited for ecological studies (Kerfoot
1980). Studies of ponds relating to MacArthur and Wilson's
(1967) theory of equilibrium island biogeography have
proved fruitful (Holland and Jain 1981, Good 1981}.
Ecological studies within a pond system are able to examine
ecological processes on-several scales. By studying a
number of discrete local habitats (ponds) in close
proximity, one can examine both local (within-pond) and
regional processes, as well as temporal shifts in these
patterns.

Environmental or abiotic characteristics of ponds are
known to have a major effect on species composition
(Langerspetz 1955, Hutchinson 1967). Likewise, studies
have shown the importapce of blotic influences such as
predation (Hrabacek 1962, Brooks and Dodson 1965, Kerfoot
and Sih 1986) and competition (Frank 1952, Neill 1975} in
determining what species are present in a pond. Hall et
al.'s (1970) classic experimental pond manipulations have
shown that all of these factors contribute to community

structure.
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The present study aims to provide data on stablility of
distributional‘patterns of members of an asexual clonal
complex at a low-arctic site. Prior studies of Baphnia
pulex populations at this locality have shown that the
species consists of two major morphological groups, melanic
and unpigmented, both of which are clonally diverse
(McWalter and Hebert 1983, Weider'and Hebert 1987a,b,
Hebert 1987). Unpigmented clones are restricted to ponds
with high humic content that provides protection from
ultraviolet radiation, while melanic clones are largely
restricted to clear-water ponds (Hebert and Emery 1990),
Previous work on the melanic assemblage has been fairly
detailed and has shown that clonal distributions are non-
random and are strongly related to pond salinity (Weider
and Hebert 1987a,b). The unpigmented clonal complex has
been much less studied, and is the subject of the current
investigation,

This chapter examines the structure and stability of
the unpigmented D. pulex complex by examining temporal and
spatial shifts in the distributions of individual clones
over a 5 year interval. This time interval represents a
significant span of ecological time, as D. pulex
populations pass through several generations each summer
and are re-initiated each spring from resting eggs in the
ponds. Similarities and differences between the two clonal
censuses should give a clear indication of community

stability within and between ponds, and hence an indication
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of the equilibrial or nonequllibrial state of the system.

A number of environmental variables have been shown to
affect Daphnia populations. Small rock pools of the type
found at Churchill may show extensive heterogeneity in
physicochemical variables (Ganning 1971, Billington et al.,
in prep.), which influence zooplankton distributions.

Ranta (1979, 1982), for example, found that coexisting
species of Daphnjia differed in preference for pond volume,
PH, and dissolved organic content. Ponds occupied by
melanic and unpigmented D. pulex clones in Churchill have
been shown to differ in absorbance, surface area, volume
and conductivity values (Hebert and Emery 1990). Weider
and Hebert (1987a) found that melanic Churchill D. pulex
clones showed different physiological tolerances for
salinity, and that clonal distributions corresponded with
clinal shifts in pond conductivity. Gradients in a number
of potentially important abiotic parameters measured by
members of the Hébert lab in 1985 which are described by
Billington et al. (in prep.} were therefore considered in
relatioh to clonal distribution patterns on bluffs A and C,.
Biotic factors such as predation may also influence
distributions (Kerfoot 1977, Zaret 1980): therefore, clonal
distributions were also compared with the occurrence of two

potentially important invertebrate predators,

Hesperodiaptomus arcticus and Mesostoma lingua.
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METHODS :

FIELD COLLECTIONS:

Surveys of ponds on rock bluffs A and C (shown in
Figure 1) for unpigmented Daphnia pulex clones were
conducted in mid-July of 1985 and late June of 1989. 1In
both surveys, ponds were sampled gsing a@ 200 Um-mesh hand
dip net. 1In ponds where unpigmented animals were detected,
a random sample of 24 individuals was collected and returned
to the CNSC lab for clonal identification. 1In 1585, all
animals were kept in a refrigerator at 8°C until
electrophoretic analysis was carried out later the same day.
The 1989 samples were‘frozen at -170°% upon return to the

lab in Taylor-Wharton 5 L dry shippers.
ELECTROPHORETIC IDENTIFiCATION:

Clonal genotypes were identified using 6 enzyme loci
known to be commonly polymorphic in D. pulex (Hebert et al.
1988). These loci include aldehyde oxidase (A0), amylase
(AMY-1), glutamate-oxaloacetate transaminase (GOTi, lactate
dehydrogenase (LDH), phosphoglucomutase (PGM), and
phosphoglucose isomerase (PGI). All electrophoresis was
carried out on cellulose acetate gels with standard methods
(Hebert and Beaton 1989).

An attempt was made to obtain clonal isolates, which
were returned to Windsor for electrophoretic analyses at

additional gene loci. Procedures largely followed those
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Flgure 2-1: Location of study sites near Churchill,

Manitoba, showing relative sizes and distance
between rock bluffs A and cC.

HUDSON BAY
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described by Hebert and Beaton {1989), although
modifications outlined in Richardson et al. (1986) were
used for several enzyme systems. Where possible, multiple
isolates of single clonal types were electrophoresed, in
order to determine if groups identified in the field as
"clones" were indeed distinct and specific genotypes, or
instead represented groups of gengtically similar subclones
which could not be distinguished with the 6 loci used for
field identification. The additional loci examined were:
acid phosphatase (ACP), two additional amylase loci (AMY-2,
AMY-3), arginine phosphokinase (APK), esterases (EST-1,
EST-2), fumarate hydratase (FUM), glucose-6-dehydrogenase
(G6PDH), glyceraldehy@e—3—phosphate dehydrogenase (G3PDH),
hexokinase (HEX), isocifrate dehydrogenase (IDH), leucyl-
alanine peptidase (PEP-1), malate dehydrogenases (MDH-1,
MDH~2), malic enzyme (ME), mannose phosphate isomerase
(MPI), phenylalanine proline peptidase (PEP-2), triose
phosphate isomerase (TPI}, and xanthine dehydrogenase
(XDH). The extent of genetic divergence among clones was
quantified using Nei's (1972) genetic identity and distance
estimates, using genotypes of individual clones as gene

frequency data at each locus.
COMMUNITY ANALYSES:

Presence-absence data of‘clonal occurrences in all
ponds were used to generate a Poisson distribution curve
for unpigmented D. pulex in the bluff ponds, which was then
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tested against the expected distribution using the chi-
sguare goodness of fit.statistics (Sokal and Rohlf 1981).
The frequencies of individual clones in each of 150
habitats were pooled to determine the relative importance
of each clone in both survey years, based on clonal
abundances and relative ranking. Patterns of pooled clonal
abundances were compared to lognoFmal and logseries
distributions, again using goodness of fit tests.

The extent of temporal change in clonal community
structure from 1985 to 1989 was tested in several ways.
Overall clonal abundances were used to calculate percentage
similarity coefficients (Pielou 1984} between the two years.
Clonal diversity values for single ponds were calculated
using the inverse of Siﬁpson's {1949) index (Parker 1979)
and Fisher's @ coefficient (Krebs 1989), whereupon mean
values for 1985 and 1989 ponds were compared. Finally,
changes in pooled clonal rank abundances between 1985 and
1989 were tested using Spearman's rank correlation (Ludwig
and Reynolds 1988).

Association coefficients among clones were tested
using pond co-occurrence frequencies from presence-absence
data. Multiple 2x2 contingency tables were tested for
independence using Pearson's chi-square statistic and
Flsher's exact probability estimate (Sokal and Rohlf 1981).
Since these tests do not indicate whether clonal
associations are positive or negative (Hubalek 1982), the

direction of association was determined by comparing the
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observed frequency of the present-present cell (a)} of the
contingency table with its expected value [E(a)l.
Contingency tables with a > E(a) were interpreted as having
a positive coefficlent of association between clones, while
those with a < E(a) were considered to have a negative
association coefficient.

Multivariate analyses were u§ed to study clonal
relationships with respect to environmental parameters
measured in 1985 (Billington et al., in prep.). Variation
in maximum depth, mean depth, surface area, volume, water
conductivity (as a measure of salinity), pH, light
absorbance of water at 350 nm, and ephemerality were
examined for all ponds on bluffs A and C. The raw data
matrix of these physicoéhemical variables was log-
transformed for all parameters except pH in order to
normalize distributions. The correlation matrix resulting
from within-pond correlations of the log-transformed
variables was then subjected to principal components
analysis (PCA). 1Individual pond scores were saved in order
to determine variation within this pond system in the
habitat space described by PCA axes with eigenvalues
exceeding unity.

The influence of abiotic parameters on clonal
diversity was examined using a number df different
technigues. The effect of individual variables on
diversity as reflected by clonal richness was explored by a

series of one-way analysis of variance (*NOVA) tests. The
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predictive ability of volume on within-pond diversity was
tested using a log-linear regression model of pond volume
against clonal richness and diversity. Effects of the
predators Hesperodiaptomus arcticus and Mesostoma lingua on
clone - volume relationships were also tested by linear
regression,

To evaluate if the unpigmentgd D. pulex assemblage was
restricted within the available habitat space, discriminant
analyses were carried out for each PCA factor to determine
the effects of associated environmental variables on
occurrence of unpigmented clones in the ponds, using the
1985 distributional data set.

Potential differences in habitat utilization among
clones were examined using presence-absence data of the
Clones within the ponds., Overlap of clonal types was
plotted using PCA scores for ponds and presence-absence
data of clones from the 1985 survey. A series of one-way
ANOVA's utilizing Tukey's HSD test (Sokal and Rohlf 1981}
tested differences in environmental parameters of ponds
inhabited by medium- and high-abundance clones for
significance. Mean values of abiotic parameters for clone-
specific pond sets were compared among the clones for all
variables with significant differences using the
probability matrices produced by the Tukey test. All
statistical tests were carried out using the SYSTAT
statistical package (Wilkinson 1989) on an IDM-PC

compatible computer.
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RESULTS

Clonal diversity

Unpigmented clones occurred in 150 ponds on the twn
bluffs in 1985, and were found in 140 of these in 1989.
Thirty five clones were detected in 1985, Sixteen of these
clones were observed in ponds on pluff A, and 23 on bluff
C; only 4 clones were shared by both bluffs. The 1989
survey resulted in the recognition of 1 new clone on bluff
A. Phenotypes of these clones at the six polymorphic loci
surveyed are given in Table 1, as well as ploidy levels for
those clones which were determined by Beaton and Hebert
(1388). Clones were numbered sequentially in order of
detection. |

Analyses of clonal isolates for 19 additional allozyme
loci (listed in Appendix 1) revealed several more ﬁﬁ?‘
polymorphic loci. Specifically, ACP, APK, AMY-2, AMY-3,
FUM, MPI, and TPI were variable. The remaining loci (EST-
1, BEST-2, G3PDH, HEX, IDH, ME, MDH-1, MDH-2, PEP-1, PEP-2,
and XDH) were invariant among clones. Analysis of multiple
isolates of the more common clones (1, 7, 13, 14, 15, 1e,
and 17) for these polymorphic loci did not result in their
subdivision. Multiple within-pond isolates for these
clones as well as for several other clones {9, 21, 25, and

27) also failed to reveal any new clones.
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Table 2-1: Multilocus phenotypes for unpigmented paphnia
pulex clones on Churchill rock bluffs A and C.
Loci where null activity occurs are indicated
by --. Ploidy levels were inferred from
heterozyqgote phenotypes, and confirmed (c} for
17 clones by scanning microdensitometry (Beaton
and Hebert 1988). Numbers indicate relative
mobilities of enzyme bands, with higher numbers
representing proteins with more rapid ancdal
migration.

Clone PGM PGI LDH GQT A0 AMY-1 Ploidvy

1 22 14 11 23 22 22 2N ¢
2 22 44 11 23 11 44 2N ¢
3 22 44 13 23 11 13 2N ¢
4 22 14 11 22 33 23 2N c
5 22 14 11 23 22 -- 2N c
6 22 14 11 24 22 22 2N ¢
7 22 44 11 23 22 23 2N ¢
8 22 14 11 23 22 12 2N
9 22 44 13 23 23 44 2N
10 22 11 11 23 33 23 2N
11 02 44 11 22 22 23 2N
12 22 04 = 11 23 22 22 2N
13 22 44 11 22 11 44 4N c
14 01 14 13 22 22 23 2N c
15 12 45 13 22 22 13 4N c
16 22 44 13 23 22 33 2N c
17 02 44 11 23 22 33 2N ¢
18 12 14 13 22 22 23 2N
13 22 44 13 23 22 22 2N
20 22 44 11 23 11 22 2N
21 22 14 13 33 22 22 2N ¢
22 12 45 13 22 22 22 2N ¢
23 22 44 13 23 22 23 2N
24 22 44 13 23 23 12 2N
25 22 44 11 23 22 22 2N ¢
26 22 44 11 02 11 44 2N
27 22 44 11 22 11 14 2N
28 12 44 11 23 22 23 2N
29 23 44 13 22 33 13 2N
30 22 44 11 23 22 44 2N
31 22 44 13 23 22 13 2N
32 22 14 11 22 33 22 2N ¢
33 22 11 13 23 33 23 4N c
34 22 14 13 33 33 22 2N
35 22 14 11 23 22 23 2N
36 22 44 13 23 22 34 2N
# alleles: 4 4 2 4 3 4 (+ null)
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Extent and factors influencing within-habitat diversity

The number of unpligmented clones per pond ranged from
0 to 5 and averaged 1.7 in both yYears for those ponds
containing Daphnia (Figqure 2). Patterns of clonal richness
in ponds differed significantly from Poisson distributions
in both years [X°(1985)=9.79, df=4, p<0.05;
x2(1989)=13.89, df=4, p<0.05]. AS well, the majority of
"zero class" ponds included in the analysis were unsuitable
habitats for unpigmented clones, and were occupied by
melanic D. pulex.

Within-pond clonal diversity of inhabited ponds,
calculated as the inverse of Simpson's (1949) index {C), was
normally distributed émbng ponds in both years, averaging
1.26 + 0.39 (SE) in 1985 and 1.29 + 0.43 for 1989.

Fisher's a« was more sensitive to the number of clones
bresent in each year, and produced values of 5.45 in 1985
versys 3.85 in 1989, with respective variances of 0.85 and
0.57. One-way ANOVA's testing the influence of the
selected physicochemical variables from Billington et al.
(in prep.} detected significant effects of surface area,
pond volume and pH on clonal richness, but falled to detect
any other significant effects on either clonal richness or
diversity (Table 2). Log-linear regressions of pond volume
against clonal richness (number of clones in a pond) and
clonal diversity (Figure 3a,b) found that pond volume had
no significant predictive ability on either measure

[rz(richness)=0.036; rz(diversity)=0.016], suggesting co-
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Figure 2-2: Bar graphs showing numbers of unpigmented
clones detected in single ponds in 1985 and

1989.
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Table 2-2:

Results of one-way ANOVA's of environmental
variables on clonal richness and diversity
values of ponds.

a}) richness

variable
max. reqgression
depth residual
mean regression
depth residual
surface regression
area residual
volume regression
residual
absorb. regression
residual
pH regression
residual
conduct. regression
residual
ephemn. regression
residual
* p < 0.05
** p < 0.01

SS

1.73
108.06

1.64
108.15

5.18
104,61

5.05
104.74

2.80
107.00

3.03
106.77

2.10
107.70

1.53
167.159
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Table 2~2 (continued)

b) diversity

variable SS MS F
max. regression 0.55 0.55 2.926
depth residual 27.60 0.19
mean regression 0.52 0.52 2.798
depth residual 27.62 G.19
sur face regression 0.33 0.33 1.753
area residual 27.82 0.19
volume regression 0.46 0.456 2.460
residual 27.68 0.19
absorb. regression 0.54 0.54 2.874
residual 27.61 0.19
pH regression 0.21 0.21 1.101
residual 27.94 0.19
conduct. regression - 0.07 0.07 0.362
residual 28.08 0.19
ephem, regression 0.06 6.06 0.305
residual 27.92 0.1%
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occurrences of clones were not significantly influenced by
pond volume. The presence of the predators

Hesperodiaptomus arcticus or Mesostoma lingua [data from
Boileau (1989) and Billington (in prep.)] also failed to

account for either clonal richness or diversity (Table 3).
Clonal abundance patterns

Abundances of the clones were highly variable in the
1985 survey, with specific clonal abundances ranging from 1
to 971 individuals (Table 4). Clones 1, 13, and 14
dominated the assemblage in both abundance {76.2% of
animals) and number of ponds occupied. 8Several other
clones (2, 7, 11, 15, 16, 17, 19 and 29) occurred in fairly
high proportions, but most were rare. Rare clones
displayed several patterns of distribution and abundance.
Type I clones (3,10,11,20 and 33) occurred in low numbers
in several ponds, while types II and III were observed in
single ponds. The latter two groups were separated on the
basis of their abundance; Type II clones dominated the
ponds in which they occurred, while Type III clones were
represented by only a few animals {Figure 4). Six rare
clones (21, 22, 23, 24, 27 and 31) were common in single
ponds and were designated as Type II. The 13 remaining
clones, designated Type III, were limited in both
distribution and local abundance (4, 5, 6, 8, 12, 18, 28,
29, 30, 32, 34, 35 and 36). It is interesting that 9 of

the 13 clones in this latter group were found on bluff A,
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Table 2-3: Linear regressions of clonal richness and
diversity values of ponds. a) all ponds
included in the regression; b) ponds with H.
arcticus present; c) ponds with M. lingua; d4)
predator-free ponds.

a) All ponds (n=150}

richness: Y 1.63 + 0.09 X r2=0.036

diversity: Y

1.26 + 0.03 X~ r”=0.016

b) H. arcticus present (n=58)

richness: Y

1.80 + 0.07 X r"=0.013

diversity: Y 1.35 + 0.01 X r"=0.001

c) M. lingua present (n=18)
2

richness;: Y = 1.41 + 0.16 X r"=0,065
diversity: Y = 1.36 - 0.04 X r2=0.020
d) predator-free ponds (n=84)

richness: Y = 1.58 + 0.09 X r2-0.029
diversity: Y = 1.23 + 0.03 X r%=0.009
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Table 2-4: List of Churchill unpigmented clones, showing
1985 site locations, number of individuals per
clone, proportional frequency, number of ponds
occupied, and mean frequency within home ponds

(+/- 1 8.E.}.

