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This work is a baseline study of the relationship between the fish fauna at Eden 

Lake and the surrounding rocks. A broad suite of trace elements is incorporated into the 

otoliths of fish in their natural habiat where the only source of these trace elements is 

the local geology. 

Otoliths are calcifieci structures found in the inner ear of teleost fish and are 

composed of altemating layers of aragonite and protein. The layers are thought to ba 

deposited annually as the otoliths and fish grow and are not resorbed, thereby 

containing a complete chemical record of the fish's environment throughout its fife. 

Eden Lake is underfain by the Eden Lake Compfex. The Eden Lake Complex is 

a monzonitic intrusion associated with pegmatite veins containing rare element-beanng 

minerals such as britholite, allanite and titanite. These minerais show distinct textures 

suggesting trace elements are being leached and Iiberated to the environment, 

Radiometnc and biogeochemical surveys of the Eden Lake area have detected a surplus 

of trace element abundanœs in the lake and vegetation- 

REE and other trace elements, such as Sr, Zn, Mn, Fe, Ba, U, Th and F can ail 

substitute in carbonate minerals and many of these elements have been detected in 

otoliths taken from different species of Eden Lake fish. Cathodoluminescenœ 

microscopy found both yellow-green luminescence and red luminescence within the 

otoliths. The luminescence observed shows a w m plex zoned distribution of trace 

elernents that corresponds with the annular structure of the otoliths. 

A combination of LAM-ICP-MS, PIXE, SPM and image analysis deterrnined the 

concentrations (in ppm) and distribution of the trace elements across the otoliths of 

different species. No trends appear to exist between the element concentrations 

detected in each species and their capture location; the elements detected and their 

concentrations within each species appear to be a regional signature, and are not stridly 

related to proximity to the Complex. The luminescence is attributed to the fluctuating Mn 

concentrations in the otoliths, which was Iikely incorporated dominantly through diet. 

Fluctuating Zn concentrations are also attributed to diet- The Sr concentrations detected 

within the otolith, which were consistently high in the majority of the fish, are attributed to 

a constant input from the local geology. 
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Chapter 1 : Introduction 

Otoliths are hard, stone-like, non-bony structures that are located in the inner ear 

and fom part of the organs which sense position and motion in teleost or bony fish 

(Seyama et al., 1991). They are wmposed of alternathg layers of calcium carbonate, in 

the aragonite crystal fom, and protein, similar in composition to keratin (ûegens et al., 

1 969). There are three pairs of oto l is  present in the fish: the sagittae, the asteriscus, 

and the lapillus. of wtiich the sagittae, or sagittal otoMhs, are the largest and therefore 

the ones most often used for analysis (Figure 1.1). 

The mechanism of crystal growth in otofiis, parücularly the sagittae, is very 

unusual amongst biornineralized tissues in that most of the otolith does not grow in direct 

contact with any cellular tissue (Dale, 1976). Otoiiths are joined by a protein matrix, the 

otic membrane, to the œlls of the macula, a nervous-end organ, along the sulcul groove 

of the otolith (Dunkelberger et al., 1980). The cells of the macula are the only apparent 

source of the proteins that constitute the otolith (Gauldie and Nelson, 1990a; 1990b)- 

The calcium deposited in the otolith cornes predominantly from the surrounding water, 

via the gills, to the endolymphatic sac (Simkiss, 1974), with only a smalt proportion 

attnbuted to dietary sources (Ichii and Mugiya, 1983). Consequently, the otolith is 

crystallized out of the fluids of the endolymphatic sac in response to changing calcium, 

protein, and pH-modulating ions generated in, or transmitted by, the macula- In spite of 

this unlikely arrangement, otolith growth is so well modulated as to retain species- 

specific shape (Gaemers, 1 984). 

Otoliths are only susceptible to dissolution and resorption under rare conditions 

of extreme stress (Mugiya and Uchimura, 1989) and, unlike other calcifieci structures 

(e-g. scales), this creates a mark on the otolith that is easily identifieci (Campana, 1983). 



Figure 1.1. Photograph of a sagittal otdith from a northem pike. Each of the blaclr bars 
on the given scale represents one millimster. 



Therefore, otolis. more so than scates and other calcified structures, ad as infmation 

storage structures h m  midi important irrfonnation about the l î  history of the fish can 

be acœssed (GauWe, \I\lrest a d  Coote, 1993). 

