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ABSTRACT 

The genetic composition of the Daphnia pulicaria population in Long Lake, 

Minnesota changed after the increased stocking of rainbow trout ( Oncorhynchus my kiss). 

In years (1990-1992) when the number of trout stocked was relatively low, the 

majority of the population aggregated in the metalimnion and was con:iprised largely of 

individuals that were FS electromorphs (clones) at the phosphoglucose isomerase (PGI) 

locus. Another clone, SS at this locus, increased proportionally in the hypolimnion in late 

summer as oxygen concentrations declined. 

The population virtually collapsed in the summer of 1994 after the trout stocking 

rate was tripled. The following summer (1995), the population recovered, and the clonal 

composition of the population changed dramatically. The hypolimnetic-specializing PGlss 

clone attained frequencies that were significantly greater than in previous years. The 

increased frequency of the hypolimnetic clone in 1995, coincided with a deeper daytime 

distribution of the population than in years when the PGIFs clone predominated. 
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Introduction 

Predation by fish on zooplankton is known to depend on vision (Brooks and 

Dodson 1965, Brooks 1968, Werner and Hall 1974). That is, planktivorous fish do not 

indiscriminately filter feed, but rather feed selectively by visually locating their prey 

(Zaret 1980). This predation is usually termed "size-selective" because often the largest 

zooplankton are most easily seen and preyed upon, although smaller forms may be 

preferred if they are more conspicuous. Full brood chambers, ephippia (Mellors 1975), 

large eye spots, or other pigmentation (Vinyard and O'Brien 1975, Zaret and Kerfoot 

1975) can make smaller forms appear larger to a visually-orienting predator. 

Because of this size-selectivity, planktivorous fish can effectively eliminate 

certain size classes of zooplankton and thus have a large effect on the proportions of 

species in zooplankton assemblages (Hrbacek et al. 1961 , Brooks and Dodson 1965, 

Galbralth 1967). In lakes where planktivorous fish densities are high, the zooplankton 

community is typically dominated by a copepod-rotifer assemblage with some small

bodied cladocerans. When planktivorous fishes are rare, the predominant zooplankters 

will usually be larger-bodied Daphnia species (Zaret 1980). 

These large-bodied Daphnia play an integral role in lacustrine ecosystems. 

They are efficient grazers of phytoplankton, and when abundant can have a significant 

impact on the algal biomass in the water column, and subsequently the lake' s water 

transparency (Shapiro 1982, Carpenter et al. 1985, Lampert et al. 1986, Mills et al. 1987). 



Also, because of their size, they are usually the primary targets for visually-feeding 

planktivorous fish; their population density ~herefore is sensitive to changes in predation. 

Daphnia have evolved several adaptations that allow them to cope with their 

central position in the pelagic food web. These adaptations are behavioral, physiological 

and reproductive. 

A behavioral adaptation in Daphnia and other plank.tonic organisms is diel 

vertical migration (DVM). This phenomenon has been studied extensively, and 

lirnnologists have struggled to explain the ultimate forces that have led to the evolution of 

the behavior, as well as the proximate factors that mediate the behavior. The literature on 

this topic is immense, and the following is a cursory review. 

Although many hypotheses have been formulated to explain its adaptive 

significance, the prevailing view is that DVM evolved as a predation avoidance behavior 

(Zaret and Suffern 1976). That is, zooplankters migrate downward during the day to 

escape predation in the well-lit surface waters. They then migrate upward at the onset of 

darkness, when the risk of predation is less. Over the past decade, strong evidence has 

been presented which supports the contention that DVM is a predation-avoidance 

mechanism (Lampert 1989, 1993). Additional support for this viewpoint was provided in 

a series of studies (Dodson 1988, Dawidowicz et al. 1990, Neil 1990, Loose and 

Dawidowicz 1993) that have shown that DVM can be induced by exposing individuals to 

predator exudates (kairomones). Loose and Dawidowicz (1994), showed that there is a 

"threshold" kairomone level that initiates DVM. Presumably, at levels above this 

threshold, the benefits of migrating (i.e. reduced probability of mortality due to predation) 
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must outweigh the costs associated with the behavior. These costs include slower 

development and reproduction at lower temperatures and (often) food scarcity in the deep 

water. Below the threshold, the risk of predation is apparently low enough that 

remaining in the upper waters is the best strategy. So, the presence of this predator 

exudate above a certain threshold appears to be the proximate cue that "turns on" the 

DVM behavior. Once the behavior is activated, the proximate factor controlling the 

timing of the behavior seems to be light, because DVM occurs at sunrise and sunset. 

Daphnia also possess physiological abilities that enable them to elude 

predation. One is their sensitivity to light. As mentioned, light controls the timing of 

DVM; when this behavior takes place, Daphnia respond by moving away from this 

stimulus. The negative phototactic response enables the organisms to descend out of 

illuminated waters to depths where visual predation is ineffective. Dumont et al. (1985), 

in a laboratory study of Daphnia from the River Leie in Belgium, showed that clones 

differ in their response to light. This suggested that there may be a genetic component to 

phototaxis. Subsequent studies further investigated these genetic differences and found 

that phototaxis was a highly heritable characteristic between parthenogenetic offspring 

and their mother (DeMeester and Dumont 1988), as well as between sexual descendants 

and their parents (DeMeester 1991). 

In stratified lakes, the clones that are the most negatively phototactic and 

descend into the hypolimnion during the day may experience low dissolved oxygen 

concentrations. In order to survive under these conditions, Daphnia are able to produce 

hemoglobin, which enables them to scavenge oxygen more effectively (Fox et al. 1950, 
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Chandler 1954, Kobayashi and Hoshi 1982). As with the genetic differences in phototaxy 

observed by Dumont and DeMeester, Weider and Lampert (1985) found that Daphnia 

clones also differ in their hemoglobin content and their ability to tolerate low dissolved 

oxygen concentrations. Negative phototaxis in concert with hemoglobin production when 

dissolved oxygen concentrations are low(< 3 mg/l, Kring and O'Brien 1976) are 

therefore two physiological adaptations that allow Daphnia to find refuge when the risk 

of visual predation is high. 

In addition to these behavioral and physiological adaptations, Daphnia are also 

able to alter their method of reproduction in response to different stresses. The primary 

mode of reproduction for Daphnia is parthenogenesis. This asexual form of reproduction 

allows Daphnia populations to increase population size rapidly and exploit transient algae 

blooms. Also, when conditions worsen due to low food availability (Banta 1939, 

D' Abramo 1980), or intense predation (Slusarcyzk 1995) they are capable of producing a 

diapausing egg capsule called an ephippium which is resistant to freezing, desiccation, 

and digestion (Mellors 1975). Ephippia may be produced sexually or asexually 

depending on whether the individuals are cyclically or obligately parthenogenetic. Cerny 

and Hebert (1993), in a study of D. pulicaria populations throughout the United States 

found that certain populations reproduced by obligate parthenogenesis while others were 

cyclical parthenogens. 

Rapid parthenogenetic reproduction, coupled with the diapausal mode of 

reproduction provides Daphnia populations with the flexibility to endure the biotic and 

abiotic changes they encounter throughout the year. When resources are abundant, the 
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population can increase its size rapidly, while the ephippia serve as important dispersal 

vectors as well as enabling populations to survive disturbance. 