Cione Site N P No. ponds ¥ within ponds
1 AC B30 0.2493 49 0.77 (0.32)
2 AC 55 0.0165 9 0.24 (0.20)
3 A 4 0.0012 2 0.08 (0.06)
4 A 1 0.0003 1 0.04
5 A 1 0.0003 1 0.04
6 A 1 0.0003 1 0.04
7 A C 69 0.0207 7 0.41 (0.33)
8 A 1 0.0003 1 0.04
9 A 63 0.0189 4 0.66

10 A 13 0.0039 2 ¢.27 (0.09)
11 AC 4 0.0012 3 0.06 (0.02)
12 A i 0.0003 1 0.04
13 C 738 0.2217 49 0.66 (0.40)
14 c 971 0.2918 60 0.67 (0.37)
15 c 110 0.0330 13 0.35 (0.30)
16 C 87 0.0261 10 0.36 (0.34)
17 Cc iB2 - 0.0547 16 0.57 (0.42)
18 c 2 0.0006 1 0.08
19 c 60 0.0180 8 0.31 (0.36)
20 c 4 0.0012 2 0.08
21 C 21 0.0063 1 0.88
22 C 7 0.0021 1 0.29
23 c 7 0.0021 1 0.29
24 c 22 0.0066 1 0.92
25 C 21 0.0063 4 0.27 (0.22)
26 C 27 0.0081 3 0.38 (0.47)
27 c 13 0.0039 1 0.54
28 C 1 0.0003 1 0.04
29 c 3 0.0009 1 0.13
30 A 1 0.0003 1 0.04
31 c 1z 0.0036 1 0.50
32 A 1 0.0003 1 0.04
33 A 8 0.0024 2 0.17 (0.18)
34 C 2 0.0006 1 0.08
35 A 1 0.0003 1 0.04
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Flgure 2-4: Plot showing abundances of clones restricted
: to single ponds.
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The 1989 pond survey revealed little change from the
patterns observed in 1985 {Appendix 3b, Table 5). Clones 1,
13, and 14 maintained their dominance, making up 75.9% of
all animals. The greatest shifts in distribution and
abundance -occurred among clones of low to intermediate
abundance, and were likely due to sampling error. Overall
abundances of the unpigmented clopes are summarized in
Figure 5. Log-transformed clonal abundance curves from 1985
and 1989 data did not conform to lognormal distributions
(Preston 1948), but closely resembled logseries

distributions.
Clonal distribution patterns

Clone 1 dominated éonds on bluff A, being present in
38 of 39 ponds in 1985, and 35 of 36 ponds in 1989 (Figure
6). By contrast, clone 1 was found only on the seaward
front of bluff C (Figure 7). Most of the ponds in the
interior of bluff C were dominated by clones 13 and 14 in
both 1985 and 1989 (Fiqure 7).

Distribution and abundance patterns varied greatly
among the uncommon clones on both bluffs (Figure 8, Figure
9). Rare clones on bluff A were largely restricted to
single ponds, whereas 6 of the 19 non-dominant clones on
bluff C (15, 16, 17, 19, 25 and 28) were observed in

several ponds.
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Table 2-5: List of Churchill unpigmented clones, showing
1989 site location, number of individuals per
clone, proportional frequency, number of ponds
occupied, and mean occurrence within home ponds
(+/- 1 S.E.}. Blanks indicate clones which
were not detected in the 1989 survey.

Clone Site N P No. ponds X within ponds
1 a2 C 823 0.2485 46 0.771 (0.32)
2 A 18 0.0054 5 0.15 (0.12)
3 A 14 0.0042 1 0.58
4 Cee e .

5 A 1 0.0003 1 0.04

6 A 2 0.0006 1 0.08

7 AC 55 0.0166 5 0.46 {0.34)

8 . . e s .

9 A 65 0.0196 3 0.90 (0.13)
10 A 6 0.0018 1 0.25
11 c 8 0.0024 3 0.11 (0.05)
12 e . e .
13 c 692 0.2089 47 0.61 (0.41)
14 C 1000 0.3019 61 0.69 (0.36)
15 C 94 0.0284 15 0.27 (0.33)
16 C 130 - 0.0393 13 0.42 (0.37)
17 C 218 0.0658 14 0.65 (0.3M7)
18 C 1 0.0003 1 0.04
19 C 54 0.0263 4 0.56 (0.38)
20 . . s .
21 c 20 0.0060 1 0.83
22 (o4 1 0.0003 1 0.04
23 (™ 8 0.0024 3 0.11 (0.05)
24 C 20 0.0060 1 0.83
25 c 36 0.0109 3 0.50 (0.08)
26 cC 27 0.0082 3 0.38 (0.54)
27 C 2 0.0006 1 0.08
28 C 12 0.0036 5 0.10 (0.07)
29 .. . cier e .
30 e .
31 . e .
32 . e

33 .en . e e .

34 .o e e .

35 c 4 0.0012 1 0.17

36 A 1 0.0003 1 0.04
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Log-transformed clonal abundances in 1985 and

Flgure 2-5:
1989.
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Figure 2-6: Distributions of unplgmented D. pulex clone 1
in ponds on rock bluff A in 1985 and 1989.
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Flgure 2-7: Distribution of common unpigmented D. pulex

clones (1, 13 and 14) on bluff C in 1985 and
1989.
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Figure 2-8: Distributions of non-dominant unplgmented D.

pulex clones in ponds on rock bluff A in 1985
and 1989.
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Flgure 2-9: Dlstributions of non-dominant unplgmented p.

pulex clones in ponds on bluff C in 1985 ang
1389,
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Patterns of clonal associatlon

Significant palirwise clonal associations, based on 2x2
contingency tables using presence-absence data from Appendix
3, are presented in Table 6. Most associations were
negative, suggesting that clones showed competitive
exclusion or were limited to distinct habitats. Clones 1
and 2, and clones 14 and 15, showed the only positive
associations in both bluff surveys. All clonal pairs not
listed in Table € were not significantly associated, which
was likely in part due to the limited numbers of ponds
occupied by most clones.

The six most common clones in the assemblage (1, 13,
14, 15, 16 and 17} showed clear evidence of non-random
distributional patterns. Thus, in 1%85 clone 1 never co-
occurred with clones 13, 14, 15, or 16 (Appendix 3a), and
only rarely with clone 17. The remaining clones (13 to 17)
co-occurred in 2- and 3- clone combinations, although clone
17 was a rare member. In 13989, clone 1 was found with
clone 13 in one pond, with highly unegqual numbers (pond
C76, Appendix 3b). Again, clones 1 and 17 co-occurred, as
did clones 13, 14, 15 and 16. If coexisting clones are
ecologically independent, frequencies of clones in ponds
where they co-occur should approximate a normal
distribution, according to the central limit theorem, yet
this was true only for clones 14 and 15 {(Appendix 3).
Clones 13 and 14 have been shown to have bimodal co-

occurrence frequencies (Wilson and Hebert 1990), indicating
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Table 2-6:

Clones

1,13
1,14
1,15
1,16
13,14
13,17
14,15
14,17
15,16

Significant pairwise clonal associations ameong
the six most abundant clones detected from 1985

and 1989 presence/absence data.

Pearson chi-

square values for 2x2 contingency tables for
each clonal pair are given, as well as Fisher's
exact probability for independent clonal

association.
1985
x° P

32.69 0.000
45,40 0.000
6.83 0.009
2.46 0.085
2.59 0.108
8,60 0.003
16.42 "0.000
5.54 0.019
6.23 0.013
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that these clones are not independent. Co-occurrence
distributions of the remaining clonal pairs could not be
tested due to the limited sample sizes.

Occurrences in ponds containing the predatory species

Hesperodiaptomus arcticus and Mesostoma lingua differed

among the six most common clones (Table 7). Clone 1 never
co-occurred with H. arcticus, whi}e clones 14 and 15 showed
positive associations with the predator. With the
exception of clone 16, none of the clones showed any
significant correlation with M. lingua. This clone,
however, was able to coexist with the predator in the

majority of ponds which the clone occcupied.
Patterns in community stability

The strong similarity in clonal composition between
the 1985 and 1989 assemblages (Figures 6 - 9) is supported
by statistical analyses. Abundances of specific clones in
the 1985 and 1989 surveys (Figure 10) were strongly
correlated (r2=0.99). Pielou's (1984) coefficient of
community similarity, calculated by summing the lower
occurrence'frequencies of each clone between 1985 and 1989
(Tables 4 and 5), showed 95.4% similarity between the 1985
and 1989 communities. Speérman's rank correlation (Sokal
and Rohlf 1981) on clonal abundances listed in Tables 4 and
5 tested for changes in clonal ranking from the two years,

and determined that relative clonal abundances between the

two years were highly correlated (Rg=0.90, df=36, p<0.001).
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Table 2-7:

Associations of the six most abundant
unpigmented clones with the predators

Hesperodiaptomus arcticus and Mesostoma
in the bluff ponds. N(y.

N(M.linqua) = 18

arcticus) = 92;

lingua

H. arcticus M. lingqua

Clone present absent G present absent G

1 0 49 33.72°** 7 42 1.14
13 18 30 2.31 3 45 4.71
14 45 15 59.38 " 7 53 1.03
15 10 3 8.84 2 11 0.33
16 3 7 4.45 8 2 28.16" "
17 12 4 1,71 . 3 13 0.91
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Figure 2-10: Linear regression of clonal abundances in 1989
(Y) as predicted from 1985 values (X). 1989
abundances were described by the equation:

¥ =1.003 X; r2 = 0.99
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Factors responsible for stabllity of clonal distributions

The temporal stability but spatial differentiation of
clonal distributions could be explained if each clone was
adapted to a narrow range of environmental conditions, and
habitat characteristics varied microspatially, but showed
limited temporal heterogeneity. Prior studies have
revealed conspicuous variation among the Churchill ponds in
PH, salinity, volume and ephemerality (Billington et al.,
in prep.).
| Principal component analysis (PCA) was used to examine
correlations among measured habitat variables and levels of
variation in the pond system, allowing the characteristics
of the multidimensional habitat "hypervolume" to be
collapsed onto a small number of relevant axes. Separate
PCA's of environmental variables from ponds on bluff A and
bluff C each produced three significant axes of variation
{(eigenvalues > 1), showing similar axial correlation
coefficients on each bluff (Table 8). Data from both
bluffs were therefore pooled to give an overall picture of
variation in the selected physical and chemical parameters
among the ponds. PCA axis 1 explained 40.8% of overall
variation among the ponds, and was associated with
measurements of pond size (volume, depth, and surface
area). PCA axis 2 explained 23.7% of variation and was
associated with PH and conductivity. Pond absorbance
(dissolved organic carbon) and ephemerality showed

correlations with PCA axis 3, which explained 16.5% of
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Table 2-8: <Correlation of 1985 ablotic
variables/parameters with axes of varlation
generated by principal component analysis
[PCA]. (A) Results from PCA using Bluff A pond
data set only; (B) PCA results from data set of
Bluff C ponds only; (C) PCA of pooled data set
from all ponds on Bluffs A and C.

Bluff A:

variable Factor 1 Factor 2 Factor 3
volume (m) 0.957 ~-0.065 0.033
mean depth {m) 0.888 -0.154 0.135
max. depth (m) 2 0.878 -0.111 0.128
surface area (m”) 0.862 -0.019 -0.061
conductivity -0.123 0.894 0.042
pH -0.122 0.784 0.227
absorbance 0.007 0.7217 -0.523
ephemerality 0.130 0,122 0.915
% variance 40.819 24,963 15.026
Bluff C:

variable Factoxr 1 Factor 2 Factor 3
volume (m>) 0.938 -0.119 0.150
mean depth (m) 0.922 0.011 -0.121
max. depth (m) 2 0.911 -0.070 -0.106
surface area (m“) 0.829 -0.137 0.232
pH -0.061 0.937 -0.032
conductivity -0.005 0.897 0.052
absorbance 0.208 -0.583 0.346
ephemerality 0.001 0.062 ~-0.929
% variance 41.171 25.813 13.603
Bluffs A and C:

variable Factor 1 Factor 2 Factor 3
volume (m>) 0.945 0.068 -0.139
mean depth (m) 0.917 0.019 0.151
max. depth (m) 2 0.896 0.128 0.133
surface area (m”) 0.835 0.039 -0.252
pH -0.084 -0.954 0.029
conductivity -0.062 : -0.920 -0.097
absorbance 0.101 0.173 -0.8186
ephemerality 0.065 0,296 0.723
% variance 40.753 23.708 16.536
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variation within the pond set. Despite the similar pca
Scores obtained in the separate analyses of bluffs A and c,
results from the pooled data set showed a definite
clustering of ponds from each bluff (Figure 11). This
separation reflected the higher salinity and pH of bluff A
ponds in comparison with those on bluff C.

Despite the extent of physicpchemical variation among
the ponds, D. pulex populations appeared to occupy ponds
throughout the described habitat space. Discriminant
analysis on PCA scores for presence or absence of D. pulex
in the ponds, however, revealed that all three PCA axes had
significant effects on presence or absence of Daphnia
(factor 1: F1’253=20.421, p<0.001; factor 2: Fl,253=19'459'
p<0.001; factor 3: F1,253%5.361, p=0.021). This indicates
that all three axes should have some impact on clonal
distributions in this habitat hypervolume,

Figure 12 shows occupancy of the six most common
clones in the habitat space described by PCA axes 1 and 2,
which jolntly account for 64.5% of the variation in the
environmental parameters. Clonal overlap is likely greater
than shown, as the plotted ellipses encompass only the 50%
Gaussian confidence areas for pond occupancy by each clone.
Among the three dominant clones,.@abitats 0f clone 1 showed
clear differences from those inhabited by clones 13 and 14.
By contrast, the abiotic habifat spaces of the latter ;wo
Clones were extremely similar. The three next most

abundant clones (15, 16, and 17) also exhibited some
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Figure 2-~11: Vector co-ordinates of bluff A and C ponds in
: the habitat space described by axes of
variation determined by principal component

analysis.
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Figure 2-12:

PCA Axis |

PCA Axls |

Distribution and overlap in habitat
utilization of unpigmented D. pulex clones in
environmental space described by PCA axes 1
and 2, using 1985 clonal distributions. (a)
clones 1, 13 and 14; (b) shows habitat spaces
occupied by clones 15, 16 and 17.

PCA Axis Il
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habltat overlap, although each clone was assoclated with a
different habitat type {(Figqure 13b) with clone 17 showing
the greatest similarity with clone 1's habitat preferences.

One-way ANOVA's using Tukey's HSD test of each abiotic
variable used in the PCA showed that mean values of clone
utilization of all habitat parameters except absorbance
differed significantly (Table 9).~ Clones 14, 15 and 16
inhabited deeper, larger ponds than the other clones (Table
10}). Pond pH exhibited the greatest variation among clonal
habitats: clones 1, 16 and 17 inhabited alkaline ponds,
while clones 13 and 14 dominated the most acidic ponds,
with clone 15 intermediate between the two groups. Clones
1l and 17 showed a preference for saline habitats, while the
other clones were found.in ponds with conductivities less
than 500 uS/cm. Differences in pond ephemerality among
Clones reflected the propensity of coastal ponds inhabited
by clones 1 and 17 to dry out more guickly than those in
the central portions of the bluffs. Absorbances of ponds
inhabited by the different clones did not differ
significantly. Although less numerous clones could not be
tested, these results suggest that physicochemical

variables strongly influence clonal distributions.
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Table 2-9: Results of one-way analyses of variance for
differences in habitat characteristics among
ponds inhabited by the six most common clones
in 1985,

Environmental variable ) P

max. pond depth (m) §.09 < 0.001

mean pond depth (m) _ 8.74 < 0.001

pond volune (m3) 3.24 < 6.001

surface area (mz) 4,32 < 0.001

absorbance 1.72 0.096

pPH 81.79 < 0.0001
conductivity (usS/cm) 9.04 < 6.001

ephemerality (weeks) 5.68 < 0.001
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Table 2-10: Results of Tukey's HSD test for differences
among 1985 clonal means for habltat characters.
Superscript letters show similarity of clonal
means for the Iindicated parameter.
groups differ at the alpha=0.05 significance

Clone

13
14
15
16
17

level.

max. mean surface

depth depth area

0.392  0.23° 16.75°

0.36 0.24° 14.59
0.52° o.34%  27.63¢
0.6 o0.47d 49,278
0.612 0.3 94,338

0,352 9.22° 18.68°
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pond pH conduct.

volume (nS/cm)

h y292.59

k

4.399 3§.54

1.599 6.1 956
h

e

k

13.58" 6.34° 100.2

24.19h 6.72i 111.2k

h i k

29.247 7.60° 218.3

s5.089 17.861 282.57

Separate

ephem.
(weeks)
10.25"
12.33"
12.58"
12. 46"
12.20"
11.75



DISCUSSION
Clonal diversity

The present study revealed 36 different unpigmented D.
pulex clones in the 150 ponds surveyed on the two bluffs.
This number greatly exceeded the clonal richness cf melanic
D. pulex in the area: Weider and Hebert (1987a,b} found
only 16 melanic clones in their survey of 147 ponds from 12
different bluffs and 6 tundra habitats. This difference
may be more apparent than real, as the present study failed
to detect within-clone electrophoretic variation at
additional loci, while Weider and Hebert (1987a,b) detected
subclonal groups within melanic "clones" identified in
their survey. Most of fhe clonal diversity in D. pulex is
thought to owe its origin to the polyphyletic loss of sex

(Innes et al., 1989).
Extent and factors fnfluencing within-habitat diversity

The lack of correlation between clonal richness or
diversity and pond volume (Figure 3) contrasted with
results obtained in studies of freshwater ecosystems at the
specles level. Fryer (1985) noted a positive relationship
between lake volume and number of chydorid species, as did
Holland and Jain (1981) for macrophytes. Good (1981)
similarly found that the voiume of rock and tundra ponds at
Churchill accurately predicted the number of zooplankton

species present. This suggests that selective inter- and

65



intraspeclific interactions among the resident zooplankton
may be qualitatively different, or differ in order of
magnitude.

Clonal diversity might be expected to vary with
environmental stress, with "soft" habitats supporting more
diverse assemblages than rigorous environments {(Connell and
Orias 1964}, The lower mean valugs of clonal richness and
diversity in bluff A ponds listed in Appendix 4 may
therefore be due to the higher pH and salinity of these
ponds as compared with ponds on bluff C. The inability of
habitat descriptors to predict clonal richness or diversity
in the ponds, however, suggests that other selective

processes also influence pond diversity values.
Cleonal abundances

Clonal abundances in both years did not conform to a
log-normal distribution (Preston 1949), as might have been
expected, but rather fitted logseries abundance curves.
This has some interesting implications, as the assumptions
made for these two models are quite different (May 1975).
The logseries model assumes that species essentially
parcel off portions of a resource gradient, suggesting that
one structural factor (usually inferred to he competition)
is primarily responsible for the ob;erved community
structure. The canonical lognormaimdistribution of Preston
(1949}, in contrast, assumes that species abundances are

the result of interactive effects of multiple independent
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pbrocesses operating in the community. Species are thus
assumed to be functionally independent.