Previous studies have found that there are aime types of information that can be 

obtained from the sagittal otoliths of teleost fish. Fimt, the Iayers of aragonite and 

protein are thought to be deposited annually as the otoliths and fish grow and thereby 

may allow the age of the fish to be detennined (Mugiya, 1964). Secondly, studies of the 

elernental composition of otoliths, Iike those of other calcareous tissues of biological 

origin, such as wrals, may provide information about past environmental conditions 

(Radtke, 1989; Halden et al,, 1995a). Thirdly, preliminary studies have suggested that 

the quantitative analysis of the microconstituents, or trace elements, can potentially 

provide information on population structure and movements (Mulligan et al., 1983; 

Halden et al., 1996; Babaluk et al., 1997). 

1.1 Previous Studies 

1.7.1 Fish Age 

Fishes probably rank second only to humans in the amount of material published 

on their age (Gauldie, Coote, and West. 1993) mostly because new techniques are 

continually k i n g  developed to facilitate the estimation of age. Growth rings have been 

used to age fish for a long time (Jones, i992). As long ago as 1759, annual rings in 

vertebrae were used to age eels (Hederstrom, 1959) while scales were first used to age 

fish in 1888 (Carlandet, 1987). Otoliïs have been used to age fish since Reibisch first 

obsewed annular ring formation in Pleumnectes platessa in 1 899 (Ricker, 1975). The 

'annularit)r of these rings has since been validated through studies of hatchery-reared 

fish. Counting annuli was not usehil in estimating the age of young fish that have not 

forrned their first annulus or for tropical or dwp-sea adult fish whose! growth is more 



constant and annulus fomath km certain (Jones, 1992). The daily increment 

technique, developeâ in ttie early 1970'~~ soîveâ these probkms by permitting the 

estimaüon of daily age. This technque has gained wida acœptance during the fast 

twenty years, however, it shouid not replacé the counting of annuli for older fish. 

Reœntly, it has also k e n  suggested that fish can be aged through radiometnc analysis 

(Fenton and Short, 1992). 

The nucleus of an otolith is present at the ôeginning of lawal life, and grows daily 

by the addition of layers to the outer surface (Seyana et al., 1991). In sections through 

an otolith there is usually visible evidenœ of penodicity in the formation of conceMc 

layers on daily. annual, and sometirnes intemediate time scaks. Vanous hard parts of 

the fish that show periodic layering, induding scaies, bones, and fin-rays, have also 

k e n  used in fish aging, however, according to Eggleston (1975) and Paul (1976) the 

sales of slow-growing fish do not contain full growth histories. Otoliths possess the 

advantage that they continue to thicken by the addition of layers to the medial surface 

even when the fish has œased growing. 

In some fish species the proceas of agedetennination is straightforward. in 

others the layenng is not clear and reading is somewhat subjective (Seyama et al., 

1 991 ). Pannella (1 971) obsawed approm'mately 360 fine inaements between the otoliai 

annuli of temperate water aduit fish (Figure 1.2). These increments were postulated to 

be daily changes in the microstrudure of the otolith. Panriella (1974) obsewed what 

seemed to be daily increments in aduk tropical fish and also observed that these 

patterns followed a larger, 14day cycle that coincidecl with lunar behavior patterns. 

Wthin five yean. Stmhsaker and Uchiniyama (1976) validated the theory that the 

increments were k ing fonned on a daily &sis in a study on young Hawaiian nehu. By 

holding field-captured larvae and juveniles in the Iaboratory, the scientists developed 

growth curves and useâ this information to show gr- rate d i i n œ s  between rwf  





areas. Conversely, Taubert and Cobk (1077) appiiisd the technique to frsshwater fish 

and found that shortened day lem and kw temperatures resultd in the apparent 

cessation of daity increment famation in sunfishes. Further probkms amse when 

researchers routinely started applying this technique to aging aider aduR fish because 

the allometnc gmwth of otdïths resub in a aowding of annuli on the eôge (Beamish and 

McFariane, 1987). Therefore, it has been conduded that. even though Pannella 

(1971 ;1974) began using the daily increment techna- to define the age of aduk fish. 

daily growth increments are of Iitüe use in aging older fish or in solving interpretation 

problems in adufts and should be~ reserved onîy for establicrhing the age of young fish 

(Jones, 1992). Otoliths from dder fish, which are much thicker than those from young 

fish, are best examined in cross section so that the thickened area containing the 

prominent pattern of growth zones is visibk. Only the annular gr& rings should be 

counted in adult fish to define an accurate age. 