While the predominant ameiotic mode of reproduction in Daphnia provides 

them with demographic flexibility, their long-term evolutionary flexibility may be 

compromised. Most population genetic theories assume obligate sexual reproduction 

(Fischer 1930, Haldane 1931, Wright 1932) and monitor microevolutionary change by 

changes in allele frequencies. King (1993) states that these models are not adequate for 

organisms that reproduce parthenogenetically. In sexually reproducing populations, 

natural selection can either maintain or decrease allelic variation. If heterozygotes have 

the highest fitness, allelic variation will be maintained, but if homozygotes have the 

highest fitness, this variation will be reduced. During parthenogenesis, however, natural 

selection always acts to decrease variation among clones (King 1977). The decrease in 

clonal variation may or may not decrease allelic variation, depending on whether the 

clone(s) with the highest fitness are heterozygotes or homozygotes. 

Allozyme studies of Daphnia populations from ephemeral habitats such as 

small ponds that periodically dry up during the year typically find that allele frequencies 

are in good agreement with Hardy-Weinberg expectations (Hebert 1974a, Hebert 1987, 

Young 1979, Lynch 1983). These populations are presumably cyclical parthenogens that 

reestablish from sexually-produced ephippia. In contrast, studies of populations from 

permanent habitats, usually observe deviations from Hardy-Weinberg expectations 

(Hebert 1974b, Hebert 1987, Young 1979, Lynch 1983), which suggests that sexual 

recombination is infrequent, and that parthenogenesis is the usual mode of reproduction. 
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Although sexual reproduction in these permanent habitats is infrequent or 

absent in the case of obligately parthenogenetic populations, studies often find many co

existing clones at a given time. The genetic diversity observed in these parthenogenetic 

populations is surprising given theoretical expectations based on the principle of 

competitive exclusion. Hebert and Crease (1980) deem that the clonal coexistence 

, observed in these populations is another "paradox of the plankton" (Hutchinson 1961). 

To explain the paradox, they suggest that the relative fitnesses of the coexisting clones 

must be unstable, and that "environmental changes shift genotypic fitnesses before 

exclusion results". Differing selective pressures within the water column at a given time 

(e.g. temperature, oxygen content, pH) and throughout the year are believed to be 

responsible for maintaining genetic diversity in these predominantly asexual populations 

(Hebert 1978, Lynch 1984). Field studies have supported these contentions, by showing 

that there may be substantial habitat partitioning (Weider 1984) within a Daphnia 

population, and that changes in environmental variables such as temperature (Carvahlo 

and Crisp 1987) and dissolved oxygen (Ross et al. 1996) correspond with patterns of 

clonal succession. 

While spatially and temporally fluctuating selection appears to account for the 

maintenance of genetic diversity in parthenogenetic populations, one can envision that if 

selection is strong and directionally persistent, this diversity could decrease rapidly. A 

decline in clonal variation in an amictic population could decrease the population's ability 

to respond to future selective pressures, and make it vulnerable to local extinction. 
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Although the effects among zooplankton species to size-selective predation by 

planktivorous fish are well documented, the effect on the genetic composition of 

individual species has not been explored. This study examines the response of the 

genetic and spatial structure of a population of Daphnia pulicaria in a lake that is stocked 

annually with a planktivore, the rainbow trout (Oncorhynchus mykiss). The results 

, provide insight into how a particular population within a zooplankton community 

responds to differing predation regimes. 

Study Site 

Long Lake is a single-basin, dimictic lake located in Clearwater County, 

Minnesota (latitude 4 7 17' N, longitude 95 17' W). The lake is 2.4 km long, has a 

surface area of 66.5 hectares, a maximum depth of 24 m, and an average depth of 13 m 

(fig. 1). The lake basin has steep slopes, a small littoral zone, and very little emergent or 

submergent macrophyte growth. The submerg~nt vegetation that is present is 

predominantly muskgrass (Chara spp.) and leafy pondweed (Potamogeton amplifolius). 

Historically, the lake has been extremely transparent compared to other lakes in the area, 

with Secchi depths up to 10.5 m (Moyle 1969). The lake is spring-fed, high in carbonate, 

and classified as mesotrophic to oligotrophic (Moyle 1969; Megard 1967, 1968). During 

summer stratification, highest oxygen concentrations are in the vicinity of the 

thermocline. These cold, well-oxygenated waters in the metalimnion provide an ideal 

habitat for trout, and as a result Long Lake has been stocked with rainbow trout in varying 

levels since 1961 (Minnesota Department of Natural Resources records). 
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Figure 1. Bathyrnetric map of Long Lake: dark circle denotes sampling location. 

Background on the D. pulicaria Population and Fisheries Management Practices 

A study from 1990-1992 (Ross et al. 1996), revealed that during summer 

stratification the population of D. pulicaria was consistently partitioned during the 

daytime into two predominant layers that were detected with backscattered high-

frequency sound. One layer was typically in the metalimnion and another less dense layer 

in deeper water (the hypolimnion). Daphnia were collected from these depths and 

allozyme analyses for the phosphoglucose isomerase (PGI) locus were performed to find 

out if the aggregations differed genetically. The PGI locus was employed as the genetic 

marker because it was polymorphic in the population, and provided a means to 

distinguish between individuals that differed genetically. A heterozygous genotype 

(PGIFs) was predominant in both layers during early summer 1991. The clonal 

composition of the layer located in the relatively stable metalimnion did not change 

markedly throughout the summer, and PGIFs clones maintained their proportional 
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dominance in this layer. In the hypolirnnetic layer, however, where the oxygen 

concentration progressively decreased, there was an increase in the proportion of a 

homozygous clone (PGlss) (fig. 2). Data from 1990 and 1992 also show this trend and 

are consistent with those from 1991, indicating that the genetic differentiation may recurr 

annually (Ross et al. 1996). 

The PGlss individuals collected from the deep layer often were pigmented with 

hemoglobin when oxygen concentrations were low ( < 3 mg/l), suggesting that the ability 

to produce hemoglobin may be a mechanism that allows the proportion of the PGlss clone 

to increase in the deep layer in late summer. Earlier work has suggested that clonal 
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Figure 2. Clone frequencies in the metalirnnetic and hypolirnnetic Daphnia layers in 
1991 (Ross et al. 1996). Note the increased frequency of SS clones in the 
hypolimnion in late summer. 

9 



differences in low-oxygen tolerance, or hemoglobin production may contribute to genetic 

structuring and clonal succession within Daphnia populations (Weider 1984). The data 

from Long Lake strongly support this hypothesis. 

Long Lake is managed as a "two-story" rainbow trout fishery by the Minnesota 

DNR. Trout have been stocked in the lake since the early 1960's at various levels. 

, Although Long Lake contains several native planktivores, including yellow perch (Perea 

flavescens), bluegill (Lepomis macrochirus) and pumpkinseed (Lepomis gibbosus) 

sunfish, and minnow species (Cyprinidae) (MnDNR fish survey 1988), the addition of 

rainbow trout, a pelagic planktivore, is a perturbation that increases predation on Daphnia 

above "normal" limits. From 1981-1991, no more than 8,000 trout fingerlings were 

stocked to the lake (fig. 3). The usual rate was 7,500 fingerlings per year, stocked in the 

fall. Rainbow trout do not reproduce naturally in Long Lake, so their abundance is 

determined by the number stocked, fishing pressure and natural mortality. Consequently, 

in the first three summers (1990-1992) described.by Ross et al. 1996, the Daphnia 

population was affected the typical regime of about 7 ,500/year that had prevailed over the 

previous decade. 
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Figure 3_ Number of rainbow trout fingerlings stocked to Long Lake in autumn, since 
1981. 