May (1975) has argued that the lognormal distribution
is primarily a mathematical artifact of generalized
community patterns and has no biological meaning. Sugihara
(1980) has shown, however, that the lognormal distribution
ls widespread in natural communit;es and reflects
structural processes. He was also. able to show that
deviations froﬁ the lognormal curve should occur if species
have strong interaction coefficients (i.e. influence each
others' abundances).

The Churchill clones exhibited highly unequal
abundances with clones 1, 13 and 14 dominating the clonal
assemblage. Polarized ébundance patterns of this type,
comprised of several superabundant Clones, few if any
clones of intermediate abundance, and many rare members
geem Lo be common in clonal organisms (Lyman and Ellstrand
1984, Jaenike et al. 1980, Hebert and Crease 1983, Sebens
and Thorne 1985, Weider and Hebert 1987b}, although no
studies have yet examined this phenomenon. This abundance
pattern is hardly surprising if one considers the concept
of limiting similarity in conjunction with the extreme
similarity in life history and resource utilization among
conspecific clones (Parker 1979, Hebert 1977). Adaptations
of clones to different selection scenarios should produce a
small number of "best-adapted” clones to a given habitat

type or niche strategy, with similar but less successful
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clones occurring at much lower frequencles. This
possibility is further supported by the logseries abundance
patterns of the Churchill clones.

The clonal genotypes observed in Churchill appear to
represent distinct ecotypes with markedly different
ecological preferences, although some overlap existed.
Ecological differences among geno?ypes 0f asexual organisms
have also been documented in a number of other systems
(Hebert 1974, Hebert and Ward 1976, Vrijenhoek 1978, Parker
1879, Loaring and Hebert 1981, Hebert and Crease 1983, Pace
et al. 1984, Weider 1985, Tucic et al. 1986, Welder and

Hebert 1987a}.
Clonal distributions

The superabundance of a small number of clones has
been explained by their having "general purpose genotypes"
(Lynch 1983, Jaenike and Selander 1986). The dominant
Churchill clones, however, did not exhibit generallized
ecological strategies. Rather, the success of these clones
was due to each being well-adapted for a common habitat
'type, similar to the results observed by Harshman and
Futuyma (1985) in geometrid moths. Clone 1 dominated ponds
with high conductivity (Weider 1987), and was excluslively
found in high-salinity habitats on both bluffs. Clones 13
and 14 were found in ponds with low conductivity and
similar physicochemistry, but differed in sensitivity to

predation (Wilson and Hebert 1990). The dominance of low-
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salinity ponds by clone 13 in the absence of predators
indicates that this clone is a highly successful competitor
{Wilson and Hebert 1990).

The general purpose genoctype hypothesis also fails to
account for the existence of ecological analogues among
clones with lower abundances. Clones 2, 7 and 17 occupied
habitats similar to those utilizeq by clone 1, and indeed
clones 1 and 17 showed negative frequency-dependent
distributions with respect to each other in bluff C ponds.
Similarly, clones 9, 15 and 16 appeared analogous to clone
14, and were found only in ponds with D. arcticus. Thus,
clonal distributions are better explained by adaptations to
specific habitat type; than by Lynch's (1984) general
purpose genotype hypothésis.

Consideration of only the common clones may give a
misleading picture of the nature of clonal adaptations, as
the majority of clones were uncommon. Although statistical
tests of habitat specificity/utilization of rare clones
were not possible, to ignore these clones would neglect a
major point of interest presented by this pond system.
Rabinowitz (1980) described several patterns of rarity in
plant species which encompass the types of rarity seen in
the Churchill clones. Rare clones were assigned to one of
three groups: (I) clones which occurred in several ponds,
in low numbers; (II) clones largely restricted to single
ponds, which they dominated; (III) clones represented by a

few individuals in single ponds.
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These patterns of clonal rarity may be due to a number
of factors, such as limited dispersal, chance, or
adaptation to specific but locallv abundant resource types
or niche spaces. Type II clones, (restricted distributlions
but locally abundant) are likely specialized clones which
require rare or unique habitat conditions (Holm 1985).

This argument has also been presented by Kolasa (198%), who
pointed out that extreme specialization may not be adaptive
and will likely cause rarity or extinction as a given
nabitat or resource type becomes scarce.

Type III clones may be recent mutational derivatives
of other, sympatric clones. This hypothesis can be readily
tested with genetic data. Although allozyme phenotypes for
8 of the 11 Type III clones did not show extreme similarity
to co-occurring clones, Stanton (1988) has shown that 4 of
6 Type III clones examined had mitochondrial DNA types
identical to those of sympatric clones.

The limited sample size used in both survey years
restricts the resolution of determining clonal pond
composition to detection of genotypes with occurrence
frequéncies of 0.10 or greater at the alpha=0.05%
significance level (Gregorius 1980). The absence of many
Type III clones in 1989 may be largely attributed to
sampling effects.

Environmental gradients strongly affect clonal
digtributions in the bluff ponds. Ranta {1979} found that

ranges of three coexisting-species of Daphnia differed
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along gradients of salinity, pH, and dissolved organic
content in ponds on islands in the Finnish archipelage. In
Churchill, Emery (1984) has shown that habitats supporting
melanic and unpigmented clones may be distinguished by the
absorbance values of the pond water, as determined by
amounts of dissolved humic compounds. Weider and Hebert
(1987a,b) also found melanic clones to have clinal

distributions with respect to pond salinity.

Clonal assoclations

The relevance of clonal association coefficients in
examining community structure is difficult to assess, as
these statistical tests do not indicate the factors
responsible for such associations. The positive
association of two of the abundant clones (13 and 14) is
misleading, as frequencies of the two clones exhibited
bimodal distributions in ponds where both clones were
detected (Wilson and Hebert 1990). Hastings (1986) has
also shown that analysis of Presence-absence data often
fails to detect competitive interactions of species. This

underscores the need for direct experimental tests ig situ

(Connor and Simberloff 1979). Weider (1987), however, has
shown that unpigmented clones 1 and 17 are positively
assoclated with saline habitats. Differences in mean
values of clonal habitat characteristics (Table 8, Figure
13) suggest that adaptations of clones to differing
habitats largely explains the majority of negative clonal
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associations, although not all. Obviously, manipulative
field experiments are required to fully address this issue,
and will be described in chapters 4 and 5. Furthermore, it
must be noted that the habitat characters considered in the
principal component analysis may not represent limiting
factors for the clones, nor may they accurately represent

niche relationships among clones.’
Patterns ln community stablility

The strong similarity between the two bluff surveys
indicate that the clonal community in the ponds is
extremely stable in both distribution and abundance
patterns. This amount of structure might be expected if
clonal distributions were rigidly controlled by a habitat
"templet" (Southwood 1977) imposed by abiotic parameters.
Abiotic parameters alone, however, cannct be the sole
structural factors operating in this system, as the clones
would be unlikely to exhibit such extensive overlap in
habitat utilization. Ranta (1979) found that 3 regionally
coexisting Daphnia species rarely co-occurred despite
considerable overlap in habitat resources. Hanski and
Ranta (1982) constructed a model to explain species
composition in the ponds, and fqund competition to be the
most likely process in generating the observed patterns.

Pajunen (1986) suggested that species composition of
Daphnia populations in Finnish rock pools varied annually,

with a small set of ponds with temporally stable species
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composition acting as dispersal sources for populations
found in other ponds, most of which showed little temporal
stability. This was not observed in the Churchill ponds:
1985 maps of clonal distributions were accurate in
predicting locations of Specific clones in 1989,

The extreme similarity of clonal distribution and
abundance patterns in 1985 and 1989 despite numerous
opportunities for ephippial dispersal (Ranta 1979, Pajunen
1986, Weider 1989) indicate that clonal distributions in
this community are at or near equilibrium. The presence of
unpigmented D. pulex clones in virtually all suitable ponds
further suggests that individual clones have likely had the
opportunity to colonize most habitats. The low levels of
gene flow noted among neighbouring Daphnia populations
observed by other workers (Hebert 1974a, 1987, Hebert and
Moran 1980, Korpalainen 1986, Weider and Hebert 1987b)
likely represent a lack of success by dispersed
individuals, rather than low dispersal rates.

The equilibrium state of most ponds was contrasted by
ponds containing multiple clones. Diversity levels in
these ponds was unexplained by ablotic factors or the
pPresence of predators, but could arise through a number of
Precesses. One (trivial) means could be thé regular
colonization of these ponds by ephippia of low-fitness
clones from neighbouring populations. An alternate
explanation could be that such sites represent

environmental "cusps", where yYear to year habitat variation

73



results in shifting selective advantage among resident
clones. These and other hypotheses are treated in greater

detail in chapter 3.
Factors responsible for stabillty of clonal distributions

Hebert and Crease (1980) found that clonal composition
of D. pulex populations in southern Ontario varied
considerably between years, indicating that selective
forces in these'temperate ponds were not unidiéectionally
deterministic. By contrast, the stability of the Churchill
populations can be better explained by strong, consistent
selective pressures. With an annual cycle of pond freeze-
up each winter, followed by the re-establishment of clones
each spring, the ponds can be interpreted as continually
striving towards an equilibrial state year after year, only
to be disturbed and start again the following season.

Permanent or long-term exclusion of clones from ponds
would be a slow process due to the ability of clones to
produce resting eggs. Delayed germination of dormant seeds
s well documented in plants (Harper 1977) and many _
invertebrate groups (Hanski 1988). The ability of Qggnﬁig
to produce diapause eggs, coupled with extended dormancy
periods, should strongly buffer the effects of annual
selective pressuces on the meﬁbersﬁip of communities
(Hanski 1988). Chesson (1983) has pointed out that this
"storage effect" will facilitate prolonged coexistence of

competitors, especially in stochastic environments.
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The density-independent nature of environmental
selective pressures should produce rapid results, quickly
excluding clones from unsuitable pond habitats. As well as
having low survival in environmentally-stressful habitats,
incoming ephippia may have low hatching success in these
ponds. Weider and Hebert (1987a} have shown this with
melanic D. pulex, where clones from low-salinity habitats
showed lower survival and ephippial hatching success in
comparison with salt-tolerant clones under saline
conditions. The asymmetric ability of salt-tolerant cloues
to thrive in the 1lab under low-salinity conditions suggests
that other factors must be responsible for the lack of
salt-tolerant clones in lower salinity ponds.

Although hatching of dormant ephippia could provide a
"rescue effect", slowing changes in clonal distribution
patterns, this alone is unlikely to explain the close
maintenance of community patterns across a number of years.
Such a storage effect would have little effect, however, on
non-zero clonal abundance patterns. 1In addition,
experimental studies described in chapters 4 and 5 indicate
that biotic interactions within popds cause dynamic,
rapidly changing fluxes in clonal frequencies, which would
argue against tne yearly re-occurrence of a static pattern.

Environmental effects might also be responsible for
observed differences in clonal patterns between the two
Years. The reduced numbers of clénes observed in 1989 may

be partly due to severe storms on Hudson Bay late the
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prevlious year, which inundated many coastal ponds with salt
spray from wave action (L. Foubert, pers. comm.)}. The
increased pond salinity is likely responsible, as cecastal
ponds on both bluffs showed the greatest reduction of
clonal occurrences (Appendix 3). Pajunen {1986) noted that
salt input from sea spray was largely responsible for the
disappearance of Daphnia species in Finnlish rock pools.
Despite the ability of some unpigmented clones (notably
clones 1 and 17) to live in ponds with high salinities
{Weider 1987), D. pulex cannot tolerate salinities
exceeding 40,000 usS/cm (Hutchinson 1953, Langerspetz 1955).
Incursion of salt water could therefore cause clonal
extinctions in coastal ponds,

In conclusion, the distribution and abundance patterns
of unpigmented Daphnia pulex clones in Churchill are both
highly structured and stable. The pond system exists in a
yearly cycle of dynamic equilibrium, where pond populations
are re-established annually from resting eggs present in
the pond sediments. Selective forces additional to
environmental parameters influence clonal composition of
the ponds, and likely operate within an interactive

framework imposed by habitat characteristics.
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CHAPTER 3

MULTICLONAL PONDS IN A LOW-ARCTIC ECOSYSTEM:
FREQUENCIES AND REPRODUCTIVE STATES AMONG SYMPATRIC

DAPHNIA PULEX CLONES
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INTRODUCTION

Interest in specles diversity among aquatic biologists
was first focused by Hutchinson's (1961) "paradox of the
plankton", in which he noted the long-term coexistence of
extremely simllar species of phytoplankton. . A number of
potential explanations have been advanced to account for
such coexistence:(Richerson et al 1970, Petersen 1975,
Jacobs 1977, Hebert and Crease 1980), but the issue has
never been satisfactorily resolved (Ghilarov 1984).

Given that the coexistence of ecologically similar
species is rare, one might expect coexistence among
conspecific clones to be eveﬁ less frequent. Many studies
of clonal diversity have, however, shown habitats to
contain a number of coexisting clones (Hebert and Crease
1980, 1983, Sebens and Thorne 1985, Weider 1985, Carvalho
and Crisp 1987, Weider et al 1987, Hebert et al 1988, Tucic
et al 1988).

Numerous explanations have been postulated for the
coexistence of clones in single habitats. One trivial
hypothesis is the generation of new asexual lines from a
parent sexual population (Vrijenhoek 1978, Lynch 1983). 1In
this situation, despite elimination of clones through
competition, clonal richness would remain high due to the
continual recruitment of new clones. Coexistence among
members of an obligately asexual population, by contrast,
presents more meaningful ecological questions. Clonal

coexistence may be facilitated by differential microhabitat
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utilization among clones (Solbrig 1971), high levels of
disturbance (Sebens and Thorne 1985), extreme ecological
similarity among clones (Angus 1980), or shifting
competitive superiority among clones due to temporal shifts
in habitat parameters (Hebert and Crease 1980, Lynch 1983).
Discrimination among at least some of these
alternatives is vossible. Ecologlcally analogous clones,
for example, should show the same responses to selection
pressures. Indeed, the results of competitive interactions
would be indeterminate, as clonal frequencies would follow
a random walk. Such competitive indeterminacy (Park 1948)

has been observed in several sets of aguatic organisms

(Ghilarov 1984), including Daphnia pulex (Hebert and Crease
1989) and represent neutral equilibrium states. i
Alternatively, clonal diversity may be maintained
despite ecological divergence among clones. In this case,
two classes of explanation may be advanced for the
persistence of multiclonal ponds. Non-equilibrium
coexistence (Wiens 1984, Chesson 19856) could result from
high rates of dispersal from neighbouring ponds (Ricklefs
1987, Ranta 1979, Pajunen 1986, Weider 1589), premature
drying of ponds, or predation (Chesson and Case 1986). An
additional possibility is that multiclonal ponds represent
marginal habitats which are‘suboptimal for all clones
present. Finally, clonal coexistence may be sustained by
temporal shifts in habitat characteristics that favour

different clones at different times throughout a season,
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with less fit clones becoming re—estéblished yearly from
previously-lialid ephippial eggs.

Alternatively, clonal coexistence would be possible in
equilibrium habitats where clones occupy distinct
microhabitats. Eguilibrium multiclonal populations could
also be possible through frequency-dependent selection on
the member clones.

The present study attempted first to ascertain if
clonal fitnesses in multiclonal ponds were similar by
monitoring shifts in clonal frequencies in several ponds
discovered to contain three or more clones in a 1985 survey
(Figure 1). Attempts to assess the extent of ecological
differences among coexisting clones were also carried out
by assessing their relative reproductive status and hence

long- and short-term fitness.
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Figure 3-1: Locatlons of multiclonal ponds detected on rock
bluffs A and C in 1985.
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METHODS

Collections

The sixteen multiclonal ponds detected in the 1985
electrophoretic survey (Figure 1) were resampled in 1988
and 1989. 1In addition, six of these ponds were studied
more intensively in 1988 via biwegkly sampling of
populations; Ponds were sampled with a 200 Um-mesh hand
net, pooling the netted animals in a sampling tray and then
returning all but a randomly chosen sample of approximately
100 individuals to the pond. 1In 1988 samples were stored
at 8°C until processed, while 1989 samples were frozen in
Taylor-wharton portable freezefs at -170°c and returned to

Windsor for clonal identification.
Electrophoresis

Cellulose acetate electrophoresis was used to
determine clonal identities of the animals. Methods
followed standard protocols (Hebert and Beaton 1989%) for
the six polymorphic loci originally used in the 1985 bluff
survey (AO, AMY-1, GOT, LDH, PGM, and PGI). Clonal
frequencies in the ponds were arcsine square root
transformed (Sokal and Rohlf 1981j to determine 95%
confidence intervals, then back-transformed to give
certainty estimates of clonal composition o0f the ponds.

Mean genetic distance among co-occurring clones was

examined using Nei's (1978) unbiased genetic distance
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estimation technique, presented in Chapter 2.

Clonal reproductive states

Prior to allozyme analysis, each animal was examined
at 20X magniflication to determine its reproductlve status.
Animals were classed as parthenogenetic (P),
nonreproductive {(NR) or ephippial (E), and brood sizes of
parthenogenetic femalegiwere determined. Once clonal
identities of individuals were determined, this information
was used to test for differences in reproductive status
between clones in individual ponds. Samples collected in
1289 were not examined for reproduqtive states of the
animals, as the purpose of these saﬁples was simply to
determine clonal composition of the ponds.

Differences in reproductive status of clones were
examined by comparing frequencies of the different
reproductive states among clones. Frequenciéﬁ of
parthenogenetic adults were arcsine-square root transformed
and differences between clones were tested using the G
statistic (Sokal and Rohlf 1981). Clones with less than 9
individuals in a specific sample were excluded from this
analysis, to reduce sample size bias of the statistical
results. Differences in mean brood sizes among clones was
tested using a t-test for means with unequal variances and

sample sizes (Sokal and Rohlf 1981).
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Yearly patterns In within-pond diversity

To examine temporal variation in clonal diversity,
values from all multiclonal ponds at each sampling period in
1988 were plotted against time. In addition, similarities
among initial clonal diversity values of the multiclonal
ponds in 1985, 1988 and 1989 were examined using a
correlation matrix in order to test the yearly stability of

clonal diversity values in these ponds.
Clonal Reproduction

Short-term reproductive effort of clones, as
represented by the production of subitaneous eggs in each
sampling period (DeMott-1980), was used to predict relative
clonal abundances in successive sampling periods. The
absolute fitness of each clone was determined by
multiplying the proportion of parthenogenetic females of
each clone by the mean brood size observed among those
females. Significant differences were examined by
calculating 95% confidence intervals of the fecundity
estimates. Significant differences in clonal fecundity
were then compared against subsequent shifts in clonal
frequencies.