226 21 O 
Trace amounts of radioactive radium and lead, Ra and Pb, have recently 

210 
k e n  used in estirnating age frorn the - ~ a :  Pb disequilibrïum (Fenton et al.. 1991). 

222 
However, this method relies entirely on the a s s u m ~  that the raâioactive radon. Rn. 

produced as the intemediate decay product between the radium and lead isotopes fails 

to diffuse out of the otolith. It has been argued by Gaulâie and West (1992) that 

210 
degassing of radon is unavoidabk and that the Ra: Pb ievels in the otolith are 

226 210 
probably also driven by the well-known secular equilikium of Ra: Pb levels in 

bottom sediments; thereby proving this method i n e w i e  for fish aging. 

1.1.2 Envimnmental Indicators 

Trace elements, suai as stronüurn (Sr). which are chemically similar to calcium 



(Ca) are incorparated into aie W i s  as -y gmw (Radtke and Ta- 1984). On 

average, semater contains 8 ppm Sr whik Wshwater contains 0-1 p p  Sr (Rosenthal 

et al., 1970). Sr incorporation in m n i c  carbonates, such as fish atoliths, in general, is 

related to the Sr content of the water in which they live (Odum, 1951). Therefore, 

variations in otolith Sr, and SrJCa ratios, are of special interest because of their potential 

usefufness as indicators of past environmental conditions, SrJCa &OS have been used 

to assess seasona: variations in water temperature (Kalish, 1989; Townsend et al., 

1992). Sr vanabions have also been reiated to g r a h  rate (Sadovy and Severin. i994) 

and sample roughness (Arai and Sakamoto, 1993). However, before SrlCa or any other 

ratio in otoliths can be used definitively as an environmental indicator, aie relationship of 

these ratios to water temperature, growai rate, etc. must be detemined. niete are 

cunently many conflicting views. 

Studies on juvenile Australian salmon by Ka%sh (1989) wncluded that 

temperature plays a very minor role, if any. in the detemination of SrlCa, Na/Ca and 

K/Ca ratios in fish otoliths. Townsenû et al. (1 992) concur with Kalish (1 989) that at high 

temperatures (13 to 20'~)  measurabie changes in SrlCa as a fundion of temperature 

becorne more dicuk to deted. However, Townsend et al. (1992) also conduded from 

their study that at lower temperatures (mainly bel- 5 or 6 ' ~ ) .  whem Wose physiological 

processes bacorne slowed or impairecl, strontium passes more readily into the 

endolymph and becomes inwrporafed into the otolith aragonite (Fiïure 1.3). 

According to Sadovy and Severin (1994), the patterns of strontium abundance 

and SdCa ratios across sedioned otoliths of wild red hind support the hypothesis mat a 

simple inverse relationship sxists betwaan SrCa ratios and the log of body growth rate 

(Figure 1.4). They also suggest that mis SrlCa - growth rate relationship is a consistent 

alternative explanation for al1 published expefimental resuRs on SrJCa ratios in fish 
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Figure 7.3. Plot of SrlCa ratios of samples of outemost edges of otoliths of 136 juvenile 
Atlantic herring from holding experiment as a function of the average temperature (in 
degrees Kelvin and degrees Celsius) of experimental tanks. At lower temperahires, Sr 
passes more readiiy into the endolymph and becomes incorporateci into the otolith 
aragonite because the fish's physiological pracesses are slowed or impaired (from 
Townsend et al., 1992). 
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Figure f.4. Growth rate versus SrlCa ratios. The solid line is the regresson based on 
data from Puerto Rico end Bennuda fish combined, the dotted line is based on data 
from Puerto Rico fish onîy, and the bMen line is based on data fmm Bermuda fish 
only. The figured regressions describe the data equally well and suggest a signifcant 
relationship between log growth rate and SrEa ratios (from Sadovy and Severin. 1994). 



otoliis for M i  a temperPturr, ial~onship has been proposeâ (e-g. Kalish, 1989; 

Townsend et al,, 1 992). 

Ani and Saûamoto (1993) appliad proton4nduced X-ray emission (PIXE) to 

uncut and unpolished red sea bream otoliths- They found that the SrlCa ratios 

determined by the X-rays' yields) in the oMer fish did not conefate wnsistently with the 

rneasured ses water temperature (Figure 1.5) due to sampk roughness. The youngest 

otoliths, such as sample M5930629, are so smalt that the proton beam (100 pn x 16 

j.un) can irradiate the large portion of the otoliths surface and the e f k t  of topographies 

may be negliible. However, the area of detedon is comparably small in the older, 

larger otoliths and, thetefore, rough topography of the surface is not negligible in these 

otolïths. 