The consistent spatial structure observed in 1990-1992 (fig. 4a), changed in 

the summers of 1993 and 1994 after the number of trout stocked increased. In the fall of 

1992, the stocking level was alomost doubled to 14,500 trout fingerlings. The following 

summer, the metalimnetic Daphnia layer didn't develop until late June; it was less dense 

than in the previous summers and disappeared in early August (fig. 4b) (Ross 1996). The 

stocking level was again increased in the fall of 1993 to 22,500 fingerlings, or triple the 

usual rate of 7 ,500 per year. This resulted in a virtual collapse of the D. pulicaria 

population in the summer of 1994. That summer the metalimnetic layer of zooplankton 

never developed, and the deep layer was patchy and less dense than in previous years 

(Ross 1996). By late summer (16 August, 1994) D. pulicaria was absent from the 
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sampling location, and could only be located with the aid of the sonar equipment in the 

northwest end of the lake (fig. 4c). Also, consistent with the findings of many other 

investigators after an increase in size-selective predation, a smaller-bodied cladoceran, D. 

galeata mendotae, replaced D. pulicaria as the dominant Daphnia species in the lake 

(Ross 1996). That summer there were also reports from scuba divers and other lake users 

that the lake was much more turbid than in previous years, suggesting that the increased 

planktivore levels may have initiated a trophic cascade, ultimately increasing 

phytoplankton concentrations and decreasing water transparency. Unfortunately, 

transparency data from 1994 are too scarce to document this. 
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Figure 4a. Short-axis cross section 
from 7 August, 1991. Representative 
of zooplankton distribution during 
the summer stratification period 
from 1990-1992. Strongest 
backscattering (depicted in orange) 
in the metalimnion between 8-13 m. 
Weaker backscattering (yellow-green) 
in the hypolimnion between 14-18 m. 

Figure 4c. Long-axis cross section 
from 16 August, 1994 (year of 
population collapse). D. pulicaria 
only found in deep water in the NW 
end of the lake (pings 2800-3500). 
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Figure 4b. Short-axis cross section 
from 10 August, 1993. Upper meta
limnetic water (7-10 m) virtually 
devoid of backscatterers. Daphnia 
pulicaria aggregated in a dense 
layer relatively deep in the water 

column (10-15 m). 

Figure 4d. Short-axis cross 
section from 2 August, 1995. 
Two-layer situation returns 
(10-12 m and 14-17 m), with 
stronger backscattering from 
the deep layer than in 1991. 



Prediction 

Ross' findings about the workings of the D. pulicaria population, coupled with 

an alteration in the fisheries management of the lake provided me with an intriguing 

research opportunity. I hypothesized that if the D. pulicaria population were to recover 

from its virtual collapse, that a genetic shift in the population that favored the 

hypolimnetic-specializing clone (PGlss) would be observed. This clone was found to 

increase proportionally in the hypolimnion during the summer as oxygen concentrations 

declined (fig. 2). I predicted that the ability to tolerate low oxygen and to occupy the dark 

hypolimnion during the day would provide these individuals with a refuge from predation 

by trout, which are intolerant of low-oxygen ( < 5 mg/L, Davis 1975) and feed visually. 

The hypolimnetic refuge would afford this clone a selective advantage over other D. 

pulicaria clones, and allow it to increase its frequency in the population. Explicitly 

stated, I wanted to test the following null and alternative hypotheses: 

H0: Proportion of PGlss individuals after the population collapse (summer 1995) = 

Proportion of PGlss individuals before the population collapse (pre-1995). 

Ha: Proportion of PGlss individuals after the population collapse > Proportion of PGlss 

individuals before the population collapse. 
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The data I collected in 1995 are compared with Ross' data from 1991 to test 

this hypothesis. The data Ross obtained in 1991 were the most comprehensive, and 

representative of a year in which the Daphnia population was subjected to the "usual" 

stocking regime of 7 ,500 trout fingerlings. 

Methods 

To monitor the spatial structure of the Daphnia population and to determine 

sampling depths, high frequency (192 kHz) sonar transects were made using a Lowrance 

Xl6 echosounder (e.g. figs 5a-l la). The echosounder was connected to an IBM 

microcomputer with specialized software (Megard et al. 1989) to provide a more detailed 

acoustical view of the water column (e.g. fig. 4). An important feature of the software is 

that the strength of the backscattering signal received from the echosounder is adjusted to 

compensate for the attenuation of the acoustic signal due to distance from the transducer. 

This depth correction provides more accurate information about the density of animals 

than is provided by the raw paper chart output of the echosounder. When using the paper 

chart without the computer, zooplankton aggregations were detected as relatively darker 

shades of black. On the computer display, this information is more detailed and 

displayed in color according to the strength of the backscattered sound (measured in 

decibels) . The scale on the right hand side of the color echograms indicates the decibel 

(dB) level associated with each color on the display. Relatively weak backscattering, 
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indicating few animals, corresponds to blue or green on the echogram, while relatively 

strong backscattering shows as orange to red. The strength of backscattering is 

proportional to the sixth power of body length (Clay and Medwin 1977), and so targets 

that are relatively large return a much stronger signal than smaller targets. For this 

reason, the depths where D. pulicaria aggregated typically showed in the orange to red 

region on the echograms. Other zooplankton species were present at these depths as well, 

but because they are substantially smaller than D. pulicaria, their echoes are effectively 

overpowered by the backscattering of the large Daphnia. 

The sampling location was near the middle of lake, where the depth is about 24 

m (fig. 1). Zooplankton were collected with vertical tows of a closing plankton net (27 

cm diameter, 0.13 mm mesh) that sampled discrete depth increments quantitatively. 

Samples were taken for genetic analyses, as well as for quantitative enumeration. Sonar 

was used to locate the densest Daphnia aggregations to be sampled for allozyme analyses. 

The bucket of the net was fitted with 800 µm filter for these collections to allow smaller 

zooplankters to pass. Quantitative samples also were collected from these depths, as well 

as at other depth increments, to provide information about the densities and taxonomic 

make-up of the zooplankton community throughout the water column. These samples 

were collected with a 130 µm filter. Samples collected for allozyme analyses were 

returned to the laboratory and run within 48 h, or were frozen for later analysis. Samples 

collected for enumeration were preserved in the field with a chilled sucrose-formalin 

solution (Prepas 1978). 
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Secchi disc readings and vertical profiles of temperature, oxygen, and 

chlorophyll~ were also obtained at the sampling site. Temperature/oxygen profiles were 

obtained with a YSI model 58 dissolved oxygen meter at 1 m intervals. Water samples 

for chlorophyll i!_analyses were collected with a Van Dom water sampler every 3 m. 

Water samples were filtered in the laboratory and analyzed using the methanol-extraction 

method (Holm-Hansen and Reimann 1978). If chlorophyll analyses were not done 

immediately, the filters were frozen for future analysis. 

Procedures for electrophoresis followed those described by Ross et al. (1996). 

Fresh or thawed individuals were placed in Super Z applicator wells (Helena Scientific) 

containing distilled water. Each Daphnia was macerated with a metal spatula, and its 

carapace was removed from the well. Individual homogenates were applied to cellulose 

acetate plates and exposed to a 220 V electric field for 20-25 minutes. Twenty-four 

Daphnia homogenates could be applied to a single plate, and for samples from the 

predominant layers, four runs were performed. Sample sizes for the predominant layers 

ranged from 91-96 individuals. Preparation of the buffers, chemicals and stains followed 

the methods of Hebert and Beaton (1989). 