The long-term fitnesses of clones were estimated by
comparing their ephippial production. Proportions of
ephippial adults for eq:h clone were examined in each
sampling period using ibg—likelihood independence tests

(Sokal and Rohlf 1981).
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RESULTS

Genetic diversity

Co-occurrences and genetic divergence among sympatric
D. pulex clones in all multiclonal ponds observed in 1985,
1988 and 1989 are listed in Table 1. Clonal composition
remained fairly constant in the majority of ponds:
differences observed may in part be due to different sample
sizes in 1985 versus later years. Genetic distances among
co-occurring clones had a mean value of 0.387 and ranged
from 0.095 to 0.704 for ponds with three or more clones in

these years.
Yearly patterns in within-pond diversity

Clonal richness and diversity indices of the
multiclonal ponds varied considerably among the 1985, 1988
and 1989 samples (Table 2). No bétween—year correlations
in clonal richness of the ponds were detected. Similarly,
the only significant corxrelation of clonal diversity
between years was obtained from comparison of 1988 and 1989

values.
Clonal abundances

patterns of clonal abundance varied considerably among
the six ponds studied in 1988 (Figure 2). In pond C13
Figure 2a), clone 14 dominated the pond in mid-July but was

subsequently replaced by clone 15. A similar pattern was
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Table 3-1: Mean genetic distance (+ 1 S.E.) of co-occurring
clones in multiclonal ponds in 1985, 1988 and
1989, using Nei's (1978} unbiased genetic
distance estimate. Ponds without D. pulex are
indicated by blanks.

1985 1988
Pond Clones D (S.E.) Clones D {(S.E.}
A2 1,7,11 0.134 (0.068) 1,7 0.095
A5G 1,2,7 0.348 (0.232) 1,2,4, 0.396 (0.200)
7,10
C3 13,14,15 0.704 (0.311) 13,14 0.833
Ccl3 14,15,16 0.370 (0.019) 14,15,16 0.370 (0.019)
c20 13,14,15 0.704 (0.311) 13,14,15 0.704 (0.311)
c27 14,15,16 0.370 (0.019) 13,14,15, 0.597 (0.252)
16
C42 14,15,22 0:281 (0.097) 14,15,22 0.281 (0.097)
C59 13,14,25 0.602 (0.245) 13,14,15, 0.609 (0.230)
25
C63 13,14,16 0.620 (0.252) 13,14,16 0.620 (0.252)
c70 14,116,198, 0.438 (0.228) 14,16,19, 0.230 (0.160)
20 23
Cc86 17,25,26 0.381 (0.160) 17,25,26 0.381 (0.160)
c8s 7,17,25, 0.095 (0.061) 7,11,17, 0.113 (0.057)
28 25
c89 11,16,17, G.197 (0.065) 11,16,17, 0.197 (0.065)
19 19
Cc9l 1,11,19, 0.309 (0.249) 11,19,26 0.467 (0.225)
25,26
C98 16,19,20 0.342 (0.182) 16,19 0.213
€103 14,17,18 0.264 (0.122) 14,17 0.324
19
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Table 3-1 (cont.)

1989
Pond Clones D (S.BE.}
A2 1,7 0.095
AS6 h e
C3 13,14 0.883
Cl3 14,15,16 0.370 (0.019)
C20 13,14,15 0.704 (0.311)
c217 14,15,16 0.370 (0.019)
c42 14,15,22 0.281 (0.097)
C59 13,14,25 0.602 (0.245)
ce3 13,14,16, 0.509 (0.235)
1s
C70 16 0.000
C86 17,25,26, 0.319 (0.216)
29
% c88 11,17,25, 0.122 (0.046)
; 28
Z C89 11,16,17, 0.154 (0.051)
’ 28
§
} Cc9l 1,19,27, 0.334 (0.219)
¢ 28
c98 16,19 0.213
cl03 7,14,17, 0.232 (0.138)
18

TSSO TP A S B F R W AT e a7
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Table 3-2: Comparison of clonal richness (N) and diversity
(d) values of multiclonal ponds observed in 1985
for samples collected in early July of 1985,
1988 and 1989.

Pond N d N d N d
A2 4 2.17 2 1.60 2 1.49
AS56 3 2.64 5 2.83 0 —-———-
C3 3 2.117 2 1.19 2 1.09
Cl3 3 2.46 3 2.55 3 1.41
C20 3 2.07 3 1.19 3 1.77
c27 3 1.67 3 2.66 3 2.17
C42 3 2.27 2 1.82 3 l.88
C59 3 1.29 4 2.48 3 2.13
Cé3 3 1.69 ‘ 3 2.00 4 1.42
C70 4 1.70 | 4 1.42 1 1
c86 3 2.32 3 2.27 4 2.55
c8s 4 2.29 4 2.46 5 3.03
c89 4 1.68 4 2.17 4 1.70
Cal 5 3.13 3 2.34 4 2.46
€98 3 1.81 2 1.60 2 1.80
Cl03 4 2.68 2 1.09 4 1.28

Between-year correlation matrix of pond diversity

1985 1988 1989
1985
1988
1989
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Figure 3-2: Seasonal shifts in abundance of co-occurring
clones in multiclonal ponds, sampled biweekly
in 1988. (a) pond C13; (b) pond C27; (c) pond
C42; (d) pond C59. Ponds AS56 and C63 are not
shown, as populations disappeared f£rom these
ponds in July. Vertical bars represent 95%
confidence intervals of clonal frequencies.
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observed in pond C27 (Figure 2b), with clone 14 becoming
dominant by mid-summer and subsequently displaced by clone
16. Clonal shifts were most consistent in pond C42 (Figure
2c}, with clone 14 becoming increasingly dominant
throughout the summer. Temporal succession of clones was
observed in pond C59, with clones 26, 13 and 14 displaying
sequential abundance peaks. D. gglg; populations in ponds
A56 and C63, in contrast, disappeared in July, although
water was still present in these ponds. Five clones (1, 2,
4, 7 and 10) were initially present in A56, but could not
be detected two weeks later. Similarly, clones 13, 14 and
16 occurred in pond C63, but were not found after the July
15 sampling period.

Seasonal changes-iﬁ within-pond diversity are
summarized in Figure 3. All ponds showed maximum
diversitie;:early in the summer, which declined as the
season progressed. Linear regression of within-pond
diversity values produced the eguation:

Y (diversity) = 2.576 - 0.27 t (sampling period); r2=0.66
Ponds A56 and C63 were not included in the regression, as
D. pulex populations in these ponds disappeared

prematurely.
Differences in reproductive status among sympatric clones

Reproductive status of the co-occurring clones in the
multiclonal ponds at each sampling period are presented in

Table 3, which shows proportional representation of
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Figure 3-3: Shlifts in clonal diversity values of
multiclonal ponds in 1988, Diversity values

are described by the equation:

Y (diversity) = 2.58 - 0.27 t (time); 2 = 0.66
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Table 3-3:

Pond Clone

A56

Cl3

c27

c42

C59

C63

N

Numbers and proportional reproductive status
among clones in multiclonal ponds for samples

collected in 1988.

July 1

NR P E
0.53 0.20 0.27
G6.48 0.52 ....

0.75 0.25 ....
0.44 ....

LU R T B

------------

62
25

40
56
64
32
16
3l
49
13

83

July 15

NR P E

------------

llllllllllll

100

12
64
20
75
21
79
16

67
29

July 30

NR P E

--------
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Table 3-3 (cont.)

Pond Clone N
A56 1
2
4
7
10
C13 14 13
15 81
16 2
czi 13 0
14 30
15 3
16 63
C42 14 85
15 10
22 1
c59 13 37
14 59
15 0
26 0
ce3 13
14
16

August 15

NR P E

0.23 .... 0.717
0.52 0.12 0.36°
e .. 1.00
0.63 .... 0.37
1.00 .. .
0.84 0.16
0.80 0.07 0.13
0.50 0.40 0.10
1,00 .... ...,
0.22:0.70 0.08
0.07 0.93 ....
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N

16

August 29

NR

.20
.68
.00

oo

0.75
0.97

« e

0.63

P

-

- O

.19

.63
.00

« OO

.37

.80
.13

.00
.25
.03




nhonreproductive (NR), parthenogenetic (P) and ephippial (E)

states in each clone. Log-linear analysis of proportional
parthenogenetic reproduction among sympatric clones
detected significant differences 12 of the 18 cases where
tests were possible (Table 4). Comparisons of mean brood
sizes among sympatric clones, however, revealed few
significant between-clone differepces (Table 5). Several
differences were observed, however: in all cases where
clone 15 was tested, the clone had significantly smaller
mean brood sizes than co-occurring clones. Significant
differences in brood size were also detected between clones
14 and 16 in pond C27, with clone 16 producing larger
broods.

Relative short-terﬁ reproductive investment of co-
occurring clones are presented in Table 6. Significant
differences in short-term reproductive effort among clones
existed in 16 cases among the multiclonal ponds examined.
0f these, 6 cases showed subsequent shifts in clonal
frequencies in agreement with predictions from fecundity
differences between the parthenogenetic clones, and 3 cases

showed the reverse trend.
Contributions of clones to long-term fitness

Significant differences in investment towards long-
term fitness were observed among clones in 10 of 20 samples
where ephippial production occurred (Table 7). Neither

clone-specific differences nor seasonal trends were observed.
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Table 3-4:

Multiple G-tests of relative proportions of

parthenogenetic females in each clone in 1988,
Clones with fewer than ten adults present were

excluded.

July 1
Pond G
A56 8.54%%
C13 33.39%%x*
Cc27 1.4%
Cc42 6.22%
C59 3.23
C63 v

*%% p < 0.001
*% p < 0.01
x p < 0.05

July 15

16.05%%%
19.01%**
10.08%%

3.13

103

July 30 August 14
G G
15.10%% 3.61
25.40%%x%
2.93 10.16%**
11.33%% 9.30%%

Blank lines (....) indicate cases
where differences could not be tested.

August 28

G

2.42

7.32%




Table 3-5: Comparison of brood sizes of parthenogenetic
females of sympatric clones for 1988 sampling

periods,
July 1
Pond Clone N b4 S.E.
AS6 1 9 8.66 3.28
2 17 9.06 2.99
4 2 6.00 1.41
7 4 5.25 1.26
Cl3 14 15 5.47 2.45
15 16 4.38 1.46
16 2 6.00 1.41
c27 13
14
16 1 1.00 .
C42 14 29 19.93 4.176
15 12 11.58 2.94
22
C59 13 32 20.16 14.47
14 22 17.59 10.51
15 2 6,00 1.41
26 4 11.00 1.63

k*x pn < 0.001
% p < 0.01
* p < 0.05

t

0.25

2.11%

3.79%%x%

0.20
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N

53
11
12
43

60
22

July 15

X

6.93
5.60
7.64

8.00
10.33

12.52
7.73

S.E. t

1.52 1.96
1.14
2.90

2.26 2.40%
3.19

4.53 4.88%%x%
1.60



Table 3-5 (cont.)

July 30 aAugust 14 august 28
Pond Clone N x S.BE. ¢t N x S5.BE. ¢t N x S.E.
A56 1
2
4
7
Cl3 14 7 10,00 2.52
15 5 7.201.79 10 4.00 1.05 17 2.88 0.78
16 4 5,50 3.11
€271 13

14 13 8.62 3.10 5.25%%x
16 16 13.94 2.32

c42 14 55 7.62 3.72 2.95%** 53 7,49 4,15 1,98% 6 2.67 0.52
15 13 4.31 1.65 11 4.27 1.49 4 5.50 1.00
22 1 9.00 ....
€59 13 26 15.27 4.8) 0.14 25 15.32 8.64 0.97
14 20 15.55 4.73 55 17.96 5.88
15 '
26
%% p < 0,001
*x p < 0.01
*p <0.05
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Table 3-6: Short-term reproductive fitnesses (E) {+ 1 5.E.)

of co-occurring clones. E = (proportion of
parthenogenetic adults) x (mean brood size) for
each clone. Clones with fewer than nine (9)
parthenogenetic adults were excluded. Positive
(+), negative (-) and nonsignificant (ns} shifts
in clonal frequency are indicated for expected
(e) and observed (o) proportional changes.

July 1 July 15
Pond Clone E S.E. e o ) E S.E. e o
A56 1 1.73 0.31
2 4.71 0.76
Cl1l3 14 2.46 0.31 + + 5.89 0.13 + -
- 15 1.45 0.0 - -
16 3.36 ¢.72 - ns
c27 14 2.40 0.37 - +
16 5.88 0.48 + -
c42 14 10.76 2.05-. + ns 11.77 0.44 + ns
15 3.36 0.72 - ns 5.33 0.45 - ns
C59 13 14.72 5.18 ns -
14 9.67 3.43 ns ns
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Table 3-6 (cont.}

Pond Clone

A56

Ci3

c27

C42

C59

1
2

14
15
16

14
16

14
15

13
14

July 30

S.E. e o
47 0.16 - -
59 1.88 + +
.97 0.28 ns ns
40 0.32 ns ns
96 0.96 - =~
28 1.89 + +

107

August 14
E S.E. e
0.48 0.02
0.52 0.06 ns
1.71 0.53 ns
10.72 2.74 -
1s.70 0,90 +

0

ns

ns
ns

ns
ns




Table 3-7: Differences in contribution to long-term fitness
among co-occurring clones in multiclonal ponds
for 1988 sampling periods.

Pond July 1 July 15 July 30 Augqust 14 August 28
k%
AS6 14.78
) %%
c13 1.41 1.79 1.09 11.32 10.82
c27 7.83% 1.59 2.76 6.30" ——-
c42 0.16 14,007 ___. ———n 0.34
k% x k% ® * ®*RX
¢59 11.00 17.17 4.05 5.98 15.71
c63 5.66 1.54

Xk% p < 0,001
X% p < 0.01
¥ p < 0.05

108



DISCUSSION

No single pattern of change in clonal abundances was
common among the multiclonal ponds examined. Each pond
exhibited unique characteristics, suggesting that the
different ponds responded to a variety of selective
regimes.

The multiclonal ponds were not restricted to any
single geographic location on the rock bluffs (Figure 1),
although several ponds were located in close proximity to
each other (C86, 88 and 89). The two multiclonal ponds
found on bluff A were at opposing ends of the rock bluff,
and ponds on bluff C were separated by similar distances.

Despite the variety observed among multiclonal ponds,
however, it is possible to examine the validity of several
hypotheses proposed to explain their existence. Parker
(1979) suggested that recent mutationally-derived clones
could potentially coexist, as their ecological requirements
and abilities would likely be identical. Conversely,
Vrijenhoek (1978) has shown that clonal coexistence may
result from continuous generation of new clonal types from
parental sexual populations. Sebené and Thorne (1985) have
documented a number of cases supporting this argument, and
suggest that actual coexistence of individual clones is a
short-term phenomenon balanced by the influx of new clonal
types.

The electrophoretic data presented in Table 1, as well

as Stanton's (1988) work on mitochondrial DNA of the
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unpigmented clones, indicates that sympatric clones are not
derived from recent mutational events, and display
considerable genetic heterogeneity. The absence of male
production in all but two of the clones (M. Beaton, pers.
comm.) indicates that their ability to sexually reproduce
was lost some time ago. Together, these observations
suggest that nelther Vrijenkoek's‘(1978) nor Parker's
(1979) hypotheses are valid in explaining coexistence of
these clones.

Indeterminate competition (Park 1948, Hebert and
Crease 1980} is unlikely to be responsible for clonal
coexistence in ponds. Competitive exclusion has been shown
to occur among the Churchill clones {Chapter 4), including
some clonal pairs that were observed to co-occur in the
multiclonal ponds.

It is also unlikely that the co-occurrent clones are
sufficiently dissimilar to facilitate their coexistence.
The genetic similarity among these clones is still
sufficiently high to predict strong competitive
interactions (Hebert 1982). Llthough differences in
habitat preference do exist among the clones {chapter 2),
there is little reason to expect the clones to differ in
their choice of food resources, Thus, it is extremely
unlikely that clonal coexistence would be facilitated by
differences among the component clones.

Examination of clonal richness and diversity versus

pond volume (chapter 2) disproved the hypothesis that large

110



TR T e

TN AL

AR AT R TY R i A TR P T

volume ponds might facilitate clonal coexistence through
differential utiiization of microhabitats by the different
clones. Although Fryer (1985) showed an increase in
species richness of chydorids with increasing volume of
water bodies, no correlction was observed for either
richness or diversity values of D. pulex clones with
volumes of the Churchill ponds.

Similarly, data presented in chapter 2 showed that the
presence of the predators Hesperodiaptomus arcticus and/or
Mesostoma lingua in ponds failed to predict higher clonal
diversity. This does not indicate that predators had no
efféct on richness or diversity indices of ponds, however,
as most multiclonal ponds contained either one or both of
the predators.

The temporal succession of clones in ponds C13, C27
and C59 (Figure 2) resembled results obtained by other
researchers (Carvalho 1987, 1988, Carvalho and Crisp 1987),
who observed seasonal succession among Daphnia magna
clones. Similar results have been observed in clonal plant
populations (Harper 1977, Sebens and Thorne 1985). Weider
(1985) by contrast, found no consistent trends in clonal
succession among glgg;gg clones examined across a 30-month
period.

The initial high values and subseguent decay in clonal

.diversity observed in all the ponds during each annual

cycle indicated that co-occurring clones did not have equal

short-term fitnesses. Seasonal decreases in diversity were
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likely caused by suppression or exclusion of clones
responding to biotic selective pressures. The elimination
of D. pulex from ponds A56 and C63 were likely caused by
abiotic stress, suggesting that these ponds were not
suitable habitats for any of the clones which appeared
there,

A comparison of clonal diveréity values from early
July of 1985, 1988 and 1989 revealed that although clonal
pond composition remained reasonably stable, diversity
levels varied considerably among years. Almost all ponds
retained two clones, but shifts in diversity values were
pronounced. These results agree with Weider's (1985)
findings that clonal diversities could not be predicted
from values from the previous season.

The decay in clonal diversity in multiclonal ponds
through 1988, shows that clones in these ponds are
subjected to selective pressures such as competition which
decrease clonal diversity throughout the summer. Carvalho
{1988) observed a similar decrease in diversity between
summer and winter clonal populations in a permanent pond.
Clonal diversities in the Churchill ponds are re-
established from the hatching of ephippial eggs each
spring. Provided that each clone present is able to
produce even a single successful resting egg, the high
clonal richness of these ponds could persist indefinitely.