The scattenng of diffraded X-rays will change depending on whether the 

irradiated beam area is rough or smooth, thereby affeding the SrlCa ratios. Arai and 

Sakarnoto (1993) used a larger beam (3 mm x 5 mm) on the older, larger otoliths and 

found that this removed the &/Ca raüo emors produceci by sample roughness. 

Furthemore, their new results indicate an inverse relationship between SrlCa ratio and 

temperature (Fiiure 1.6). 

1. f.3 Population Sfnrctum 

The ability to identify fish stocks and their movements is of critical importance 

because, in theory, each must be managed separately to optimize its yield and prevent 

any sharp dedine in numbers (Mulîiian et al., 1987). Traditional methods used to 

identify fish stocks and their rnovements included tagging experiments. meristic and 

morphometric indices, and eledrophoretic techniques- However, it is now known that 

genetic difterences between populations or differenœs in the environments to which 



Measurernent Condition 

WATER TEMPERATURE (C) 

1 Measurement Condition I 
Bearn: Proton; 2 MeV; 1.6 uC; 100 um x 15 um 

MS930f19 ûetector: ~ i ( ~ i )  
Fiîter: Al 0.1 mm 

WATER TEMPERATURE (C) 
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each fish population is exposed affixt the incorporation of trace elements in calcified 

tissues, which results in chemical compositions s p d c  to each (Gunn et al., 1992). The 

first calcifieci tissues to be examined were scales (Lapi and Mulligan, 1981) and 

vertebrae (Mulligan et al., 1983). but due to the previously rnentioned problems of 

resorption and dissolution, otoliths proved to provide a more complete chemical record. 

Mulligan et al. (1987) analyzed stnped bass populations from four tributaries of 

Chesapeake Bay, U. S. A, and found that ~ 7 0 %  of a11 individual fish could be cotredly 

assigned to stocks based on the composition of their otoliths and much improved 

discrimination (>go%) resulted from h a d e r  geographical groupings. Since this study, 

numerous other studies, including Radtke and Morales-Nin (1989); Edmonds et al. 

(1989); Kalish (1990); Edmonds et al. (1992); Rieman et al. (1994); Radtke (1995); and 

Radtke et al. (1996). have been conduded on the other species (bluefin tuna, pink 

snapper, vanous freshwater salmonoids, yellow-eye mullet, sockeye salmon, and Arctic 

char, respectively). Ekctron probe micro-analysis (EPMA) was the principal technique 

used to detemine the chemical composition of otoliths in al1 of these studies and the 

main deteminant for distinguishing anadromous fmm non-anadromous, was SrlCa 

ratios. 

More recentl y, due to technological advances, miwo-proton induced X-ra y 

emission (micro-PME) studies have shown both that anadromous and non-anadromous 

fish can be easily distinguished solely on the basis of the pattern of Sr distribution in their 

otoliths (Halden et al., 1995a; 1996; Babaluk et al.. 1997). Further, the absolute levels of 

Sr in the pnmordium and first few annuli can indicate the fish's lake of origin (Halden et 

al., 1996). Furthemore, the age the fish firot migrated and the age of maturation and 

first spawning can be detemined by overiaying the Sr data on the image of the otolith. 

Recent Studies by Halden et al. (1995; 1996) and Babaluk et al. (1997), 
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determined the distribution of Sr in otoliths from Ardc char of known anadrornous 

(Halovik River), lvMwn nonanadromous (Craig Lake), and unknown Me histories (Lake 

Hazen) (Figure 1.7). Part of aie interest in Lake Hazen amse because its population 

contained two morphotypes, large and small char, and the question arose as to whether 

the large group were anadromous (Reist et al., 1995). This view was reinforced by the 

observation mat Craig Lake, with no sea outlet, contained only the small morphotype. 

fhe linescan from an anadromous Halovik River char, shown in Figure 1 .?a, consists of 

a flat Sr profile corresponding to the prïmordiurn and first six annuli and then a marked 

increase in Sr in the seventh annuli, conesponding to the first migration to sea (Halden 

et al,, 1996: Babaluk et al., 1997). The ekvated Sr content in the oscillatory peaks is 

easily distinguishable from the background levels typical of the early pait of the life 

history. All of the Halovik River fish showed such patterns. In wntrast, the Iine-scan 

from a non-anadromous Craig Lake char, shown in Figure 1.7b, shows a relatively 

uniform Sr content with no oscillatory zoning. Figures 1 . 7 ~  and 1.7d are Iine-scans from 

large and srnall Lake Hazen char, respectively, and they show a relatively constant Sr 

content from the nucleus to the outer edge of the otolith. These profiles are the same as 

the Craig Lake profile and therefm, it was conduded mat neither the small or large 

morphotype in Lake Hazen migrates to sea. 