Individuals were analyzed for two polymorphic allozyme loci, phosphoglucose 

isomerase (PGI) and phosphoglucomutase (PGM). Daphnia pulicaria from Long Lake 

had previously been screened for an additional 27 loci, but no further variation was found 

(Ross et al. 1996). Four alleles were identified for the PGI locus: F (fast), S (slow), M 

(medium) and MF (medium fast). The M and MF alleles were quite rare. In fact, only 

two PGI genotypes attained substantial frequencies: PGiss and PGIFs· Other PGI 
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genotypes are therefore combined into a single category. Two alleles were identified for 

the PGM locus: F (fast) and S (slow). While examination of this additional locus allowed 

for further segregation of clones that differ genetically, the study focused on 

differentiation at the PGI locus, because this locus or something linked to it appears to 

have some physiological significance for the Daphnia. Other investigators (Watt et al. 

1985 and 1986 in Colas butterflies, and Jacobs 1990 in Daphnia cucullata) also have 

found that different PGI genotypes are associated with ecologically-important fitness 

components (i.e. flight capacity and survival in Colas butterflies, and fecundity in D. 

cucullata). A list of the possible and observed PGI-PGM composite genotypes, as well as 

the clonal make-up of the predominant layers and their sample sizes is documented in 

Appendix III. 

Whether the D. pulicaria population in Long Lake is cyclically or obligately 

parthenogenetic is still in question. Ephippia are seldom seen, and no males have been 

identified in the course of this study or previous studies (Ross, personal communication). 

It is therefore assumed that sexual rnixis is at least very infrequent, and that 

parthenogenesis is the primary, if not exclusive, mode of reproduction in this population. 

One cannot state that individuals that share the same allozyme genotype are genetically 

identical, as they may differ at other loci. However, because reproduction in this 

population is largely ameiotic, for simplicity, the allozyme genotypes will be referred to 

as "clones". 
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Methods for Diel Vertical Migration Study 

The vertical migration behavior of the population was investigated on 17 

August. The boat was anchored at the sampling location before sunset, and the vertical 

migration of the zooplankton was observed using the computer-enhanced sonar 

equipment. After the migration, various depth intervals were sampled with the plankton 

net in the manner previously described to collect Daphnia for allozyme analyses. These 

same intervals were sampled for enumeration and preserved with the sucrose-formalin 

solution. 
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Results 

Limnological Data 

The lake was sampled during the afternoon (1200 - 1700 CDT) on seven 

occasions from 20 June to 7 October, 1995. The lake was stratified throughout the study, 

creating different microhabitats in the water column. The epilimnion was about 4 m deep 

on 20 June and extended to 11mby7 October as the fall circulation approached. The 

hypolimnion extended from about 11 m to the bottom on 20 June and decreased to depths 

below 16 m on 7 October (figures 5b-1 lb). From 20 June through 5 September, there 

was a positive heterograde oxygen profile, with highest oxygen concentrations in the 

metalimnion. On the last sampling date, 7 October, the oxygen profile was clinograde 

(see appendix II for data used to construct the temperature and oxygen profiles). 

Metalimnetic oxygen maxima associated with positive heterograde oxygen profiles occur 

whenever more oxygen is produced by photosynthesis than is consumed by respiration. 

The metalimnion is isolated from the atmosphere, and thus can become supersaturated 

with oxygen. Chlorophyll concentrations were typically found to be highest in the 

metalimnion (fig. 12), consistent with the observation of oxygen maxima at these depths 

(see appendix II for chl ~data). The hypolimnion typically had oxygen concentrations 

ranging from 4 mg/L to less than 1 mg/L near the sediments. On one occasion (2 August 

- fig. 8b ), however, the top 3 m of the hypolimnion had oxygen concentrations above 4 

mg/L. This was likely a result of a strong windstorm that induced internal waves (seiches) 

that allowed for turbulent mixing between the hypolimnion and the metalimnion. 
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Figures 5-11. Composite figures showing paper chart echograms (panel a), dissolved 

oxygen and temperature profiles (panel b ), and a display of the abundance and 

genetic composition of D. pulicaria at various depths in the water column 

(panel c). The echograms for 20 June (fig. 5a) and 21 July (fig. 7a) were 

obtained while anchored at the sampling location. On the other dates, the 

echograms are short-axis transects. The black bars on the lefthand side of the 

echograms indicate the location of the predominant backscattering layers. 

Zooplankton samples for which allozyme analyses were performed are 

accompanied by pie charts (panel c) that show the genetic make-up of the 

sample. The 'other' category comprises all PGI electromorphs other than SS or 

FS. 
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The Secchi transparency was highest on 20 June at 7.3 m, and thereafter 

fluctuated between 3-5 m (table 1). 

Table 1. Secchi disk transparencies for 1995. 

Date Secchi Depth (m) 
20 June 7.3 
30 June 5.0 
21 July 3.0 

2 August 3.5 
17 August 4.5 

5 September 4.3 
7 October 5.0 
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Genetic Structuring of the Population 

Plankton net samples and the sonar echograms revealed that D. pulicaria 

recovered from its collapse in the summer of 1994, and reestablished itself as the 

dominant Daphnia species in the lake. The smaller-bodied D. galeata mendotae, the 

most abundant daphnid in 1994 (Ross 1996) was not found in the samples collected in 

1995 (see Appendix I for zooplankton counts). Also, during the summer sampling dates 

(20 June - 5 September), the D. pulicaria population segregated into the two predominant 

layers that had been observed in the summers of 1990-1992. 

Genetic analyses of the Daphnia layers were consistent with earlier findings 

about the significance of dissolved oxygen concentrations in the genetic structuring of the 

population. Ross et al. 1996 found that when oxygen concentrations declined in the 

hypolimnion below 3 mg/l, the PGlss clone frequency increased in the hypolimnion, and 

the metalimnetic and hypolimnetic Daphnia samples differed significantly in their clonal 

composition. Chi-square tests revealed that on all dates from 20 June - 5 September, the 

clonal composition of the predominant hypolimnetic and metalimnetic layers was 

significantly heterogeneous (Table 2). Also, examination of the PGlss frequencies in the 

two prevalent layers in 1995 shows that on all dates the proportion of PGlss in di victuals in 

the hypolimnion was significantly greater than in the metalimnion (fig. 13). The PGlss 

clone was proportionally most abundant in the deep layer throughout the study, with the 

exception of 2 August when it was equal to the PGIFs clone (Table 3a). 
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Table 2. x2 r x c contingency table analysis for homogeneity of the clonal composition of 
the two predominant daytime layers. (The x2 tests for 2 August and 17 August have an 
additional degree of freedom because there were enough individuals of a third clone 
(PGIMFis) to be included in the analyses). 

Date df x2 p-value 
20 June 1 12.08 0.0005 
30 June 1 47.72 < 0.0001 
21 July 1 103.9 < 0.0001 
2 August 2 12.25 0.0022 
17 August 2 64.88 < 0.0001 
5 September 1 14.16 0.0002 

This was the date that elevated dissolved oxygen concentrations were measured in the 

hypolirnnion and may account for why there were proportionally more PGIFs individuals 

in the deep layer than other dates in 1995. 
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Figure 13. Frequency of the PGlss clone in the predominant layers in 1995. Error bars 
show large-sample 95% confidence intervals for a population proportion. 
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Table 3a. PGI clone frequencies in hypolimnetic layer. 