Stochastic events (Talling 1951) may play a large part

in offsetting local (within-pond) selective effects
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(Ricklefs 1987). High colonization rates of different
clones would counteract decreasing diversity observed
through the season. During the summer, this could be
facilitated by flooding among ponds during periods of heavy
rainfall (pers. obs.). Indeed, dispersal of clones likely
accounts for the high diversities observed in several
cldéeiy—spaced ponds (C86, 87 and 88) in 1988 and 1989.
Multiclonal ponds may represent environmental cusps or
crucibles, where no single clone is ideally suited to the
pond habitat, and all clones present are equally
disadvantaged. This would explain multiclonal ponds such
as A56, C70 and C103, which displayed inconsistent clonal
compositions among the sampling years. Pond C70 changed
completely from 1988 to 1989, with the number of resident
clones dropping from 3 to 1. Similarly, pond C103 was
found to support several clones in 1985, but proved
difficult to collect from in later years. Repeated sweeps
of the entire pond were required in order to obtain
sufficient animals for gelling, suggesting that this pond
habitat was suboptimal for the clones which occurred there.
Pond 56 on bluff A was the most extreme example: when
searched in 1988, the pond was dominated by Daphnia maana,
with D. pulex occurring in very low numbers. A search of
the pond in 1989 failed to detect any D. pulex whatsoever.
The observed differences in parthenogenetic
proportions among sympatric clones suggests that clones are

individually tracking changes in pond habitat. Hebert and
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Ward (1976) observed differences in both brood size and
proportion of parthenogenetic females in populations of D.
magna, as did Carvalho (1987, 1988). The reduced brood
sizes of clone 15 in comparison with co-occurring diploid
clones were consistent with literature predictions of
polyploid animals typically having reduced brood sizes with
larger offspring than their diploid relatives (Beatty 1957,
Sexton 1%80), and agree with results of life-history
studies among diploid and polyploid clones of D. pulex
{(Weider 1987).

The failure of clonal proportions and reproductive
states to predict subsequent clonal frequencies was
disappointing, but consistent with results from other field
studies. Although Hebert (1974a) and Carvalho (1988) found
that genotypic fecundities in permanent, cyclic
parthenogenetic populations of D. magna were correlated
with subsequent genotypic frequencies, clonal proportions
in intermittent D. magna populations changed rapidly in an
unpredictable fashion. Similarly, Korpalainen (1986) found
that clonal proportions within populations of D. pulex
underwent rapid changes and could not be related to
reproductive states. The inability to accurately predict
clonal composition in this study suggests that the
multiclonal ponds are exposed to stochastic events which
cause rapid and unpredictable changes in the clonal
composition of the ponds.

In conclusion, the existence of multiclonal ponds on
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the bluffs cannot be explained by any single hypothesis,
although it was shown that co-occurring clones are not

ecological analogues and differed in seasonal fitness.
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CHAPTER 4

COMPETITION 1IN A CLONAL ASSEMBLAGE
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INTRODUCTION

Competition has long been considered to be one of the
major forces responsible for structure in pond communities.
Hutchinson (1951) argued that size differences among
coexisting copepod species were the result of competition-
indv-ed niche differentiation. The notion of competitively
structured zooplankton communities has been promoted by a
number of researchers (Brooks and Dodson 1965, Ghilarov
1967, Hanspie and Polk 1974, Hebert 1982, Hanski and Ranta
1983, Schwartz 1984, Bengtsson 1386, Vanni 1986).
Experimental studles have demonstrated the importance of
competition in both the laboratory and the field (Frank
1952, Neill 1975, Jacobs 1978, DeMott and Kerfoot 1982,
Bengtsson 1986, Hanazato and Yasuno 1887), with competitive
exclusion fregquently occurring.

Although 1life history and ecological differences
certainly exist between conspecific clones_(King 1972,
Snell 1977, 1979, Loaring and Hebert 1981, Weider and
Lampert 1985, Carvalho 1986, Weider 1988), clones typically
have such similar ecological requirements (Hebert 1378,
Loaring and Hebert 1981) that competition is particularly
intense (Williams 1975). Competition among clones has been
extensively demonstrated in plants (Harper 1977, Tuclc et
al 1988), but has largely been neglected in animal species.
Rather, ecological relationships within asexual taxa have
largely been inferred from distributional surveys of clones

(Hebert 1974a,b, Hebert and Crease 1980, Jaenike et al
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1980, Jaenike and Selander 1987, Weider and Hebert
1987a,b). Other studies have deduced interclonal
competition by monitoring temporal shifts in clonal
frequencies (Hebert and Crease 1983, Weider 1985,
Korpalainen 1986a, Carvalho and Crisp 1987). Few
experimental studies, have been carried out, although Snell
(1977, 1979) found that clones of the rotifer Asplanchna
brightwelli exhibited competitive exclusion in laboratory
cultures. Similarly, Loaring and Hebert (1981) and Loaring
(1982) observed competitive exclusion among clones of
Daphnia pulex in 1 L jars and 500 L aqguaria, respectively.

The usefulness of results from laboratory competition
experiments has been gquestioned on the basis that
laboratory microcosms oversimplify natural communities and
force unnatural conditions on the experimental organisms
(Hebert 1982, Simberloff et al 1982, Diamond 1986).
Manipulative field experiments on natural populations are
required teo conclusively demonstrate the impoftance of
competition in structuring communities (Connor and
Simberloff 1979, Bender et al 1984).

Arctic pond habitats are well suited for manipulation
experiments due to the simplicity of their resident
communities (Ghilarov 1967, Hebert and Hann 1986). Most
prior research on competition in arctic pond communities,
however, has been limited to observational studies
(Ghilarov 1967, Dodson 1379, Ranta 1979, Hobbie 1980,

Hebert and Hann 1986).
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The simple clonal composition of most ponds oOn the
Churchill rock bluffs suggested strong competitive
interactions among the unpigmented D. pulex clones. This
possibility was further supported by the largely micro-
allopatric distributions of the three dominant clones
(chapter 2). In the present study, pairwise interactions
among these three clones were examined using whole-pond
manipulations. Experiments tested the hypothesis that
clones were narrowly adapted to specific habitat types, and
would hence be superior competitors in their native

habitats and fare poorly away from them.
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METHODS

Field experiments in July and August of 1987 and 1988
examined the hypothesis that competitive interactions among
clones were responsible for their largely allopatric
distributions. The intensity of competition was tested by
establishing pairwise combinations of clones and monitoring
shifts In clonal composition over the course of the summer.
Experiments in 1987 examined competition among the three
dominant clones (1, 13 and 14), while 1988 experiments
examined competitive interactions between clones 13 and 14
and two less abundant clones (16 and 21).

Source ponds for clones 1, 13 and 14 were
preliminarily identified from results of the 1985 bluff
survey (chapter 2). Only ponds which were uniélonal for
one of the three clones in 1985 were considered. Allozyme
phenotypes of forty eight animals from each of eight ponds
{2 ponds for each common clone, 1 pond per rare clone) were
reanalysed using standard protocols (Hebert and Beaton
1989) in 1987 and 1988 to verify that no shifts in clonal
composition had occurred. In all cases where no intrusion
by new clones was observed, ponds were accepted as sources
for the resident clone.

Ponds selected for use in the manipulation experiments
were chosen to ensure congruence in size and bottom type.
Specifically, experimental ponds ranged from 500 to 2,000 L
in volume. Ponds underlain by permafrost, as opposed to

rock, were avoided, since such ponds disappeared with
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permafrost thaw. Eighteen experimental ponds were used in
1987, and an additional twelve in 1988,

In early July of 1987 and 1988, each experimental pond
was drained, using a submersible pump powered by a portable
electric generator. Water from the pond was filtered
through a 200 pum-mesh Nitex screen to remove resident
zooplankton and held in pcrtable 500 L plastic storadge
pools at the site. The exposed pond sediments were allowed
to dry for a period of 48 hours to kill any remaining
zooplankters. The original pond water was then refiltered
through the Nitex mesh and returned to its source pond. In
this manner, the original habitat was restored, without the
presence of any potential competitors or predators. Two
weeks were required to complete preparatory manipulations
of the ponds.

Reproductive adults were collected from the source
ponds in mid-July and placed in separate holding popls
containing a mixture of water from all source pondst All
animals introduced into the experimental ponds were thereby
exposed to equally unfamiliar environments, reducing any
"home field" advantage.

After a 24 hour holding period and just prior to their
introduction into the manipulation ponds, the mean clutch
size of each clone in the holding pools was determined,
using 40 females from each clone. sufficient ovigerous
females of each clone were then introduced to ensure an

initial density of 2 embryos per clone per litre. For
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example, two clones having respective mean brood sizes of §
and 4 eggs would have introduced populations of 667 and
1,000 animals for a 2,000 L pond.

Six ponds which were originally uniclonal for each of
the three dominant clones were employed in 1987. The
original clone was re-established in each pond, together
with one of the other common clones. 1In this manner, each
of the three possible pairwise combinations of the common
clones occurred in six ponds, with each clone being the
native inhabitant in three, and non-native in the other
three. In 1988, six ponds were employed in further
competition experiments, three native for clone 13 and
three for clone 14. Of these, two of each type received
introduced populations of clone 16 and the resident clone,
and the other received clone 21 and the resident clone.

The restricted distributions of these rarer clones
prevented reciprocal introductions from being conducted.

As well, two types of control ponds were established. Sham
introductions were carried out where the non-native clone
was introduced into ponds after removal of the native
clone. Two of these ponds were established for each of the
three common clones - one for each of the foreign habitats
into which that clone had been placed in 1987. As well,
empty controls were set up to determine the extent of post-
spring hatching of ephippial eggs, in order to evaluate
potential recruitment advantages of native clones

throughout the season. Small-scale sham introductions were

126



conducted for the two rare clones in these latter ponds,
using enclosures with a mesh sufficlently small to prevent
escape of juveniles into the ponds.

In the event that more than 50% of Qéter was lost from
a pond, either from disturbance of the storage pools and/or
evaporation later in the experiment, the pond volume was
returned to its original level by addition of flltered
water from the nearest pond with a pure stock of the clone
native to the experimental pond.

Pond populations were sampled one week after
initiation of the experiment and biweekly thereafter,
Samples were collected and processed using the methods
described in chapter 3.  Analyses of clonal frequencies,
short-term reproductive effort and relative fitnesses were
also carried out as described in chapter 3. Reproductive
states of animals collected in the first post-introduction
sampling period were not considered, as only subadults were

present.
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RESULTS
Field experiments

All clonal combinations showed consistent shifts in
clonal frequencies. For the most part, clones were
competitively superior in their native habitats and were
displaced in non-native ponds. Tpus, clone 1 excluded
clones 13 and 14 from its home ponds (Figure la,b}, but was
in turn displaced by clones 13 and 14 in their home ponds
(Figure 1lc, Figure le). One deviation from the general
pattern was noted: clone 13 displaced clone 14 from its
home pond (Figure 1f). Similar results were obtained in
the studies with rare clones. Thus, clones 13 and 14 again
displaced clones 16 aﬁd.21 (Figure 2a,b).

Sham introductions showed that clones 13 and 14
persisted in ponds originally occupied by clone 1, but
ceased parthenogenetic reproduction within four weeks. By
late August, clone 14 had disappeared from its control
pond, while clone 13 was present only at low density. By
contrast, clone 1 showed continual parthenogenetic
reproduction and population growth in control ponds that
were originally occupied by clones 13 and 14. Similarly,
clone 13 was able to persist in clone 14 habitats and clone
14 in habitats formerly occupied by clone 13. Rare clones
in the mesh enclosures also persisted and remained
reproductively active throughout most of the summer. No

recruitment of Daphnia from ephippial eggs was observed in
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Figure 4-1: Seasonal shlfts of abundance of clones 1, 13

CLONE 1

PROFORTION CLONA 18

PROPOATION CLOWE 14

and 14 in experimental competition peonds in
1987. (a) clone 1 vs. clone 13; (b) clone 1
vs. clone 14; (c) clone 13 vs. clone 1; (4)
clone 13 vs. clone 14; {e) clone 14 vs. clone
1; (f£) clone 14 vs. clone 13. Vertical bars
represent sampling error of pooled clonal
frequencies,
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Figure 4-2:

PROPOATION CLONE 13

PROPORTION CLONE 14

Seasonal shifts of abundance of clones 13 and
14 in experimental competition ponds in 1988.
(2) clone 13 vs. clone 16; (b) clone 13 vs.
clone 21; (c) clone 14 vs. clone 16; (d) clone
14 vs. clone 21. Vertical bars in (a) and (c)
represent sampling error; (b) and (d) show 95%
confidence intervals for single ponds.
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the 1988 empty control ponds, as the ponds lacked animals
all summer.

Reproductive status of all clones in the competition
and control ponds are given in Table 1. The majority of
populations showed decreasing proportions of
parthenogenetic females and an increase of nonreproductive
females as the season progressed,_regardless of clonal
type. Reproductive states of the clones also varied among
ponds, as well as temporally.

Co-occurring clones snowed significantly differences
in the proportion of parthenogenetic females in 12 of the
44 samples which could be tested (Table 2). O0f these, the
resident clone had a significantly higher reproductive
ratio in 9 cases. Testé‘of mean brood sizes between
competing clones were further restricted (Table 3), as only
30 cases showed parthenogenetic reproduction of both
clones. Statistical analyses of these samples was limited
by the fact that in 24 cases one clone was represented by
fewer than ten parthenogenetic females. Significant
differences were, however, observed in 6 cases. 1In all 6
cases, clone 13 had smaller mean brood sizes than its
competitor, regardless of habitat.

Differences in eithexr proportions of parthencgenetic
females or brood sizes of co-occurring clones alone were not
accurate predictors of clonal'frequencies at subsequent
sampling intervals (Table 4). Of the 26 cases where shifts

in clonal frequency could be predicted, 16 samples showed
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Tahle 4-1:

time

Common vs.

Home Clone

1

14

14

13

13

13

14

14

1
13

Reproductive status of clones in competitlion and
control ponds, showing absolute numbers of each

clone and proportional representation of each
reproductive class at each sampling interval.

July 390

common clones {1987)

n

53
43

33
63

57
39

39
57

40
56

75
21

86
10

76
20

65
31

76
20

4
92

40
56

NR

.15
.21

.42
.38
.10

.08
.05

.33
.25

.48
.48

.37
.10

.66
.50

.38
.48

.46
.55

.15
.65

.68
.57

E

.55
.47

.48
.10
.82

.33
.89

10

.30

.31
.33

.49
.20

.22
.35

.43
.52

22
.30

.25
.35

*

.18

P

.30
.32

.09
.52

.00
.08

.59
.05

.58
.46

.21
.19

.14
.70

.12
.15

.18
.32
.15

.32
.25

n

78
18

72
24

91
5

6
90

35
61

132

August 14
NR E P
.63 .21 .16
.58 .23 .20
.37 .53 .11
1.00

.43 .45 .12
.40 .60

.27 .01 .72
.53 .04 .43
.81 .17 .02
.80 .20

.96 .01 .03
.12 .22 .06
.89 .06 .06
.71 .29

.71 .01 .27
.20 . .80
1.00 . .
.93 .03 .03
.77 .17 .06
.87 .02 .11

13
83

15
81

August 28

NR

.41
.31

.41
.50

53

1.00 .

.17
.57
.53

.50

.60
.57

ST
.58

.74
.41
.78
.50

.92
.83

.53
.86

E

.39
.54

.50
.50

44
.27
.40
.44

.50

.40
.43

.18
.42

.16
.55

.02
.25
.10
.47
.10

P

.20

.15

.09

.03

.55

.03

.02

.05

.10
.05

.20
.25

.08
.07

.04



Table 4-1 (continued)
time July 30

Common vs. common clones (1987)

Pond Clone n NR E P n
13 13 56 .70 .04 .27 83
14 40 .83 .15 .03 13

13 13 60 .42 .47 .12 &0
14 36 .67 .28 .06 36

Commen vs. rare clones (1988)

Pond Clone n NR E P n

14 14 61 .38 .44 .18 74
21 35 .40 .31 .28 22
13 13 g0 .22 .01 .78 90
lé6 16 .69 .06 .25 6
13 13 59 .93 .07-. 94
21 37 .38 .62 . 2 .
13 13 75 .35 .20 .45 96
16 21 .38 . .62 ¢ .
14 14 79 .91 .03 .06 95
le 17 .71 .18 .12 1
14 14 57 .58 .23 .19 &7
16 39 .33 .26 .41 29

Control ponds (1988)

14 1 96 .52 .26 .22 8¢
13 1 96 .18 .38 .44 96
1 13 86 .28 .31 .41 9¢
14 13 96 .39 .22 .40 9¢
1 14 96 .40 .44 .16 96
13 14 96 .66 .07 .27 96
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August 14
NR E P
.84 .07 .08
.85 .08 .08
.97 .02 .02
.89 .11
NR E P
.53 .36 .11
.36 .59 .05
1.00 .
.83 .17
.54 .16 .30
.00
.07 .04 .89
.66 .33 .01
1.00
70 .21 .09
.69 .17 .14
.41 .43 .16
.73 .19 .08
.60 .38 .02
.21 .48 .31
.72 .28
.81 .05 .14

61
35

67
29

74
22

96
96
38

36

36

August 28

NR E P

.70 .20 .10

.51 .48

.97 .03

.46 .54

NR E |2

.32 .05 .63

.13 .87 .

.13 .04 .83
.00

LI7 .23

.39 .19 .43

.03 .01 .96

.52 .18 .20

.32 .68

.73 .19 .08

.53 .34 .13

.63 .37

.74 .17 .09

.60 .22 ,18



Table 4-2: Multiple G-tests of relatlve frequencles of
parthenogenetic females between competing clones
in experimental ponds.

time July 30 August 14 Augqust 28

Home Clone G G G

Common vs common clones (1987)

1 1 0.06 0.25 0.19
13
1 1 19.72%%* © 0.67 0.37
13
1 1 46.68%%% 2.33 0.19
14
1 1 35.84%%% e ..
14
1 1 1.88 e cee
13 3
14 14 0.05 e 0.09
1
14 14 13.80%*%* . .
1
13 li 0.14 0.37 1.09
13 1% 10.16*%%* 2.36 1.13
13 12 2.37 1.07 0.07
14 14 cee 0.39 0.04
13
14 14 0.65 0.93 e
13

*k% p < 0,001
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Table 4-2 (continued}

time

Pond Clone

Common vs.

13

13

Common vs.