Figure 1.7 also illustrates that the geographic origin of the populations can be 

distinguished on the basis of the Sr content (Halden et al., 1996). The primordium and 

first few annuli of the Halovik River char have a concentration of about 70 ppm of Sr, 

while the concentrations are about 670 ppm in Craig Lake char and 490 ppm in the Lake 

Hazen char. 

Figure 1.8 shows Sr and Zn profiles from a Halovik Lake anadromous Arctic char 

overlaid on the image of an otolith from that fish (Halden et al., 1999). The Zn and Sr 
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Figure 1.7. Typical strontium PlXE line-scans from arctic charr otoliths from (A) the 
Halovik River; (6) Craig Lake; and (C) and (O) Lake Hazen (from Hafden et al.. 1996; 
Babaluk et al., 1997). 



Figure 1.8. Strontium and zinc PlXE profiles overiaid on the image of an otolith from an 
anadromous charr (after Halden et al.. 1999). The triangles mark the otolith annuli. 
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distributions s h m  in Figure 1.8 am both oscillatory. The Zn peaks are similar in width 

to t k  annu% with the peaks coinciding mth the ligM part (summer) of each annulus. The 

overall concentration of Zn is highest in the primordium and f i a  several annuli. Annuli 1 

to 8 have elevated oscillatory Zn concentrations; annuli 7 and 8 also show elevated Sr 

concentrations indicating that this fish migrated out to sea when 1 was seven to eight 

years old. The Zn concentrations decrease after annuli 8 and the Sr conœntrations 

remain elevated- This suggests there is some overîap of the Zn signature with the onset 

of anadromy. According to HaMen et al, (1999). an i dea l i d  interpretation of these 

patterns rnight be that: 

(1) at approxirnately O to 7 years, the fish underwent a freshwater phase where Sr was 

Iow and Zn was available for cyclical uptake dependant possibly on food source, 

temperature and alkalinity; 

(2) the gradua1 increase in the Sr content (and decrease in Zn) in years 7 through 9 is a 

result of the fish remaining in the channel leading to the sea, before the first full 

migration; and 

(3) at approximately 9 to 10 years, the fish entered a migratory adult phase, where the 

bulk of the feeding was k i n g  done in a high- Sr. low- Zn environment followed by a 

number of retums to freshwater. In the freshwater environment, however, with no 

signifiant feeding, there is littk uptake of Zn and Sr is charaderistically Iow. 

If this idealizeâ interpretation is valid, then it is likely that the productivity of an 

environment may influenœ when fish migrate. Furthemore, if the productivity is linked 

to local weather, the annular record of the otolith may also be linked in a general way to 

climate. 

Chemical analyses of otolïths represents a new approach to the evaluation of 
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critical periods dun'ng the life histories of fish; an approach capable of doaimenthg past 

environmental conditions encourtterd by an individual (Radtke and Shafer, 1992). This 

approach is possibie because of aie dramaüc advances in analytical techniques over the 

years. The following is a brief look at the techniques that have been used in the 

chemical analysis of otoliths; their benefits and limitations. 

1 - 2 1  Atomic Absorption Spectrometry 

Atomic absorption spectrometry (AAS) was one of the first techniques used in the 

bulk chemical analysis of otoliths (Gauldie and Nathan. 1977; Gauldie et al., 1980). 

However, there are two main problems to using AAS in the bulk chemical analysis of 

otoliths. First, the otolith must be dissolved in solution in order to be analyzed and, 

therefore, al1 spatial information concerning element distribution is destroyed (Halden et 

al., 1995a; 1996). This also prevents the sample from undergoing further analysis by 

other methods. Secondly, in comparison to more modem instruments, AAS can not 

generally compete in speed with multj-elernent techniques as only one element can be 

detemined at once (Potts, 1987). 