Date SS% FS % Other% n 
20 June 60.6 37.2 2.1 94 
30 June 80.2 18.7 1.1 91 
21 July 98.9 1.1 0.0 95 
2 August 47.9 47.9 4.2 96 
17 August 87.5 12.5 0.0 . 96 
5 September 85.4 13.6 1.0 96 

Table 3b. PGI clone frequencies in metalimnetic layer. 

Date SS% FS% Other% n 
20 June 35.9 63.0 1.1 92 
30 June 31.3 66.7 2.1 96 
21 July 25.0 71.9 3.1 96 
2 August 24.0 67.7 8.3 96 
17 August 30.2 61.5 8.3 96 
5 September 58.3 35.4 6.3 96 

Genetic Shift Toward the PGlss Clone 

The PGiss clone, although usually less abundant that the PGIFs clone in the 

metalimnetic layer, attained greater frequencies than in any of the years before the 

population collapse. A comparison between 1991and1995 of the mean PGiss 

frequencies in the densest layers strongly supports the prediction that a genetic shift in the 

population would occur (fig. 14). For both the metalimnetic and hypolimnetic layers, the 

PGiss clone frequencies were significantly higher in 1995 than in 1991. 
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Figure 14. Comparison of the average PGlss clone frequency in the predominant layers 
during the summers of 1991and1995. Error bars show small sample 95% 
confidence intervals. 

Additional evidence supporting the hypothesis that a genetic shift occurred is 

provided by examination of the data from 7 October. On this date, the Daphnia were 

aggregated into a single scattering layer in the metalimnion (fig. 1 la) with very little 

backscattering detected elsewhere in the water column. This layer then essentially 

represented the entire D. pulicaria population. Genetic analyses revealed that the PGlss 

clone comprised the vast majority of this layer (0.80 +/- 0.08, large-sample 95% 

confidence interval for the proportion of PGlss clones in the population). 

Spatial Shift in the Population 

In addition to the marked increase in the frequency of the PGlss clone, there 

apparently was a shift in the spatial distribution of the population in 1995. During the 

summers of 1990-1992, when the population was subject to the usual stocking rate of 
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7 ,500 trout fingerlings per year, the population partitioned into two sound-scattering 

layers, with the metalirnnetic layer being more dense than the hypolirnnetic one (fig. 4a). 

In 1995, following the recovery of the population, the two layers reestablished themselves, 

but the hypolirnnetic layer was more dense than in previous years, and often more densely 

populated than the metalirnnetic layer. This spatial shift is documented by the quantitative 

counts (figures 5b-10b), as well as the computer sonar output (figs 4d and 15). The 

observation of a spatial change in the vertical distribution of the population is consistent 

with the dramatic increase in the proportional abundance of the hypolirnnetic-specializing 

clone. 

Diel Vertical Migration Study 

Daytime Distribution and Genetic Composition 

The typical daytime distribution of the population was observed on 17 August. 

The hypolirnnetic aggregation was located between 17-14 m and the metalirnnetic 

aggregation between 13-10 m (fig. 9a). Analysis of the zooplankton samples taken from 

these layers revealed that the hypolirnnetic layer was more dense than the metalirnnetic 

layer (fig. 9c) and that the genetic composition of the two layers was significantly different 

from each other (table 2). The SS clone made up 87 .5% of the hypolirnnetic layer and 

30.2% of the metalirnnetic layer (tables 3a and 3b ). Daphnia were virtually non-existant at 

depths shallower than 10 m (fig. 9c). 
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Migration Pattern 

The upward migration of the population was observed using the computer

enhanced sonar (fig. 16). Before sunset, the population was still essentially partitioned in 

its daytime distribution (fig. 15). The hypolimnetic layer had condensed slightly to form 

a dense aggregation from 16-14 m, and the metalimnetic layer had apparently shifted 

upward about 1 m so that its bulk occupied depths from about 12-9 m. 

Soon after sunset, the upward migration began. The animals ascended to the 

upper limit of the metalimnion (7 m depth) where they formed a very dense aggregation. 

Many of the animals then dispersed into the epilimnion, beginning around 21 :00, and 

were apparently still dispersing when the sonar record was terminated at about 21:45. 

While the majority of the population ascended to the metalimnion-epilimnion interface 

and then into the epilimnion, part of the aggregation between 16- l 4m remained, and did 

not migrate. 

Zooplankton samples were collected at about 21:35, after we no longer 

observed any appreciable upward migration of the population. On the echogram (fig. 16), 

the zooplankton net can be seen as a dark "blob" between 21:30-21:40 (ping numbers 

8500-9000). Discrete samples were taken from depths of 16-14 m, 12-9 m, 8-7m, and 6-

4 m to obtain information about the densities and genetic make-up of the population at 

different depths in the water column. 

35 



"'"" 2"0 0 

.. 
ao 

~ 

1,e 
20 

... 
- aoo ....., -eo -70 -<50 _..., -10 

81 .qnal lrrt--1•-.. (dD 

Figure 15. Echogram from stationary position before migration. The hypolimnetic layer is between 16-14 m, and the metalimnetic 
~ layer is largely between 12-9 m. The echo profile on the right (line graph) illustrates that the backscattering is greatest in the 

hypolimnetic layer before migration . 
..... 5 . ..... ~-· ....... _ ... ..... 

20:00 20:06 20:15 20:30 20:45 21:00 21:15 21:30 21:40 
(sunset) 
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Densities and Genetic Make-up of Post-migration Samples 

An examination of the densities of Daphnia pulicaria in the samples collected 

after migration, is consistent with the sonar record (fig. 16). The highest densities were 

found in the sample taken from 8-7 m, at the metalimnion-epilimnion interface. Daphnia 

were also quite abundant in the epilimnion sample (6-4 m), as well as the in the sample 

taken in the metalimnion, from 12-9 m. The hypolimnetic sample also contained 

considerable numbers of Daphnia, though fewer than the others samples (fig. 17). 

The genetic composition of the nighttime samples was compared to that of the 

daytime samples to determine if there was a genetic component to the migration pattern. 

Chi-square tests for homogeneity were employed to determine whether a particular p ir of 

samples differed in their clonal composition. The samples collected from 17-14 m and 

13-10 m during the daytime are referred to in Table 4 as 'hypo day' and 'meta day' 

respectively. The samples collected from 16-14m, 12-9m, 8-7m, and 6-4m at night are 

referred to as 'hypo nite', 'meta nite', 'meta-epi nite', and 'epi nite' respectively. 

The chi-square analyses show that the clonal composition of the daytime 

hypolimnetic layer did not differ significantly from the nighttime hypolimnetic sample. 

The daytime hypolimnetic layer sample was significantly different from both the 

nighttime epilimnetic sample and the sample taken at the metalimnion-epilimnion 

interface. The genetic composition of the daytime metalimnetic layer sample was 

significantly different from all but the nighttime epilimnetic sample. 
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Figure 17. Abundance and genetic composition of D. pulicaria samples obtained after 
migration (see fig. 9 for daytime situation). 