14

i3

13

13

14

14

x%% p ¢ 0.001
¥% p < 0.01
* p < 0.05

13
14

13
14

14
21

13
16

13
21

13
16

14
16

14
16

July 30

G

12.07*"

1.06

1.41

common clones {(1987)

*

rare clones (1988)

15.95%**

135

August 14 August 28
G G
0.01 5.67%
0.95
0.91 25.93%**
. 0.74
4,75%
0.02 .
0.49 g.60%*




Table 4-3: Comparison of mean brood size between clones for
all cases where both clones showed
parthenogenetic reproduction, using Student's t-
test for two samples with unequal sample sizes
and varlances.

time July 30 August 14 August 28
Home Clone X S.E. ¢t X s.BE. t b3 S.E. ¢t
Common vs common clones {1987)

1 1 8.63 3.59 g,75  11.44 5.55 ; o 11.18 5.29 4 1
3

13 7.43 3.16 4,75 1.67 9.50 0.71
1 1 6.00 1.73 g 19%** 8,30 2.67 7.50 1.91
13 2.33 0.99 e e Ceee e
1 1 27.82 7.90 .47 6.70 1.06 8.33 1.15
14 17.00 12.49 e e e e
1 1 12.04 3.95 g.40 9.69 2.66 9.77 2.09
14 14.33 3.06 Cene e e aean
1 1 8.52 2.54 3 _7o%*% 11,98 4,85 7.00 ....
13 6.04 2.13 Ceee eea Ceee e
14 14 6.38 2.18 (.57 3.00 .... 2.50 0.71
1 7.50 3.78 e e Cher e
14 14 15.00 9.98 0.52 N v are eaee
1 7.29 1.50 Chen eaes e e
13 13 3.00 0.87 g.q0 1.00 .... 3.75 1.50
1 3.00 .... 1.00 ... Cere e
13 13 3.42 1.62 1.00 .... 1.29 0.76 5 go**

l 2 a4 & 8 LI I I ) - & 8 & a b & B 6!00 * 58 B

13 132 7.38 2,16 1 .33 2.40 1.08 5 2g* 3.33 1.46 5 5%
1 5.67 1.15 3.25 1.50 7.00 ....

14 14 e e Ceee e 1.00 . 0.76
13 e eeae 2.00 1.00 3.00 1.41
14 14 6.54 1.45 g 49 1.50 0,71 1.30  +eee aenns
13 6.23 1.79 2.14 0,90 7.67 1.15

¥*%* p < 0.001
** p < 0.01
* p < 0.05
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Table 4-3 {continued)

time July 30 August 14 August 28
Home Clone X S.E. t X S.E. t X S.E. t
Common vs. common clones (1987}
13 13 3.40 1.50 1.03 2.43 1.81 g.929 1.33 0.82
14 5.00 .... 3.00 ... ce e aeas
13 13 3.86 1.86 g.ga** 7.00 ....
14 5.50 0.71 N
Common vs. rare clones (1988}
14 14 7.09 1.58 3. 17 7.50 2.07 p.g8 B.96 3.47
21 8.10 2.33 6.00 .... Cehe e
13 13 §.08 1.88 1. 48 Ceeh e 10.96 3.45 1.5¢
16 11.50 10.63 et e e 20.00 1.41
13 13 ceee wees 1.89 0.88 g.o1 e s
21 cree e 2.00 .... eee e
13 13 13.59 11.84 g, 46 14.07 9.67 8.78 2.89
16 8§.38 3.12 e aee ceae e
14 14 6.20 3.03 p.o04 7.00 .... 17.73 7.81
16 6.00 1.00 reee ceae eae
14 14 6.82 1.47 (.89 5.50 2.17 1.70 7.07 2.40
16 7.44 1.97 7.50 1.00 hees e
Control ponds (1988)

14 1 B.69 2.43 9.70 2.06 8.33 1.69
13 1 7.31 2.78 7.75 2.38 6.83 2.33
1 13 7.62 2.04 3.00 .... ceee aeas
14 13 8.30 2.09 7.45 1.36 9.89 5.13
1 14 11.29 3.71 e eaes ceee sen
13 14 7.79 1.64  6.76 1.78 10.25 3.84

% p < 0.01
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Table 4-4: Short-term reproductive efforts and significant
differences among clones in competition ponds,
using DeMott's (1980) egg-ratio (E). Dates
where no parthenogenetic females were observed
for a clone are indicated by (....). Blank
lines (----) indicate that the clone specified
was not detected. Positive, negative and
nonsignificant shifts in expected (e) and
obsexved (o) changes in clonal frequencies are
indicated, and were determined using 95%
confidence intervals of egg-ratios and clonal
frequencies. Blank spaces indicate cells where
shifts could not be predicted due to an absence
of parthenogenetic adults or clones.

time July 30 August 14

Home Clone E S.E. e o E S.E. e o

Common vs., common clones (1987)

1 1 2.59 0.37 ns + 1.83 0.40 ns ns
13 2.38 0.35 ns - 0.95 0.10 ns ns
1 1 0.54 0.10 - 4+ 0.91 0.08 ns
13 1.21 0.3 + - e ns
1 1 27.82 1.09 + + 0.80 0.06 ns
14 1.3¢6 0.87 - - e ns
1 1 7.10 1.14 + + 6.98 0.25
14 0.72 0.18 - - —-————
1 1 4.94 0.54 + + 5.15 0.47
13 2.78 0.19 - - ————
14 14 1.34 0.10 ns + 0.06 0.00
1 1.43 0.54 ns - -————
1‘4 14 2-10 0-48 - + 4 o+ 0
1 5.10 1.27 + - -————
13 13 0.36 0.01 ns + 0.03 0.00 ns ns
1 0.45 0.06 ns - 0.06 0.00 ns ns
13 13 0.62 0.03 + + 0.06 0.00 ns
1 cr e - - . ns
13 13 2.36 0.18 + + 0.5 0.02 - ns
1 0.85 0.21 - - 2.60 0.70 + ns
14 14 ve e ns + e e ns
13 e ns - 0.06 0.00 ns
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Table 4-4 (continued)

time July 30

Home Clone E

S.E.

=3

e

Common vs. common clones (1987)

14 14 2.09
13 1.56
13 13 0.92
14 0.15
13 13 0.46
14 0.33

Common vs. rare clones

14 14 1.28
21 2.35
13 13 6.30
16 2.88
13 13 e
21 .
13 13 6.12
le 5.20
14 14 0.37
16 06.07
14 14 1.30
16 3.05

0.25 ns
0.14 ns
6.05 +
0.02 -
0.03 +
0.05 -
(1988)
0.13 -
0.43 +
0.17 +
3.22 -
1.45 ns
1.08 ns
0.03 +
0.01 -
0.13 -
0.38 +

139

+

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

August 14
E S.E.
0.09 0.00
0.24 0.01
0.19 0.01
0.24 0.05
0.14 0.02
0.83 0.08
0.30 0.08
0.57 0.01
2.00 0.01
12.52 1.07
0.07 0.01
0.50 0.04
1.05 0.24

ns
ns

ns
ns

ns
ns

1t

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns




agreement with predicted shifts, while 10 did not. Of the
10 cases where significant differences were observed but
clonal frequency shifts were opposite to those predicted,
the clone native to the pond increased in nine of the

samples.
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DISCUSSION

The variation observed among replicates of clonal
competition pairs is not indicative of ‘pseudoreplication’
(Hurlbert 1978). Rather, variation was likely due to pond
morphology and historically-induced effects such as
sediment richness and pond productivity, as well as normal
stochastic variation observed among zooplankton populations
{Allan 1972}.

Results of clonal competition in most of the
experimental ponds supported the null hypothesis that
clones were competitively superior in their native
habitats. Clone 13 was, however, found to be competitively
superior to clone 14 in the latter's home ponds. This
suggests that some factor other than competition is
responsible for clone 14's abundance.

The rapid changes in clonal frequencies in the
experimental ponds demonstrated strong selective pressures.
Because the clones' strong similarity should increase the
intensity of competitive interactions (Williams 1975,
Hebert 1982), these results were not unexpected.

Although the validity of the competitive exclusion
principle (Hardin 1960) has been disputed {Cole 1960,
Armstrong and McGehee 1974, Simberloff 1983), competitive
exclusion was clearly obserwved in many of the experimental
ponds. All ponds showed“é;ogressive, deterministic shifts
in clonal frequencies as the season progressed. Excluslon

of competitively-inferior clones would likely have been
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observed in most or all of the ponds if the experiment had
been continued until pond freeze-up. Certainly,
competitive exclusion has been demonstrated in other
zooplankton studies (Hauspie and Polk 1974, Loaring and
Hebert 1981, Loaring 1982), and is a real phenomenon among
the unpigmented Churchill clones.

The displacement of clones from the experimental ponds
was not, however, entirely due to competitive interactions.
Welder and Hebert (1987a) have demonstrated that melanic D.
pulex clones represent distinct ‘ecotypes' with differing
physiological tolerances. 1In the present study, sham
introductions showed that clone 1 was able to survive in
low conductivity ponds from which it was ordinarily absent,
but clones 13 and 14 fared poorly in the high salinity
habitats. Exclusion of these clones from such ponds was
therefore likely accelerated rather than determined (Cole
1960) by competition with clone 1.

As reciprocal transplants were not possible for
experiments involving rare clones, no conclusive statements
can be made regarding the influence of competition on the
distribution of these clones. The joint results obtained
from the competition and control ponds suggest, however,
that these clones fare poorly in ponds containing clones 13
and 14 but are able to_occupy these ponds in the absence of
- the dominant clones. The presence of the dominant clones
may therefore be an important factor in limiting

distributions of less abundant clones.
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Significant differences in parthenogenetic
reproduction were observed in 13 of 47 samples where both
clones were present, suggesting that fitnesses were often
unequal. Reprﬁductive differences of clones in native
versus non-native ponds were difficult teo assess, due to
rapid competitive exclusion. A crude generalization can be
made, however, that clones showed lower proportions of
parthenogenetic females and smaller brood sizes when placed
in non-native ponds. Reduced brood sizes in zooplankton
have typically been linked to low food levels (Green 1356,
Lampert 1978). Differences in brood size between clones
may therefore result from different foraging or
assimilation efficiencies of the clones. Snell (1980)
found that reproductive output of rotifer clones varied in
response to blue-green algae as a food source. Similarly,
Loaring (1982) observed differences in food source
suitability among competing D. pulex clones. This supports
the idea that clones are adapted to specific habitat types,
rather than the general purpose genotype hypothesis of
Lynch (1984).

The poor predictive ability between reproductive

 status and subsequent fregquencies of competing clones

suggests that differences in clonal fecundities are not the
sole factor driving cloral replacement. Frequency shifts
may instead be the result of differing mortality or
development rates among the clones. This observation

concurs with results obtained by Loaring (1982) and

143



Korpalainen (1986a). Hebert (1974a) observed a general
assoclation between reproductive status of D. magna clones
in permanent English ponds, but found that patterns were
less clear in intermittent populations (Hebert 1974b).

The smaller brood sizes observed for clone 13 are
consistent with other studies which have shown lower brood
sizes 1in polyploids than in their-diploid relatives. Thus,
polyploids typically have fewer but larger offspring,
slower growth rates and larger édult body size (Beatty
1957, Sexton 1980). Weider (1987) has observed differences
in life history traits among D. pulex clones of differing
ploidy levels. Diploid cleones matured earlier and at
smaller sizes, and produced larger broods than tetraploid
qlones. The results reported by Weider are not conclusive,
however, as the tetraploid clones examined produce melanin
in their carapaces, which incurs considerable metabolic
costs (Hebert and Emery 1990).

As clone 13 is a tetraploid, its competitive
superiority in the low conductivity ponds is somewhat
surprising, as other studies have shown that clones with
slower growth rates are competitively inferior (Snell 1977,
1979, Loaring and Hebert 1981). The larger sizes of
polyploids (Beatty 1957, Sexton 1980) may confer a
competitive advantage, as larger daphniids are able to
utilize a greater spectrum of food particle sizes (Burns
1968). 1In addition, it has been speculated that animals

with higher ploidy levels suffer less physiological stress
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under severe environmental conditions than their diploid
relatives (Sexton 1979, Suvomalalinen 1971).

The poor predictability of shifts in clonal abundances
indicates that selection in these ponds may be episodic
(Wiens 1977). Loaring (1982) observed major fluxes in
relative abundances of competing clones in 500 L aquaria.
The comparable sizes of Loaring's "pools" and the Churchill
ponds suggest that selection might operate in a similar
fashion. Alternatively, frequency shifts and apparent
competitive abilities of clones may reflect 1ife history
differences, as Bengtsson (1986) observed among co-
occurring daphniids.

In summary, clear competitive differences existed
among the clones, and competitive ability was strongly
influenced by habitat type. Asymmetric competition between
clones 13 and 14 suggests that some factor other than
competition is responsible for clone 14's dominant status
in many ponds. Although the mechanisms underlying
competitive interactions remain undetermined, competition
is clearly an important process influencing community

structure among members of this clonal assemblage.
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CHAPTER 5

IMPACT OF THE PREDATORY COPEPOD DIAPTOMUS ARCTICUS ON

DOMINANT CLONES OF DAPHNIA PULEX AT CHURCHILL

is1




INTRODUCTION

The importance of predation in aquatic systems has
been recognized since Hrbacek (1962) and Brooks and Dodson
(1965) demonstrated the impact of fish predation on the
species composition of zooplankton communities (see reviews
in Zaret 1980, Kerfoot and Sih 1986). Although both
vertebrate and invertebrate predaﬁors can structure
zooplankton communifies, vertebrates are often absent from
ponds. In this latter habitat invertebrates play a
dominant role. Past studies have shown that calanoid
copepods are important predators in arctic ponds (Anderson
1970, Dodson 1974a, Stross et al 1980). The predatory
copepod Heterocope septéntrionalis, for example, has been
shown to be responsible for the checkerboard distribution
of Daphnia middendorffiana and Daphnia pulex in low arctic
ponds (Hebert and Loaring 1980, Haney and Buchanan 1987).
D. pulex, the competitive dominant, is excluded from ponds
containing Heterocope, as it is extrémely susceptible to
predation. D. middendorffiana, in contrast, is well
protected from predation by its larger neonate size,
possession of a longer tail spine, and a harder carapace
than D. pulex (Hebert and Loaring 1980, Luecke and O'Brien
1983, Dodson 1984). Other studies have also demonstrated
the selective impact of invertebrate predators on their
prey (Dodson 1974a,b,1975, 1984, O'Brien and Schmidt 1279,
Krueger and Dodson 1981, Havel 1987).

Despite the recognized importance of copepod
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predation, no studles have yet examined the impact of
predators on genotypic composition of single prey species.
Although Kerfoot (1977a) documented the occurrence of
different Bosmina genotypes in the presence and absence of
the copepod Epischurus nevadensis, it was later shown
(Manning et al 1978) that these genotypes represented
different species. O'Brien and Schmidt {(1979) observed

that natural populations of B.

longirostris occurring with

and without H. septentrionalis showed differing
morphologies and@ vulnerability to pfedation, but their
!studies may again have involved a species complex.

) Manipulative field experiments examining predator-prey
interactions similar to those of Neill (1981) and Elser and
Carpenter (1988) have rarely been carried out in arctic
ponds. Rather, field experiments have been conducted by
confining predators and prey in enclosures and monitoring
the results (Dodson 1974b,1975, Hebert and Loaring 1980,
Luecke and O'Brien 1983). While these studies have clearly
shown an impact on structure of prey communities, the
selective arenas are artificial (0'Brien 1988). Whole-pond
manipulations of natural habitats, by contrast, enable the
study of predator-prey interactions under more natural
conditions.

The calanoid species Hesperodiaptomus arcticus is a

common member of northern zooplankton communities (Hebert
1985, Hebert and Hann 1986), and is often an important

predator in ponds where it occurs (Anderson 1970, Stross et
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al 1980, Good 1981, Hebert 1985). 1In contrast to its prey,
H. arcticus produces only one generation per summer. Early
stages of H. arcticus are filter feeders, while adults are

predaceous (Anderson 1967, 1970}.

The objectives of this study were to examine the role
of Hesperodiaptomus arcticus in limiting the distributions
of the three dominant unpigmented.clones (1, 13 and 14) of
D. pulex at Churchill. Prior distributiona: studies
(chapter 2) have shown that clone 1 never co-occurs with H.
arcticus, while clones 13 and 14 show negative and positive
associations with the predator, respectively. The present
analysis involved both laboratory comparisons of the
susceptibility of each ¢lone to predation and field
manipulation experiments involving the two dominant clones

which occur with the predator.
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METHODS
Lab experiment:

Hesperodiaptomus arcticus were collected in August
1987 from Churchill ponds and shipped to Windsor for
laboratory experiments to examine the differential
susceptibility of the three dominant D. pulex clones to
predation. Lab populations of H. arcticus were held at 4°C
and fed D. pulex neonates twice weekly, as well as 50 mL of
a diluted aquarium algal culture (mostly Scenedesmus and
Ankistrodesmus spp.) every second day.

Ten adult females from each of the three clones were
jndividually placed in 120 mL plastic cups with 60 mL of
synthetic pond water (SPW) (Hebert and Crease 1982).
Animals were fed 5 mL of a chemostat-grown culture of
Scenedesmus guadricauda every second day. Food levels were
standardized by adjusting optical densities to a value of
0.80 at 650 nm, using a Pye-Unlcam spectrophotometer. Cups
were examined daily for neonates, which were immediately
removed and placed in 1.5 1 holding jars for use in the
predation study. Neonates in each holding jar were fed 50
ml. of algae every other day.

Predation experiments were carried out on neonates
(instar I) and instars II and III of the three dominant
clones, with twenty replicates per treatment. In each
treatment, 24 similar-aged juveniles of two clones were

placed in a 120 mL plastic cup filled with 100 mL of SPW at
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room temperature, along with an adult H. arcticus which had
been starved for 24 hours at room temperature prior to
initiation of the experiment. Animals in cups were not
gilven any algal suspension, to ensure maximal predation
rates (Anderson 1970}, Control cups were set up for each
treatment, with all conditions duplicated, but with the
absence of a predator. Each predation cup was visually
monjtored every eight hours until the number of Daphnia in
each cup approached one-half of the initial total, which
usually occurred after 24 hours., Thereafter, cups were
checked hourly until 50% Daphnia mortality had occurred.
The predator was then removed from the cup and clonal
composition of the remaining Daphnia juveniles determined
electrophoretically, using standard protocols (Hebert and
Beaton 1989). Student's t-tests for differences between
two means with equal variances (Sokal and Rohlf 1981) were
carried out on age-specific mean clonal survivorship
frequencies within predation treatments, using the SYSTAT

computer package (Wilkinson 1989).
Field experiments:

Densities of H. arcticus weré manipulated in 6 ponds
to test the effect of this species on the composition of
ponds dominated by D. pulex clones 13 and 14 on Bluff C.
Ponds were selected and prepafed using the same
manipulation protocol described in Chapter 4. The

experiment was initiated in mid-July of 1988 and zan until
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August 30. It was assumed that predation could have a
significant influence on clonal composition of the

ponds during the initial stages of the experiment, when
prey populations were still small. Introduced numbers of

reproductive D.

pulex adults were therefore scaled to
produce an approximate initial density of 5 neonates per
clone per litre. As sampling of undisturbed ponds showed
H. arcticus densities ranging from 0.2 to 4.1 copepods per
litre, the predator was introduced at densities of 1 animal
per litre.