1.2.2 Uectmn Pmbe Micro.Analysis 

Electron probe micro-analysis (EPMA) has been used extensively to analyze the 

distribution of elements in diffetent fish species (Radtke et al., 1990; Radtke and Shafer, 

1992; Gunn et al., 1992; Thresher et al., 1994). Microprobe techniques differ from most 

other techniques, such as AAS, in that they are for the most part nondestructive, 

involving the excitation and chemical analysis of selected areas of diameter as small as 

a few microns on the surface of samples. An electron beam, nomally in the range of 15 

to 30 kV, is focused on the surface of the sample and interactions between this primary 

electron beam and the sample cause the generation of X-rays charaderistic of the 
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atoms of the excited sampie (Potts, 1987). The intensity of these X-rays is rneasured 

using a w a v e k ~ i s p e i w  0) or energy-dispersive (ED) spectromeder and after 

conedion for matrùc effeds, count data are compareci with data from minerals of 

standard composition in order to quantify the analysis (Gunn et al., 1992). 

With respect to otolith Iifehistory, the conventional ED eledron probe is severely 

Iimited in its ability to detect elements present in concentrations less than 1ûûû pprn 

because of difficultii in resolving Iine overlaps, the presence of spectral artifacts, and 

the generaliy low peak-to-background ratios, and low peak count rates (Gunn et al., 

1992). WD-bas& EPMA is, therefore, generally recommended in the analysis of 

otoliths, parüwlarly for life-history scans- 

There are, however, drawbacks (though much more minor) to using WD-based 

EPMA in the analysis of otoliths. First. while having the neœssary spatial resolution, -1 

Fm, to address the analysis of small zones, EPMA is incapable of routine trace element 

analysis at the few ppm level; the level of most trace efements, such as Fe, Mg, Zn, 

REE, etc. (Halden et al., 1995a; 1996). Secondly, sample ablation produces chernial 

changes, pitting, and a disruption of the surface wating which can result in the charging 

of the target (Gunn et al., 1992). This type of damage results in erroneous estimates 

and, and perhapç more importantly, the extent of this error is difficuk to quantify. 

1-23 Laser Ablation Micmpmbe - lnductvely Coupl& Plasma - Mass Spectmetry 

Laser ablation microprobe - indudveiy coupled plasma - mass spectrometry 

(LAM-ICP-MS) is a new technique that can be used for the multielernent analysis of 

otoliths at specific loci ( M e r  et al., 1995). Witti the activation of the high-powered 

pulsed laser barn, focused ont0 a seleded position on the otolith, photon energy is 

converted to thennal (kinetic) energy and some of the otolith is vaporued and swept by a 



flow of argon gas into the plasma whem it is atomized and ionizeâ- The analyte ions are 

then extraded and analyzed by a mass spedrometer. This technique combines the 

benefits of point sampling with aie sensitivity of ICP-MS, and avoids the sample 

preparation by acid dissolution used in AAS. 

There are two major advantages to using LAM-ICP-MS in the analysis of otoliths 

in comparison specifically to EPMA. First, there is litüe or no sample preparation, 

resufting in high sample throughput Secondly, while spatial resolution is about the 

same, the sensitiity of LAM-ICP-MS is much higher. 

There are also, however, hno drawbacks. First, the laser beam diameter is 

approximately 30 pm and it, therefore, operates at a relatively large lateral spatial scale, 

providing an *elemental fingerprint" that integrates over many days (Fouder et al., 1995). 

Secondly, the laser beam is quite destructive, restricting its use to only two pulses per 

sample locus, separated by distances of 500 pm across the otolith surface. For many 

small otoliths, these ablation pits are larger than the width of an individual annulus, and 

sornetirnes large sections of the otoliths are blasted from the surrounding resin. 

1.2- 4 Proton Micmpmbe Analysis 

The proton microprobe is the proton analogue to the electron microprobe 

(Campbell et al., 1995) and is a very useful technique for the multi-element analysis of 

geological samples (Potts, 1987; Campbell et al., 1995; Halden et al., 1995b). It delivers 

a focused beam of protons to a sample, which emits X-rays charaderistic of its 

elemental constituents and their concentrations. The X-ray spectnim is recorded in 

energydispersion mode by a Si(Li) detector. Proton-ïnduced X-ray emission (PIXE) with 

such a microbeam (micro-f lx€) provides spatial resolution similar to that of the electron 

microprobe (ca. 5 to I O  pm) but offers sgnificantly lower limits of detedion, cornmonly in 



the 1 to 20 ppm range for most trace ekments of interest- 

In the analysis of otoliths, Coote et al. (1991) were the first to use micro-PIXE to 

image elemental distributions. However, they condudeci that it was dicult to relate the 

determined elemental composition to physical features in the otoliths- The combination 

of micro-PIXE with a scanning proton microprobe (SPM), has enabled the use of micro- 