Table 4. X2 r x c contigency table analysis for homogeneity of the clonal composition of 
the daytime and nighttime samples on 17 August. 

df x2 -value 
1 0.23 ns 

h 1 0.17 ns 
1 26.35 < 0.0001 
1 54.33 < 0.0001 
1 51.46 < 0.0001 
1 45.34 < 0.0001 
1 7.98 0.0047 
2 0.84 ns 

38 

................................................... 



By examining the combination of the sonar record (fig. 16), the abundance 

estimates before (fig 9c) and after (fig. 17) migration, and the comparisons of the genetic 

make-up of the daytime and nighttime samples (table 4), the pattern of the migration 

becomes more clear. 

The daytime metalimnetic aggregation appears to migrate virtually in its 

entirety to the top of the metalimnion and then disperse into the epilimnion. The finding 

that there was not a statistically significant difference in genetic composition of the 

daytime metalimnetic sample and the nighttime epilimnetic sample (table 4), supports the 

assertion that the metalimnetic layer migrated in unison into surface waters. 

The migration pattern of the daytime hypolimnetic layer is less synchronous. 

Although animals from the daytime hypolimnetic layer are clearly seen to be migrating 

upward, a substantial portion of this layer remained in the hypolimnion almost two hours 

after the rest of the population began their ascent (fig. 16). The chi square analyses, and 

the quantitative counts are consistent with the sonar observations that this layer is 

partially migratory. The clonal composition of the daytime hypolimnetic sample was not 

significantly different from either the sample from the remaining nighttime hypolimnetic 

layer, or the 12-9 m (meta nite) sample. The samples taken from 8-7 m (meta-epi nite) 

and 6-4 m (epi nite) did differ significantly from the daytime hypolimnetic sample (table 

4 ). Therefore, at the time of the nighttime sampling, a portion of the deep daytime layer 

remained, while the rest was either in the process of migrating (12-9 m sample), or 

apparently mixing with the daytime metalimnetic Daphnia at the metalimnion-epilimnion 

interface as suggested by the clonal composition of that sample (fig. 17, pie chart for 8-7 
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m sample). At the time the nighttime samples were taken, the hypolimnetic migrants had 

not dispersed into the epilimnion. Whether they eventually did disperse into surface 

waters is not known. 

Discussion 

The results of this study suggest that changes in the abundance of 

planktivorous fish (e.g. rainbow trout) impact not only the zooplankton community as a 

whole (Brooks and Dodson 1965, Zaret 1980), but can have more subtle effects on the 

genetic composition, the spatial structure, and the diel migratory behavior of a population 

within this community. 

The genetic make-up of the D. pulicaria population changed substantially after 

increased trout stocking (and presumably increased planktivory), from a population 

dominated by a clone (PGIFs) that primarily occupied the metalimnion to one largely 

consisting of a clone (PGlss) that previously only became proportionally abundant in the 

hypolimnion in late summer. 

Earlier work (Ross et al. 1996) documented that decreasing oxygen 

concentrations in the hypolimnion were associated with an increase in the frequency of 

the PGlss clone in the summers of 1990-1992. This recurring pattern provided support 

for the hypothesis that spatially and temporally fluctuating selection is the mechanism 

that maintains genetic diversity in Daphnia populations that reproduce ameiotically. 
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While other field studies have identified that changing chemical (dissolved 

oxygen concentrations - Ross et al. 1996) and physical (water temperature - Carvahlo and 

Crisp 1987) conditions are correlated with changing clone frequencies, this study 

illustrates that an ecological perturbation (i.e. increased planktivory) also can change the 

genetic composition of a Daphnia population. 

The changes in the genetic composition of the population suggest that there 

may be a hierarchy of selective forces to which large-bodied Daphnia populations 

respond. When the intensity of predation is relatively low, the Long Lake D. pulicaria 

population may be structured by interactions among clones involving low oxygen 

tolerance or the ability to filter and assimilate seston. However, when subject to intense 

predation, these differential competitive abilities become secondary to the ability to avoid 

predation. Under these circumstances, a previously less fit clone, such as the 

hypolimnetic-specializing PGlss clone, may come to predominate. 

Whether an ecological perturbation such as trout stocking will maintain or 

decrease the population's clonal diversity will likely depend on the persistence and the 

strength of the perturbation. That is, continual stocking of trout at high levels, which 

results in consistent and intense predation in the metalimnion, could eventually eradicate 

clones that inhabit those depths (e.g. PGIFs clone in Long Lake) and decrease clonal 

diversity. Conversely, if the intensity of predation is variable, the clonal diversity of the 

population is likely to be maintained. 

In addition to insights into the genetic workings of the D. pulicaria population, 

findings regarding the spatial distribution and diel vertical migration behavior of the 
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population are consistent with prevailing ideas about the effects of predation on the 

structuring of zooplankton populations. 

Several recent laboratory studies (Dodson 1988, Dawidowicz et al. 1990, 

DeMeester 1993) support the hypothesis that diel vertical migration is ultimately a 

predation-avoidance behavior. These studies have demonstrated that zooplankters 

display an increased negative phototactic response in the presence of fish exudate. 

DeMeester (1993) showed that the magnitude of the response differs between Daphnia 

clones and thus provides evidence that there is a genetic component to DVM. 

The deeper distribution of the D. pulicaria population after increased trout 

stocking (figs 4b-4d), supports the findings that increased concentrations of predator 

exudate induces a more negatively phototactic response. Also, the DVM study showed 

that the hypolimnetic daytime layer (consisting primarily of the PGlss clone) was less 

migratory than the metalimnetic daytime layer, indicating that there is a genetic 

component to migration. 

The different migration pattern of the deep layer may be an additional 

mechanism that allowed the PGlss clone to increase its frequency in the population. 

Perhaps this more "conservative" migration behavior, coupled with the physiological 

advantage of low-oxygen tolerance (Ross et al. 1996) conferred a selective advantage on 

this clone during periods of intense predation. 

42 



Management Implications 

Several other lakes in Minnesota are managed as "two-story" trout fisheries 

(e.g. Christmas Lake in Hennepin County, Square Lake in Washington County, Bad 

Medicine Lake in Becker County, Big Watab Lake in Stearns County) Like Long Lake, 

these lakes have ample cold, well-oxygenated metalimnetic waters and thus provide good 

habitat for trout. These lakes are also valued for their transparency. Therefore, an 

understanding of the impact of trout stocking on water transparency is important for the 

prudent management of these lakes. 

The intensified trout stocking in the fall of 1993, together with the collapse of 

the D. pulicaria population and reports of reduced water transparency in Long Lake in the 

summer of 1994, suggest that the fisheries management of the lake may have induced a 

"trophic cascade" (Carpenter et al. 1985) resulting in an increase in phytoplankton. 

Although the D. pulicaria population recovered in 1995 after its collapse the 

previous summer, the changes observed in the population structure may have reduced the 

"effective" size of the population as far as its ability to graze phytoplankton and influence 

water transparency. That is, with the PGlss clone making up a greater proportion of the 

population, the population was consistently distributed deeper in the water column than in 

years when the PGIFs clone predominated. The deeper distribution would presumably 

result in less grazing pressure on the phytoplankton at depths that influence water 

transparency. Additionally, information from the migration study indicates that a 

proportion of the hypolimnetic daytime layer (largely consisting of the PGlss clone) does 
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not migrate into surface waters at night, thus further relaxing grazing pressure on 

phytoplankton at those depths. 