In addition to the predation experimental ponds, three
control ponds were established where clones 13 and 14 were
introduced together in the absence of H. arcticus. The
sham introduction and empty controls described in chapter 4
were considered to be valid controls for this experiment
also.

Samples were collected from the ponds as described in
Chapter 3, with special care taken to return any copepods
collected to the ponds immediately. Laboratory
determination of reproductive status and clonal identities
were performed as described in chapters 3 and 4, as were
analyses of clonal frequencies and their relative

fitnesses.
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RESULTS
Laboratory experiments

Predation trials showed strong differences in
vulnerability to the predator between clones (Figure 1).
For instars I to III, clone 14 consistently exhibited lower
mortality than clones 1 and 13. Differences in
mortality between 14 and the other clones were significant
for all three instars (instar I: P < 0.05; instars II and
III: P < 0.001), but were most pronounced betﬁeen 3rad
instar juveniles. Clones 1 and 13 exhibited similar
susceptibilities to predation by H. arcticus for all three
instars. Control cups had negligible mortality, and
nonsignificant clonal frequency differences at the end of

36 hours,
Field experiments

Shifts in clonal frequencies in the manipulation ponds
were rapid. 1In ponds containing H. arcticus (Figure 2a),
the frequency of clone 13 decreased dramatically, and the
clone was nearly eliminated by the end of the season. By
contrast, in the control ponds the pattern was reversed,
with clone 13 dominating and clone 14 being displaced

(Figure 2b).
Reproductive status

Reproductive status of clones 13 and 14 in the
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Figure 5-1: Proportlonal survivorship (+ 1 SE) of juveniles
of clones 1, 13 and 14 following exposure to

Hesperodiaptomus argcticus for instars I, II,
and III.
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Figure 5-2:

Shifts in frequency of clones 13 and 14 over
time in experimental ponds with and without the
predatory copepod H. arcticus in 1988. (a)
ponds with H. arcticus; (b) control ponds (no
predators). Vertical bars represent standard
erroxrs of pooled data.
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manipulation ponds are summarized in Table 1. Relative
fiequencies of the different reproductive phenotypes varied
between clones and sampling periods. Differences in the
proportions of parthenogenetic females in the ponds were
only detected in late July (Table 2), in part due to the
rarity of one clone in each pond in later intervals. The
interclonal differences in reproductive ratios were
consistent, with clone 13 having a greater proportion of
parthenogenetic females in all cases where a significant
difference was detected. Brood sizes of the clones showed
the converse pattern (Table 3), with clone 13 producing
smalier broods than clone 14 in 4 of the 5 cases where
significant differences.yere observed.

Table 4 shows the egg-ratio fecundities of the two
clones (DeMott 1980) and the predicted and observed shifts
in frequency. PFecundity data suggested 5 cases in which
clone 13 should increase in abundance in predation ponds,
but in all 5 cases the clone's abundance decreased. By
contrast, in control ponds clone 13 had higher fecundities
in all 6 samples, and showed an increased frequency in 5 of

these cases.
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Table 5-1:

time

Pond Clone

(a) with H. arcticus

C44a

C45b

C48

Ctda

C159

Clel

(b} without H. arcticus

C45a

C64

Cle0

13
14

13
14

13
14

13
14

13
14

13
14

13
14

13
14

13
14

n

27
69

35
61

21
75

31
65

34
62

40
586

78
18

57
39

75
21

July 30

NR

.44
.38

.34
.43

.67
.37

.29
.48

.53
.68

.68
.55

.27
.61

.63
.41

.48
.62

E

.52
.51

.43
.49
.49
.13
.32

.32
.26

.10
.21

.09
17

.25
.54

.16
.05

August 14

P n NR E
.04 g8 .75 .25
.12 88 .81 .13
.23 2.1.00 .,
.08 94 ,49 ,38
.33 . .
»13 96 .34 .32
.58 10 .70 .20
.20 86 .85 .08
.15 5 .20 .60
06 91 .79 .14
.23 4 .75 .25
.23 92 .79 .21
(control ponds)
.64 86 .77 .17
.22 10 .60 .40
.12 71 .89 .08
.05 25 .68 .32
.36 93 .61 .23
.33 3 1.00

162

P

.07
.13
.33
.10

.07

. 20
.07

.06
.03

.16

n

96

%96

96

96

Reproductive status of clones 13 and 14 in

predation and control ponds, showing absolute
numbers of each clone and proportional
representation of each reproductive class at
each sampling interval.

August 28
NR E P
.15 .25 .
.65 .32 .03
97 .03
75 .24 .01
77 .22 .
.70 .28 .02
.57 .43
26 .70 .04
.70 .18 .12
1.00 .
.65 .26 .09
.86 .14 .
.49 .39 .12
.46 .38 .15



Table 5-2: Multiple G-tests of frequencies of
parthenogenetic females of clones 13 and 14 in
predation and control ponds.

time July 30 August 14 August 28

Pond Clone G G G

{a) with H. arcticus

Cd44a 13 1.68 1.08 0.26
14 )

C45b 13 3.92%
14

c48 13 4.02%
14

c64a 13 13.56%** 0.11 0.40
14

Cl59 13 1.68 0.91
14

Clel 13 0.01
14

(b) without H. arcticus (controls)

C45a 13 10.67%% 1.13 1.51
14

c64 13 1.50 1.22 1.27
14

Cle0 }2 0.05% 1.04 0.11

x%% p < 0.001
% p < 0.01
* p < 0.05
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Table 5-3: Comparison of mean brood size between clones in
predation and control ponds for all cases where
both clones showed parthencgenetic reproduction,
using t-test for two samples with unegual sample
sizes and variances.

time July 30 August 14 August 28
Pond Clone I3 S.E. t X S5.E t X S.E. t
(a) with H. arcticus
C44a 13 4.00 .... g.47
14 6.25 2,24 6.00 2.09 5.67 1.75
C45b 13 3.00 0.93 4.p06*%* .... ....
14 5.60 1.40 4.83 2.52
C48 13 4.14 1.48 g pgo*** ..., .... cna
14 7.10 1.37 8.16 2.81 5.00
C64a 13 4.83 1.62 9 gg* 3.00 .... pg.75 aee e
14 6.38 2.63 4,33 1.28 3.50 0.71

C159 13  4.20 1.78 5.9g
14  5.00 1.63

00 ..., 1.75
.83 1.60

O e

Clel 13 7.11 1.36 7. 1g6* e e ches e
14 8§.00 1.76 e rae 7.00 1.63
(b) without H. arcticus (controls)
C45a 13 6.76 3.06 .1 5.48 1,41 5.45 2.34
14 7.00 1.63 st heen Vet e saaas
Co4 13 3.00 1.24 5 gp 2.50 0.71 B.75 3.77
14 4.00 1.00 e e cree e
Cl60 13 5.15 1.52 5 3o* 4,31 1.93 4.80 1.64 .12
14 4,29 1.70 e e 5.00 ....

*k%* p < 0.001
*% p < 0.01
* p < 0.05
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Table 5-4: Comparison of short-term repreductive efforts
and significant differences between clones 13
and 14 in predation and control ponds in 1988,
using DeMott's (1980) egg-ratic (E) method.
Dates where no parthenogenetic females were
observed for a clone are indicated by (....).
Blank lines (----) indicate that the clone
specified was not detected.

time July 30 August 14

Pond Clone E S.E.

.
s

o
lo
i
t
tx1
1t
o

{a) with H. arcticus

Cd4a 13 0.16 0.02 - - cees ns -
14 6.7% 0.07 + + 0.42 .03 ns +
C45bh 13 0.69 0.05% + - e he e ns -
14 0.4 0.04 - + 0.63 0.04 ns +
c48 13 1.37 0.21 + - -_————
14 0.92 0.08 - + 2.69 0.18
c64a 13 2.80 0.23 + - 0.30 0.08 ns -
14 1.28 0.12 - ¢ 0.30 0.02 ns +
c159% 13 0.63 6.08 + - 0.80 0.51 + -
14 0.30 0.03 - + 0.62 0.06 - +
Cl61 13 1.64 0.23 ns -
14 1.84 0.22 ns +

(b) without H. arcticus {controls}

c45a 13 4.33 0.21 + + 0.33 0.02 ns +
i4d 1.54 0.50 - - e ns -
c64 13 0.36 0.02 + + 0.08 0.00 ns +
14 0.20 0.02 - - e ns -
C160 13 1.85 0.09 + + 0.69 0.03 ns -
14 1.42 0.24 - - e ns +
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DISCUSSION

Field surveys suggested that H. arcticus had a
significant effect on distributions of the dominant clones.
Thus, clone 1 never co-occurred with the predator, and
clone 13 had a negative association coefficient with it.
By contrast, clone 14 showed a positive coefficient of
association with the predator. Wilson and Hebert {1330}
have shown these distributional associations were both
significant and stable across years.

Clone 14's ability to coexist with the predator was
supported by the results of the field experiments. The
rapid elimination of clone 13 from the predation ponds
showed the susceptibility of this clone to predation by H.
arcticus. Clone 14's displacement from the control ponds,
by contrast, suggested that it was a poor competitor. Such
a tradeoff between defensive and competitive ability has
been observed in a number of zooplankton species (Kezfobt
1977b, Dodson 1984, Havel and Dodson 1987).

The ability of a prey organism to coexist with a
predator is often associated with lower fecundity in
comparison with its more vulnerable relatives. Kerfoot
{1977b), for example, observed that predator-resistant
Bosmina genotypes produced small numbers of large eggs,
while vulnerable Bosmina produced larger broods of small
€ggs, thereby boosting their fecundity in the absence of

predators. Similarly, strains of Daphnia middendorffiana

resistant to predation by Heterocope septentrionalis have
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smaller broods of larger eggs than unprotected clones
{(Hebert and Loaring 1980) of D. pulex (Dodson 1984). By
contrast, in the present situation the predator-resistant
clone (14) produced more eggs than did clone 13. The
smaller mean brood sizes produced by clone 13 are likely
due to the clone's status as a tetraploid. The present
study has shown that desplte its smaller brood size, clone
13 often has a higher fecundity than clone 14 because of
its higher reproductive ratio.

The modest fecundity advantage of clone 13, however,
nay not be the sole basis for its competitive superiority
over clone 14. Havel and Dodson (1987) found that
individuals of a D. gﬁ;g; clone with defensive structures
induced by exposure to Chaoborus larvae had similarx
fecundity as those of noninduced individuals, but that
juveniles had longer maturation times, significantly
reducing their intrinsic rate of increase (rp). This
deérease in rm in predator-resistant morphs despite similar
clutch size was also seen by Mort and Kerfoot (1988), who
observed that egg development took 30% longer in protected
versus unprotected morphs of Ceriodaphnia cornuta.
Intrinsic rates of clonal increase were not measured in the
present study, but could easily be obtained from life
history studies of the Churchill clones.

Differences Iin partheﬁogenetic reproduction of clones
13 and 14 in the ponds consistently failed to predict

shifts in clonal frequency in the predation ponds, but
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provided a good indication of the direction of clonail
frequency shifts in the control ponds. As H. arcticus
feeds on juvenile Daphnia (Anderson 1970), the predator's
impact would be greatest among early instars of D. pulex
and have a strong effect on clonal recruitment.

The differential susceptibility of early instars of D.
pulex to predation was demonstrated for clones 1, 13 and 14
in the laboratory experiments. Differences in clonal
survivorship were smallest for instar I, but were very
pronounced by instars II and III. The mechanism by which
clone 14 is able to defend itself from H. arcticus was not
determined. Although morphological defenses such as body
spikes or tail spines are common (Zaret 1980) and have been
widely observed among arctic prey species (Dodson 1984,
O'Brien and Schmidt 1979, Hebert and Loaring 1980),
differences in tail spine length between juveniles of clone
13 and 14 failed to explain the relative susceptlibilities
of the clones (Wilson and Hebert 19%0).

The greater susceptibility of clone 13 is even more
puzzling when one recognizes that the clone is a
tetraploid (Beaton and Hebert 1988), as polyploids
typically have larger offspring and larger adult body sizes
(Sexton 1979). Differences in life history characters have
already been shown among melanic and unpigmented D. pulex
clones differing in pleoidy level (Weider 1987), with
unpigmented diploids producing smaller offspring and

maturing at smaller sizes. Indeed, juvenile instars of
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clone 13 are consistenty larger than those of clone 14
(Wilson and Hebert 1990). On the basis of neonate and
adult body size, one would therefore expect clone 12 to be
less susceptible to copepod predation than clone 14, yet
the reverse was true. Field results may perhaps be
partially a result of the longer generation time of
polyploids with respect to thelr diploid relatives (Sexton
1979, Weider 1987). With survivorship linked to growth
rates among size-selected prey, the greater duration an
individual must spend in the "predation window", the poorer
its chances of survival (Zaret 1580).

In summary, Hesperodiaptomus arcticus has an important
impact on clonal composition of Daphnia pulex populations.
Natural distributions and both laboratory and field
experiments showed large differences in susceptibility
among the dominant unpigmented Daphnia pulex clones to this
predator. It may be conclusively stated, therefore, that
invertebrate predation has a significant effect on clonal

distributions in the rock bluffs ponds.
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CHAPTER 6

SYNTHESIS OF COMMUNITY STRUCTURE IN

A LOW-ARCTIC CLONAL COMPLEX
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The results presented in the previous chapters have
shown that a number of factors and processes significantly
influence the distributions and abundances of unpigmented
Daphnja pulex clones in bluff ponds near Churchill. The
study utilized all three types of ecological experiments
described by Diamond (1986). Passive studies involved
mapping the distributions of clongs in the ponds, and
examining correlations with environmental variables. The
large number of ponds provided opportunities for
manipulative field experiments, and laboratory experiments
were subsequently employed to confirm the influence of
selective factors observed in the field.

Surveys of D. pulex populations on two rock bluffé in
1985 and 1989 revealed én assemblage of 36 clones {chapter
2). Clones -, 13 and 14 were dominant, both numerically
and in number of ponds occupied. The pattern of clonal
abundances observed, with a few superabundant clones and
many rare clones, was consistent with results obtained from
other studies on asexual taxa (Jaenike et al. 1980, Hebert
and Crease 1983, Sebens and Thorne 1985).

Clonal distributions appeared to be near equilibrium,
as evidenced by the occupancy of virtually all suitable
Jr:abitats, and by the stability of clonal composition of
ponds across a five year lnterval. The study met all the
criteria suggested by Connell and Sousa {1983) as necessary
to determine the stability of populations and communities,

although the question may still be asked as to whether the
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observed clonal abundances and distributlions mask yearly
shifts in these patterns.

Results in chapter 2 showed the influence of abiotic
variables on clonal distributions. These results disagregd
with Lynch's (1984) general-purpose genotype hypothesis of
parthenogenstic organisms, and more closely resembled
Harshman and Futuyma's (1985) hypothesis that clenal
assemblages are composed of a number of clones adapted to
specific habitats. 1Indeed, the stability of clonal
compositions in specific ponds is linked to the consistency
of abiotic and biotic characteristics of the ponds.

Despite the general stability of clonal composition of

ponds, c¢clonal frequengies were not static. Significant

shifts in clone frequencies occurred both between and’

within single seasons. Studies of multiclonal ponds,
discussed in chapter 3, suggested that several different
factors were responsible for the maintenance of diversity
in polyclonal populations, including dispersal among ponds
and the production of diapause eggs by lower-fitness clones
before their competitive displaccment. 1In addition,
several ponds displayed temporal successions of clones,
similar to results obtained by DeMott (1983} and Carvalho
and Crisp (1987). The premature disappearance of D. pulex
from some multiclonal ponds also suggested that some
habitats are suboptimal so tnat no one clone is able to
beccme dominant.

Chapter 4 demonstrated the importance of competition
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in determining clonal composition of ponds and showed that
clones were generally competitive dominants in their native
ponds. The competitive superiority of clone 13 in home
habltats of clone 14 indicated that some factor other than
competition was responsible for clone 14's abundance.
Distributional data in chapter 2 indicated that clone 14's
distribution was strongly correlated with that of the
predatory copepod Hesperodiaptomus arcticus. Chapter 5
described both laborateoxry and field experiments used to
assess the impact of this copepod on the dominant D. pulex
clones. Laboratory trials showed that juveniles of clones
1 and 13 were more susceptible to predation than clone 14,
and the importance of predation was further confirmed by
field experiments. 1In fhe presence of H. arcticus, clone
14 displaced clone 13, reversing the outcome from
_interclonal competition.

| The nested effects of these different factors indicate
that the selective framework operating in the pond system
is similar to that suggested by Connell (1975) and Hall et
al. (1976). The incidence of competition and predation is
primarily determined by environmental patterns and
historical effects such as dispersal. Both biotlic factors
operate within this framework, with predation on occasion
masking competitive interactions among the clones.
Tradeoffs in effectiveness of clonal adaptive strategies
for competitive ability and resistance to predation (Allan

1974) were also demonstrated by clones 13 and 14.
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The unpigmented Churchill clones clearly showed a
range of adaptive strategies. The rarity of many clones
may be due to their having lower fitnesses, or being
adapted to less abundant habitat types. Although not
tested in this study, adaptation to a specific habitat may
cause organisms to become rare if that habitat type becomes
uncommon {Kolasa 1989).

A number of questions remain unanswered. Why does
clone 1 dominate ponds on bluff A so strongly, if the
remaining clones on this bluff are also adapted to high
salinity? Wwhat is the impact of ploidy level variation
among the clones, and what enables a tetraploid clone to
outcompete conspecific diploids? The study was also unable
to determine the mechanism(s) responsible for competitive
exclusion among the clones. Answers to these questions
might be provided by life history studies of the ¢lones.

In addition, although the influence of copepod predation on
clonal distributions was clearly shown, the effects of the
flatworm Mesostoma lingua on the Daphnia clones has not yet
been determined.

In conclusion, the study has clearly demonstrated the
importance of abiotic habitat characteristics, as well as
competition and predation, on clonal distributions in the
bluff ponds. The study has also shown the utility of using
clonal assemblages as analogous model systems for studies

of community structure in multispecies communities.
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Appendix 1: Multilocus genotypic identities of unpigmented
Churchill Daphnia pulex clones. Asterisk at the
AMY-2 locus for clone 15 indicates the clone has
an unbalanced phenotype (1225) at this locus.
Locus marked with -- indicates null activity.
Loci where clonal genotypes were not determined
are indicated by (.).