PlXE in both point analysis and imaging modes to study trace element variation in 

otoliths. The SPM has the necessary spatial resolution and micro-PIXE has the 

necessary detection Iimits for such analyses. Together they provide both a non- 

destructive analysis of the trace element content of otoliths as well as one- (line scan) 

and two-dimensional maps of the distribution of trace elements for cornparison with 

optical images (Halden et al., 1995b). Conefation between the chernical record 

observed using SPM and the optical record of annuli further allows the establishment of 

the age at which the fish either entered a chemically distinct environment or their 

environment was altered by input from an extemal source. 

1 -3 Obiectives 

Rare earth elements (REE) and other trace elements, such as Mn, Sr, Zn, Fe, 

Th, U, and F, c m  substitute in carbonate minerals (Henderson, 1984). A ment 

geological study on the pegmatites of the Eden Lake Complex, which neighbors the 

lake, by Arden (1995) found that two of these pegmatites contain abundant RE€-bean'ng 

minerals, as well as minerals with high concentrations of Sr, Zn, Mn, Fe, U, Th, and F. 

Biogeochemical and radiometnc studies of the vegetation surrounding Eden Lake found 

light rare earths and other trace element concentrations, particulariy in alder twigs 

(Fedikow et al., 1993; 1994). indicating that some REE and other trace elements are 

mobile in the Eden Lake environment. 

Many studies have focused on the concentration of various trace elements in 
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otoliths. However, most of these studies have focused specifically on wheher or nat 

these bioaccumulations are a kalai risk due to anthropogenïc a d i v i  and101 related to 

species; gender; temperature; or age. This, however, is the first detailed investigation or 

baseline study into the incorporation of trace elements into otoliths from fish in their 

natunl setting at Eden Lake where the only source of these trace elements is the local 

geology - 
The objectives of this research are to: 

(1) detemine the bioavailability and concentration of rare earths andor oaier trace 

elements in the otoliis of the fish species of Eden Lake; 

(2) detemine the distribution of these trace elements within the annuli; and 

(3) relate their distribution to seasonal variations of element input (Le. environmental 

conditions) or to fish behavior and life history. 



ChrpGr 2: Eden îake Geology and Phydography 

Eden Lake (56O38' latitude and 1 WO1 5' longitude) is located -1 000 kilometres 

north of Winnipeg. Manitoba. approximately half way between the towns of Leaf Rapids 

and Lynn Lake in northem Manitoba (Figure 2.1) (Arden, 1995). It is the site of the Eden 

Lake Complex. which is interpmtd as k i n g  a postdrogenic intrusive complex with 

alkaline characteristics. Eden Lake is accessible from Provincial Highway 391 and the 

main outcrops of the Complex are accessible from the lake, approxirnately 6.5 km by 

boat south from the highway. 

2.1 Geoloav of the Eden Lake Comolex 

The Eden Lake Complex, at its present level of erosion, covers approximately 15 

km2; intniding the grmitic rocks between the Lynn Lake and Leaf Rapids greenstone 

belts within the juvenile Reindeer Zone of the Trans Hudson orogenic terrane (Figure 

2.1 ; cf. Arden, 1995). Geological mapping of the Eden Lake area was undertaken by 

Cameron (1988) and McRitchie (1988). The complex is made up of a number of 

intrusive units the most prominent of which is an aeginne-beanng rnonzonite (Hafden 

and Fryer, 1999). The principle units were informally temed as syenite based on field 

data, however, modal analysis indicates that they are adually monzonite to quartz 

monzonite. The Eden Lake Complex is one of a group of alkaline intrusions found within 

the Churchill province that includes other similar complexes at McVeigh, Brezden, and 

Burntwood Lakes (McRitchie, 1988). These complexes are interpreted as post-orogenic 

because they intnide foliated country rocks and are charactenstically, themselves largely 

unfoliated (Halden and Fryer, 1999). 
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Figure 2.1. Map of the southeastem portion of the Reindeer Zone of the Trans 
Hudson Orogenic terrane and the adjacent Superior Province in northem Manitoba, 
showing the principle geological domains and the location of the Eden Lake 
Complex, marked with a black triangle (from Arden, 1995). 