Further study is required to explore whether these relatively subtle changes in 

the structure of the D. pulicaria population have significant impacts on the lake's water 

transparency. 
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Appendix I 

Table Ia. Cladocera and Copepoda densities (#/m3
) in samples from 1995. Copepods were 

separated into just two categories: Nauplii and Copepod (includes adults and copepedid stages) . 
The density values were obtained by talcing the mean of five 5 ml subsamples from single 
plankton net samples. 

Date Depth Daphnia Bosmina Ceriodaphnia Leptodora Nauplii Copepod 
Sampled pulicaria 

20 June 22-17 m 18200 0 2360 0 11000 6280 
18-15 m 6170 0 0 0 16800 18000 
6-0 m 260 390 0 0 17900 36700 

30 June 20-16 m 2890 0 0 0 2360 8250 
14-12 m 2360 0 0 0 3650 10100 
10-7 m 1810 550 0 0 4090 10800 
4-0m 180 410 0 60 16000 3540 

21 July 21-18 m 7330 0 0 0 4190 7680 
16-12 m 200 200 0 0 690 1380 
11-7 m 2200 260 0 0 4700 1320 
5-0 m 0 1050 0 0 7650 7860 

2 August 22-20 m 120 830 0 0 710 2480 
17-15 m 830 350 0 0 1530 2240 
12-10 m 6280 210 210 0 1390 5100 
9-7 m 940 240 0 0 940 1890 
3-1 m 120 590 0 0 3180 3890 

17 Au2ust 17-14 m 8730 230 0 0 230 28200 
(dav) 13-10 m 4190 470 90 0 560 9400 

9-4 m 240 1190 100 30 910 10400 
3-0m 120 1160 0 0 1800 8610 

17 Au2ust 16-14 m 2020 141 0 0 0 5860 
(night) 12-9 m 3990 60 0 0 60 8550 

8-7 m 8380 2920 0 0 280 16100 
6-4 m 3630 1120 0 0 350 11000 

S September 16-14 m 2880 1130 170 0 90 23500 
13-11 m 9250 520 90 0 170 18000 
3-0 m 140 2650 0 0 2470 93100 

7 October 20-17 m 430 430 0 0 3300 21l50 
15-12m 4400 0 0 0 29200 13300 
4-0 m 660 660 0 0 2280 11500 

50 



Appendix II 
Figure Ila. Data for depth profiles of temperature and oxygen for 20 June, 1995. 

Depth (m) Temperature (°C) Dissolved oxyeen (me/I) 
0 25.0 8.2 
-1 24.5 8.2 
-2 24.5 8.2 
-3 24.0 8.6 
-4 22.0 9.5 
-5 18.5 11.6 
-6 15.0 11.9 
-7 13.5 11.9 
-8 12.2 11.4 
-9 10.6 11.8 
-10 8.6 11.7 
-11 7.6 11.4 
-12 7.0 10.6 
-13 6.0 9.4 
-14 5.4 8.6 
-15 5.0 5.9 
-16 4.6 4.8 
-17 4.5 3.7 
-18 4.4 2.7 
-19 4.2 2.0 
-20 4.0 1.4 
-21 4.0 1.1 
-22 4.0 0.9 
-23 4.0 0.7 
-24 4.0 0.5 
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Table lib. Data for depth profiles of temperature, oxygen, and chlorophyll f!, for 30 June, 1995. 

Depth (m) Temperature (°C) Dissolved oxygen (mg/I) Chi~ (ug/I) 
0 21.5 7.9 
-1 21.7 7.9 1.06 
-2 21.7 7.9 
-3 21.6 7.8 
-4 21.6 7.9 0.85 
-5 21.6 7.9 
-6 20.8 7.9 
-7 15.7 11 0.34 
-8 14.9 1.6 
-9 12.2 11.4 
-10 11.6 11.5 0.57 
-11 10.1 11.3 
-12 8.7 11 
-13 7.9 10.2 1.01 
-14 6.8 9.5 
-15 5.9 7.6 
-16 5.7 6.5 0.80 
-17 5.3 5.2 
-18 5.1 3.9 
-19 4.9 3 0.90 
-20 4.8 2.4 
-21 4.8 1.8 
-22 4.7 1.4 0.82 
-23 4~8 1.1 
-24 4.7 1.3 
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Table Uc. Data for depth profiles of temperature, oxygen, and chlorophyll!!, for 21 July, 1995. 

Depth (m) Temperature (°C) Dissolved oxy2en (mWJ) Chi a (uWJ) 
0 22.3 8.2 
-1 22.4 8.2 1.81 
-2 22.3 8.1 
-3 22.4 8.1 
-4 22.4 8.0 1.33 
-5 21.6 8.1 
-6 19.6 8.3 
-7 18.6 10.0 2.39 
-8 16.2 11.8 
-9 12.4 11.5 
-10 10.5 11.2 4.44 
-11 9.0 10.4 
-12 8.2 9.7 
-13 7.4 8.6 8.11 
-14 6.2 7.1 
-15 6.0 5.8 
-16 5.9 4.4 4.79 
-17 5.1 3.3 
-18 5.1 2.6 
-19 5.1 2.0 3.52 
-20 5.0 1.6 
-21 4.7 1.5 
-22 4.4 1.5 2.59 
-23 4.4 1.4 
-24 4.0 1.5 
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Table lid. Data for depth profiles of temperature, oxygen, and chlorophyll 11, for 2 August, 1995. 

Depth (m) Temperature (°C) Dissolved oxy~en (mWJ.) Chi a (uWJ.) 
0 22.4 8.5 
-1 22.3 9.1 1.73 
-2 22.3 9.8 
-3 22 10.0 
-4 21.9 10.3 1.73 
-5 21.8 9.8 
-6 21.5 9.7 
-7 20.8 9.9 1.6 
-8 17.2 13.7 
-9 12.3 11.5 
-10 10.0 9.9 3.99 
-11 8.8 10.7 
-12 7.4 10.5 
-13 6.7 9.2 7.25 
-14 5.9 7.5 
-15 5.6 6.1 
-16 5.3 4.3 5.32 
-17 5.1 3.6 
-18 5.0 2.4 
-19 5.0 2.2 5.05 
-20 4.9 1.9 
-21 4.9 1.8 
-22 4.9 1.6 3.99 
-23 4.8 1.6 
-24 4.8 1.3 
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Table Ile. Data for depth profiles of temperature, oxygen, chlorophyll g, and light 
transmission for 17 August, 1995. 

Depth (m) Temperature Dissolved oxygen Chi! Transmission 
(oC) (m2'1) (u2'1) (%) 

0 22.5 8.1 72 
-1 22.5 9.9 1.80 72 
-2 22.5 9.6 72 
-3 22.5 9.5 71 
-4 22.3 9.4 2.06 70 
-5 22.3 9.6 70 
-6 22.1 9.5 68 
-7 21.9 10.0 3.26 58 
-8 18.3 14.5 38 
-9 14.3 16.1 24 
-10 11.3 16.0 10.11 28 
-11 8.9 1.4.5 52 
-12 7.4 12.4 61 
-13 6.6 8.0 12.17 89 
-14 5.9 6.5 94 
-15 5.6 3.8 97 
-16 5.3 3.1 8.58 81 
-17 5.2 2.7 81 
-18 5.1 2.1 74 
-19 5.0 1.4 3.86 58 
-20 5.0 1.4 42 
-21 4.9 1.5 35 
-22 4.9 1.3 7.71 30 
-23 4.9 1.3 25 
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Table Ilf. Data for depth profiles of temperature, oxygen, chlorophyll ,f!, and light 
transmission for 5 September, 1995. 