Clone ACP  AD APK AMY-]1 AMY-2 AMY-3 EST-1 EST-2 FUM
1 12 22 11 22 13 22 11 11 22
2 . 11 . 44 . . . . .
3 12 11 11 13 13 22 11 11 11
4 . 33 . 23 to . . . .
5 . 22 . - . . . . .
6 12 22 11 22 13 22 11 11 22
7 12 22 11 23 13 22 11 11 12
8 12 22 11 12 13 22 11 11 22
9 12 23 11 44 13 22 11 11 22

10 . 33 . 23 13 22 . . .
11 12 22 11 23 13 22 11 11 22
12 . 22 . 22 . . . . .
13 12 11 12 44 12 12 11 11 22
14 12 22 11 23 13 22 11 11 22
15 12 22 12 13 12%5 22 11 11 22
16 12 22 ~11 33 13 12 11 11 22
17 12 22 11 33 14 22 11 i1 22
18 . 22 . 23 . . . . .
19 12 22 11 22 12 22 11 11 22
20 . 11 . 22 . . . . .
21 12 22 11 22 33 12 11 11 22
22 . 22 . 22 . . . . .
23 . 22 . 23 . . 11 11 22
24 22 23 - 11 12 13 11 11 11 22
25 12 22 11 22 14 22 11 11 22
26 11 11 12 44 13 22 11 11 22
27 . 11 . 14 . . . . .
28 -- 22 11 23 13 22 11 11 22
29 . 33 . 13 . . . . .
30 . 22 . 14 . . . . .
31 . 22 . 13 . . . . .
32 . 33 . 22 . . . . .
33 . 33 . 23 . . . . .
34 . 33 . 22 . . . . .
35 . 22 . 23 . . . .
36 . 22 . 34 . . .
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Appendix 1 (cont.)
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Appendix 1 (cont.)
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Appendix 2: Matrix of Nei's unblased genetic distance and
identity estimates among unpigmented Churchill
Daphnia pulex clones. Above diagonal = genetic
identity; below diagonal = genetic distance.

Clone

10 346 733 .732 095 500 420 500 364
i1 213 551 .531 346 346 . 213 095 221
12 041 551 .626 420 2117 095 095 096
13 +597 041 .253 443 597 597 443 . 540
14 381 1.124 .863 563 563 381 381 411
15 668 1.124 + 730 786 668 .668 468 .507
16 346 551 .290 500 346 420 085 290
17 290 340 .475 531 290 364 036 234
18 226 837 .612 381 381 . 226 226 244
19 0S5 551 .444 500 346 152 095 156
20 263 196 .207 397 551 328 263 340
21 095 733 .626 683 346 213 213 156
22 221 900 .793 531 531 221 290 308
23 156 495 .308 444 290 221 039 165
24 226 431 .244 . 301 381 .301 157 170
25 040 447 .495 397 263 091 040 08s
26 638 042 .271 551 638 .638 .471 582
27 551 091 .146 387 551 551 . 397 415
28 156 495 .475 444 290 221 039 165
29 849 677 388 221 849 .849 .531 675
30 .263 .196 495 .551 .263 328 145 .207
31 290 495 234 531 290 364 096 .165
32 263 601 677 040 .551 263 397 .340
33 144 900 675 156 626 .531 626 . 475
34 444 677 .475 290 .626 626 444 475
35 039 495 475 290 156 .096 039 .039
36 095 397 .364 420 213 152 041 039
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183



FTUN B2 T T T T RREAN TR A VAT TR e T TT L e e

10 626 L 505 .606 459 456 285 505
11 444 683 kkxk 809 642 854 683 809
12 444 5090 .213 LR 551 .626 513 707
13 253 779 443 597 kkkk 414 414 551
14 730 786 157 468 .883 Kkkk 706 683
15 730 1.2586 381 668 .883 348 *hkx 683
16 290 683 213 346 .597 .381 381 LELR
17 234 732 096 290 .386 324 507 156
i8 507 563 157 301 .659 038 261 226
19 290 683 213 085 .597 381 .563 213
20 495 551 397 263 .242 837 1.124 551
21 444 .500 500 152 1.002 563 920 346
22 570 849 221 221 .723 .170 324 444
23 234 . 626 156 156 .540 324 411 03¢
24 170 468 301 . 226 .4717 549 549 226
25 340 551 145 040 .493 431 .613 263
26 271 B38 551 .638 .041 1.124 1.124 638
27 340 733 397 551 .041 837 .718% 551
28 388 .626 096 156 . 540 .244 411 156
29 388 531 444 .849 540 612 .612 444
30 089 733 263 263 .242 .613 613 263
31 234 732 221 230 540 411 324 039
32 495 145 397 328 493 613 970 733
33 .570 039 849 626 946 730 1.200 626
34 388 .156 849 531 946 1.018 1.423 444
35 388 290 156 .096 540 324 507 156
36 .290 .587 152 085 443 468 468 213
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Appendix 2 (cont.)

Clone
17 18 19 20 21 22 23 24

CloNne ~=mm e

1 748 7387 .910 769 .910 802 855 797

2 711 433 576 822 .480 407 610 650

3 622 542 641 813 .535 452 735 783

4 588 683 .606 673 .505 588 641 .740

5 .748 683 707 576 .707 588 748 683

6 695 797 859 721 .809 802 802 740

7 909 797 910 769 . 809 T48 962 854

8 792 783 . 855 711 .B855 735 848 843

9 .792 . 602 .748 .610 .641 . 565 792 .843
10 .481 .570 .505 .576 .606 .428 .535 .626
11 .909 .851 . 809 .673 .606 .802 .855 . 740
12 .748 .740 .9190 .769 .859 .802 . 855 .797
13 .680 .517 551 .785 .367 .485 .582 .621
14 .723 .963 .683 .433 .570 .843 .723 .578
15 602 .70 .570 . 325 . 399 .723 .663 .578
i6 .855 .797 .809 .576 .707 .641 .962 797
17 hkkk 723 748 610 641 622 848 723
18 324 Xk k% 797 541 .683 904 843 106
19 290 226 kkAk 769 910 .855 962 911
20 495 .613 263 *rkx 673 610 711 . 71538
21 444 .381 095 .397 * &k k& 695 B55 797
22 475 101 156 495 364 LR .792 723
23 165 170 ,039 340 156 234 LA A 904
24 324 .348 093 277 226 324 .101 kkkk
25 207 277 040 196 145 207 089 143
26 415 837 638 253 956 .900 582 .518
27 415 613 . 551 196 .956 677 495 is1
28 100 170 156 340 290 234 100 244
29 .570 507 . 626 67T 1.137 675 475 244
30 089 431 263 447 397 495 207 2717
31 165 244 .156 .495 .290 388 039 101
32 677 431 397 314 551 415 495 2717
33 927 .507 626 677 444 793 .570 411
34 675 730 444 495 290 927 .388 244
35 165 170 .156 . 340 .156 308 100 244
36 156 301 095 263 213 .2%0 096 .093
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Appendix 2 (cont.)

Clone
25 26 27 28 29 30 31 32
Clone ==m—— - e ——m oo —emeo o=
1 961 528 576 .855 .428 .769 .748 769
2 639 859 .913 .610 .508 .822 .610 548
3 610 762 B64 .622 .679 .610 792 508
4 673 576 .673 .641 .802 .576 .588 961
5 169 528 576 .748 .428 .769 . 748 576
6 913 528 576 .802 - .428 .721 .695 769
7 961 625 673 .962 .588 .865 .909 673
B 915 559 661 . 848 .509 .813 .848 711
9 711 762 711 .679 .679 .915 .192 610
10 .576 432 480 535 .588 .480 .481 865
11 B65 .576 .673 .909 .641 . 769 .802 673
12 .961 .528 .576 .855 .428 .1769 . 748 121
i3 .611 .960 .960 .582 .582 .T85 .582 .611
14 .650 .325 .433 . 783 .542 .541 .663 .541
15 . 541 .325 .487 .663 .542 .54 .723 .379
16 .769 .528 .276 . 855 .641 .769 .962 LA480
17 .813 .661 .661 .905 .565 .915 . 848 .508
18 .758 .433 . 541 .843 ,602 .650 .783 .650
19 .961 .528 .576 .855 .535 .769 . 855 .673
20 .B822 .T76 .822 .711 .508 .639 .610 L7131
21 .865 .384 .384 . 748 .321 673 .748 .576
22 .813 .407 .508 .792 .509 .610 .679 .661
23 .215 .559 .610 .905 .622 .813 .961 .610
24 .866 .596 .704 .783 .783 .758 .904 .758
25 kxkk .594 .639 .915 .508 .822 .813 .731
26 .521 LR .913 .559 .508 .176 .559 .548
27 . 447 091 LR .610 .661 .731 .661 .639
28 .083 .582 .495 ki kX .565 .813 .B48 .610
29 _.677 .677 . 415 .570 LR .508  .679 .711
30 .196 253 314 207 .677 LT .813 .548
31 207 .582 415 165 .388 207 kkkx 508
32 314 . 601 447 495 .340 .601 677 LEE
33 677 1.034 .900 . 793 .475 900 .675 207
34 495 900 900 570 .475 671 475 340
35 089 .582 . 495 . 100 ,615 . 207 .165 340
36 040 471 328 096 531 145 096 397
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10 962 855 748 556
11 428 428 855 859
12 535 588 903 910
13 g8 388 582 642
14 482 361 723 626
15 301 241 602 .626
le 535 .641 .855 803
17 396 509 848 855
18 602 482 .843 740
19 .535 6541 855 810
20 508 610 il 769
21 641 748 855 . 809
22 452 396 735 748
23 565 679 905 909
24 663 783 .783 911
25 508 610 915 961
26 356 407 559 625
27 407 407 610 721
28 452 565 805 909
29 .622 622 509 588
30 407 508 813 865
31 509 622 848 909
32 813 711 711 673
33 kikk 905 679 481
34 100 kkk% 679 .588
35 388 388 Ak 909
36 732 531 096 Xk
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appendlx 3a: Unplgmented clonal composition of D. pulex Iin
ponds on Churchill Bluffs A and T in 1985.

C8a

c190
cl2
Cl3

clones (numbers)

1(15), 7(6), 11(1)
1(16), 2(8)

1(15), 2(9)

1(21), 2(1), 4(1), 5(1)
1(24)

1(24)

1(6)

9(24)

1(5), 9(19)

1(18), 10(5)
1(23), 9(1)

1(23), 12(1)

1(24)

1(22), 2(1), other(1l)
1(23), 2(1)

1(16), 10(8)
1(20), 3(3), 32(1)
1(24)

1(10)

1(24)

1{23), 3(1)

1(24)

1(24)

1(24)

1(24)

1(24)

1(17), 33(7)

1(24)

1{2)

1(24)

1(23), 6(1)

1(24)

1(24)

1(19), 7(5)

1(2), 7(22)

1(14), 2(10)

1(4), 9(19), 35(1)
1(7), 2(12), 7(5)
1(22), 2(1), 8(1)

15(17), 18(1}, 34(2)
13(12), 14(11), 15(1)
13(3), 21(21)

13(23), 14(1)

13(18), 14(6)

14(24)

14(24)

14(24)

14(4), 15(13), 16(7)
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Pond

Cl4
Cl5
Ci6
Ccl19
C20
Cc21
c22
c23

- C24

C25
Cc27
C28
c29
C30
C31
C32
C33
C34
C35%
C36
Cc37
c38
C39
C40
C41l
C42
c43
Cd4
Cd4a
C45
C45a
c47
C48
C49
C50
C51
C52
C52a
C53
c54
C56
c57
c58
C59
C60
cel
C6la
ce2
Cé63

cleones {(numbers)

13(2), 24(2)

13(1), 14(23)

13(7), 14(17)

13(24)

13(2), 14(15), 15(7)
13(22), 14(2)

13(24)

14(5), 15(19)

13(24)

“13(22), 14(2)

14(18), 15(2), 16{(4)
14(24)

14(24)

14(17), 23(7)

14{10), 15(14)
14(24)

13(24)

14(24)

14(24)

14(24)

14(24)

14(24)

13(2), 14(22)

13(7)

13(23), 14(1)

14(14), 15(3),
13(23), 14(1)

14(24)

14(24)

14(24)

14(24)

14(24)
14(24)

13(20),
14(24)

14(24)

14(24)

14(24)

13(1), 14(23)

13(6), 14(18)

13(1), 14(19), 15(1)
14(24)

22(7)

14(4)

13(12), 14(12)
13(1), 14(21), 25(2)
14(24)

13(1), 14(23)

13(24)

13(24)

13¢(3), 14(16), 16(53)




Appendix 3a (cont.)

Pond clones(numbers) Pond clones(numbexrs)
C64 14(24) C152 1(1), 17(23)
Coda 13(24) Cl56 16(24)

C67 13(2), 14(22) C159 13(24)

C6Ta 13(3) Cled 13(24)

C68 13(24) Clel 13(z24)

C69  13(24)

c69a 13(24)

C69b 13(24)

C70  14(3), 16(18), 19(1), 20(2)

C70a 13(24) -

C73  14(17), 15(7)

C76  13(10), 14(1), 27(13)

C78  13(6), 14(18)

c82  14(4), 15(20)

C83  14(2), 15(5)

C84  14(1), 15(1)

c85  13(2), 26(22)

c86  17(7), 25(3), 26(2)

c87  25(3)

c88  7(9), 17{1), 25(13), 28(1)

c89  11(1), 16(18), 17(1), 19(4)

c90  7(20), 16(4) - .

c9l  1(7), 11(2), 19(1),
25(11), 26(3)

C95  14(24)

C96  13(23), 14(1)

C97  13(12), 14(9)

c98  16(5), 19(17), 20(2)

C100a 13(24)

C102 13(24)

C103 14(3), 17(7), 18(2), 19(1)

C104 13(12), 14(12)

€105 14(22), 17(2)

€107 17(1), 19(23)

C108 17(24)

C111  2(12), 19(12)

Clllb 1(1), 17(23)

Cll4 1(5), 16(1), 17(18)

C118 1(20), 17(1)

c120 1(7)

c123  1(8)

cl24  1(24)

C127 1(24)

C134 1(8), 17(16)

C141 1(24)

C144 17(24)

C147 17(4)

c148 17(9)

Cl48a 17(21), 29(3)
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Appendix 3b: Unplgmented clonal composition of D. pulex in
ponds on Churchill Bluffs A and C in 1989.

Pond clones (numbers) Pond clones{numbers)
-V 1{5), 7{19) Cl4 14(3), 15(1), 24(20)
AlD 1(16), 2(8) Cl5 13(1), 14(21), 15(2)
all 1(22), 2(2) Clo 13(1), 14(23)
alz 1(19), 5(1) Ccl9 13{(19), 14(4), 15(1}
al7 1(24) c20 13(17), 14(6), 15(1)
Al9 1{24) c21 13(24)
A20 1(15%) c22 13(24)
A2l 9(24) c23 14(4), 15(20)
azia 1(1), 9{(23) - C24 13(24)
A23 1(18), 10(6) c25 13(22), 14(1), 15(1)
A25 1(24) c217 14(12), 15(1), 16(11)
A217 1(24) Cc28 13(3), 14(21)
A28 1(23) C29 14(21), 16(3)
A29 1(24) c30 14(21), 15(1), 23(2)
A30 1(22), 2(2) C31 14(14), 15(10}
A3l ——--- (no animals) c32 14(24)
A32 - (no animals) C33 13(24)+
234 1(23), 2(1) C34 13(24)+
A35 1(18) C35 13(24)
A36 1(24) C36 14(24)
a37 1(10), 3(14) c37 14(24)
A38 1(24) C38 14(24)
A38b 1(20)+ Cc39 14(24)
A38c 1(24) c40 13(23), 14(1)
A39 1(24) c4l 14(22), 23(2)
a4l 1(24) c42 14(16), 15(7), 22(1)
A4?2 1(23) c43 13(24)
Ad42a 1(24) C44 14(24)+
A43 1(24) C44a 14(24)
Ad6a 1(24) Cc45 14(24) 4
Ad47 1¢(21), 6(2), 36(1} C45a 13(3), 14(21)
A48 1(24) C47 13(9), 14(15)
a49 1(24) + Cc48 14(24)
AS0 1(11), 7(13) c49 13(18), 14(6)
ARl  —--—- {no animals) c50 14(24)
A54 1(19}), 2(5) C51 14(24)
A55 1(6), 9(18) CS52 14(24)
AS56  ———-—- {no animals) C52a 14(24)
A58 1(20) C53 13(17), 14(7)
C54 13(18), 14(6)
Cl 15(22), 1l6(2) C56 14(24)
c3 13(1), 14(23) c57 13(5), 14(19)
ca 13(3), 14(1), 21(20) c58 13(8), 14(16)
C8 13(24) : c59 13(13), 14(1), 25(10)
CBa 13(24) c60 14(24)
c9 14(24) chl 13(4), 14(3), 16(17}
Cl0 13(1), 14(19), 15(4) C6la 13(24),
Cclz 14(20), 23(4) C62 13(24)
14(2), 15(20), 16(2)
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Appendix 3b (cont.)

Bond
Cé3

C64
Cb4da
Cc67
Cé67a
C68
C69
C69a
C69b
C70
C70a
C73
c76
c78
c82
c83
C84
c85
C86
c87
C88
c89
ca0
CcIl
c95
C96
€97
c98
Cl00a
Clo02
C1l03
Cl04
C105
C107
Cc108
Clii
Cll1lb
Cl1l4
Cl18
Cl20
Cl1l23
Cl24
Ccl217
Cl34
Cl41
Cl44
Cl47
Cl48

clones{numbers)

13(1), 14(2), 16(20)
19(1) +
13(3), 14(21)+
13(1), 14(23)+
13(1),,14(23)
13(24)
13(24)
13(24)
13(23), 14(1)
13(21), 14(3)
l6(24)
13(24)
14(10), 15(2)
1(1), 13(23)
----- {no animals)
----- {no animals)
————— (no animals)
————— (no animals)
26(24)
17(11), 25(10}), 26(2)
11(2), 17(6), 25(14),
7{(4), 17(2), 25(12),
11(2), 16(3), 17(18),
7(18), 11(4), 16(2)
1(5), 19(14), 27(2),
14(24)
13{1), 14(23)
13(2), 14(22)
16(8), 19(16)
13(24)
13(24)

+
+
+
+

Pond clones{numbers}

Cl48a -=-=-- {no animals)
€152 1(l), 17(21)
Cl56 16(24)

c159 14(24)* .
C160 13(16), 14(8)}
161 13(18), 14(6)

, 28(1)
28(2)

26(1), 28(5)
28(1)

28(3)

7(1), 14(21), 17(1), 18(1)

13(1), 14(23)
14(24)

16(1), 19(23)
17(24)

----- {no animals)
17(24)

1(6), 17(18)
1(24)

1(18)

1(24)

1(20), 35(4)
1(11)

1(7), 17(17)
1{(20), 17(4)
17(24)

17(24)

17(24)

Note: ponds marked with T were
used in 1987 and/or 1988
manipulation experiments.

indicates empty control
ponds.
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