Depth (m) Temperature Dissolved oxygen Chi! Transmission 
{°C) (mg/I) (ug/I) (%) 

0 22.4 10.3 73 
-1 22.5 10.3 1.46 72 
-2 22.5 10.3 68 
-3 22.4 10.1 62 
-4 22.1 9.6 1.86 64 
-5 21.9 9.4 62 
-6 21.8 9.3 62 
-7 21.5 9.3 1.66 61 
-8 20.7 9.3 56 
-9 16.7 13.5 44 
-10 12.3 14.2 5.45 36 
-11 9.7 13.6 45 
-12 8.1 11.7 54 
-13 7.3 9.0 9.44 72 
-14 6.5 7.2 84 
-15 5.9 3.1 78 
-16 5.6 2.2 16.6 58 
-17 5.3 1.9 54 
-18 5.2 1.6 48 
-19 5.1 1.5 4.12 54 
-20 5.1 1.4 54 
-21 5.0 1.3 43 
-22 5.0 1.3 8.25 41 
-23 4.9 1.1 37 
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Table Ilg. Data for depth profiles of temperature, oxygen, chlorophyll £!, and light 
transmission for 7 October, 1995. 

Depth (m) Temperature Dissolved oxygen Chi!! Transmission 
(oC) (m211) (u211) (%) 

0 13.5 11.5 81 
-1 13.5 12.0 2.66 80 
-2 13.5 12.0 79 
-3 13.5 11.7 79 
-4 13.5 11.7 1.66 78 
-5 13.5 11.3 78 
-6 13.5 11.3 78 
-7 13.5 11.2 2.00 80 
-8 13.4 10.7 81 
-9 13.4 10.2 81 
-10 13.4 9.8 2.00 82 
-11 13.3 9.6 79 
-12 10.0 9.9 73 
-13 8.0 9.3 2.99 58 
-14 7.1 5.0 52 
-15 6.5 3.2 56 
-16 6.0 2.9 3.33 30 
-17 5.7 2.6 34 
-18 5.4 2.4 36 
-19 5.3 2.3 6.98 33 
-20 5.2 2.1 28 
-21 5.1 2.0 26 
-22 5.1 1.8 18 
-23 5.1 1.7 18 
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Appendix III 

Table illa. Possible clone types for PGI and PGM loci, given the alleles observed. Those 
identified during the course of the 1990-1994 study (Ross pers. comm.), and 
this study (1995) are denoted with an "X". 

Composite PGI PGM Observed Observed 
Clone# 1990-1994 1995 

1 FIF FIF x 
2 F/MF F/F 
3 F/M FIF x x 
4 FIS FIF x x 
5 MF/MF F/F x 
6 MFIM FIF 
7 MFIS FIF x x 
8 MIM FIF 
9 MIS FIF x 
10 SIS FIF x x 
11 F/F FIS x 
12 F/MF FIS 
13 F/M FIS x x 
14 FIS FIS x x 
15 MF/MF FIS x 
16 MF/M FIS 
17 MFIS FIS x x 
18 MIM FIS x 
19 MIS FIS x x 
20 SIS FIS x x 
21 F/F SIS x x 
22 F/MF SIS 
23 F/M SIS x 
24 FIS SIS x x 
25 MF/MF SIS x 
26 MFIM SIS 
27 MFIS SIS x 
28 MIM SIS 
29 MIS SIS x 
30 SIS SIS 

TOTAL 21 11 
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Table Illb. Composite clone frequencies(%) in the predominant hypolimnetic layer in 1995. 

Composite PGI PGM 20 30 21 2 17 5 
Clone# Jun Jun Jul Au2 Au2 Sep 

4 FIS F/F 15.1 4.4 0.0 7.3 4.2 6.3 
7 MFIS F/F 1.1 1.1 0.0 1.0 0.0 1.0 
10 SIS F/F 61.3 80.2 96.8 46.8 87.5 85.4 
14 FIS FIS 21.5 14.3 1.1 39.6 8.3 7.3 
17 MFIS FIS 0.0 0.0 0.0 3.1 0.0 0.0 
19 MIS FIS 1.1 0.0 0.0 0.0 0.0 0.0 
20 SIS FIS 0.0 0.0 2.1 1.1 0.0 0.0 
24 FIS SIS 0.0 0.0 0.0 1.0 0.0 0.0 

sample size 93 91 95 96 96 96 

Table Ille. PGI clone frequencies(%) in the predominant hypolimnetic layer in 1995. 

PGI clone 20Jun 30Jun 21 Jul 2Aug 17 Aug 5 Sep 
SIS 60.6 80.2 98.9 47.9 87.5 85.4 
FIS 37.2 18.7 1.1 47.9 12.5 13.6 
MFIS 1.1 1.1 0.0 4.2 0.0 1.0 
MIS 1.1 0.0 0.0 0.0 0.0 0.0 
sample size 94 91 95 96 96 96 

Table IIId. PGM clone frequencies(%) in the predominant hypolimnetic layer in 1995. 

PGMclone 20Jun 30Jun 21 Jul 2Au2 17 Au2 5 Sep 
F/F 77.4 85.7 96.8 55.2 91.7 92.7 
FIS 22.6 14.3 3.2 43.8 8.3 7.3 
SIS 0.0 0.0 0.0 1.0 0.0 0.0 
sample size 93 91 95 96 96 96 
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Table Ille. Composite clone frequencies(%) in the predominant metalimnetic layer in 1995. 

Composite PGI PGM 20 30 21 2 17 5 7 
Clone# Jun Jun Jul Aug . Aug Sep Oct 

3 F/M F/F 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
4 FIS F/F 30.5 15.6 10.4 8.3 29.2 28.1 9.4 
7 MFIS F/F 0.0 0.0 1.0 1.0 7.3 8.3 1.0 
10 SIS F/F 36.6 28.1 24.0 45.8 30.2 57.3 80.2 
13 F/M FIS 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
14 FIS FIS 31.7 52.1 61.5 39.6 32.3 6.3 7.3 
17 MFIS FIS 0.0 1.0 2.1 3.1 0.0 0.0 0.0 
20 SIS FIS 0.0 2.1 1.0 1.0 0.0 0.0 0.0 
21 F/F SIS 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
24 FIS SIS 0.0 0.0 0.0 1.0 0.0 0.0 2.1 

Sample 92 96 96 96 96 96 96 
size 

Table IIIf. PGI clone frequencies(%) in the predominant metalimnetic layer in 1995. 

PGI clone 20Jun 30Jun 21 Jul 2Au 7 Oct 
SIS 35.9 31.3 25.0 24.0 80.2 
FIS 63.0 66.7 71.9 67.7 35.4 18.8 
MFIS 0.0 1.0 3.1 8.3 7.3 6.3 1.0 
F/M 1.1 1.0 0.0 0.0 0.0 0.0 0.0 
F/F 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Sam le size 92 96 96 96 96 96 96 

Table IIIg. PGM clone frequencies(%) in the predominant metalimnetic layer in 1995. 

PGM clone 20Jun 30Jun 21 Jul 2Au 70ct 
F/F 68.3 43.8 35.4 55.3 90.6 
FIS 31.7 56.2 64.6 43.7 32.3 6.3 7.3 
SIS 0.0 0.0 0.0 1.0 1.0 0.0 2.1 
Sam le size 82 96 96 96 96 96 96 
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