The Eden Lake Complex is cunently exposed in three topographically high, 

north-south, linear ridges on a peninsula on the eastem side of the lake (Figure 2.2) 

(Arden, 1995). At its highest point, the Cornplex is >380 metres (1 150 feet) above ses 

level. It is composed of 2 main intrusive phases, an earlier weakly-foliated mafic 

monzonite and a late non-foliated felsic monzonite (cf. Arden, 1995). The mineralogy of 

these two phases is given in Table 2-1. In addition, there are four young pegmatite 

phases that intrude both of the monzonite phases. These pegmatite phases are of 

particular interest to this research because of their exotic rnineralogy and the influence of 

this rnineralogy on the overall geochemical character of the complex. 

2.2.1 Pegmatite Mineralogy 

The first pegmatite unit, the mafic peg-matites, contain coarse-grained aeginne- 

augite with homblende and magnetite, as well as K-feldspar and quartz (Arden, 1995). 

These pegmatites occur as discontinuous stnngers approximately 2 metres long and 20 

cm wide. 

The second pegmatite unit, which is younger than the mafic pegmatite unit, 

contains blocky quartz and K-feldspar graphically intergrown, along with some 

plagioclase (Arden, 1995). These granitic pegmatites occur as patches and veins, 10 to 

30 metres long, and 3 to 50 centimetres wide. 

The third and most abundant pegmatite unit is also a granitic pegmatite, 

however, in addition to quartz, K-feldspar, and plagioclase, this unit contains, in 

decreasing abundance, aegirine-augite, andradite, titanite, fluorite, apatite, zircon, 

allanite, thorite, burbankite, and strontianite (Figure 2.3 and 2.4; Table 2.2) (Arden, 

1995). This unit is associated predominantly with the felsic monzonite occumng as 



Table 2- 1. Mineralogy of the mafc and felsic momonite units of the corn plex; mineral 
abundance was detemined at the outcrop scale (after Arden, 1995). 

Hombtende 1 

Magnetite 1 

Plagioclase (albite to 
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Figure 2.2. Detailed geological map of the Eden Lake Complex and the sunounding 
country rocks (after McRitchie, 1988; Arden, 1995). 



Figure 2.3. Photomicrographs of rome of the minerals found in the Type 3 pegmatites 
(from Arden, 1995). (A) The field of view is 2.8 mm across. Mineral abbreviations are as 
follows: AA - aegirineaugite; KF - K-feldspar; M - rnagnetite; Q - quark, and TI - titanite. 
(B) The field of view is 2.8 mm across. Mineral abbreviations are as follows: PG - 
plagioclase and TI - titanite. 



Figure 2.4. Photomicrograph of some of the minerals found in the Type 3 pegmatites. 
The field of view is 0.7 mm across. Mineral abbreviations are as follows: AA - aegirine- 
augite; F - fluorite; PG - plagioclase; Q - quartz; and TI - otanite (from Arden. 1995). 



Table 2.2. Abundance of minerals within the Type 3 granitic pegmatites; abundance 
detemined at the outcrop and thin sech'on sales (after Arden, 1995). 

Aegirineaugite 5 - 25% 

K-felds par 
Microcline 
Orthoclase 

5 - 55% 

Plagioclase (albite to andesine) 
I 

O - 30% 

Quartz 

1 And radite 1 O - 70% 

O - 20% 

Fluorite 0 4 %  

Apatiie 

Zircon 

rianite 

Allanite 

Thorite 

1 Strontianite O - trace 

0 4 %  

0 - 2 s  

0-10% 

O - trace 

O - trace 

Burbankite O - trace 
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irregular patches that range in sue from a few cm to 10 m . 

The final pegmatite unit is the least abundant; it is typically found as 

discontinuous, 30 to 40 centimeter wide veins associated with shear zones in the 

eastemmost outcrop (Arden, 1995). This pegmatite unit wntains, in decreasing 

abundance, titanite, aegirineaugite, K-feldspar, plagioclase, quartz, apatite, fluorite, 

zircon, britholite, allanite, and weloganite (Figure 2.5 and 2.6). The britholite and allanite 

in this pegmatite are thoroughly metamict and the surrounding minerals are heavily 

fractured. For this reason, it is called "radioactive pegmatie" (Table 2.3). 

Rare-earth elements, Sr, Zn, Mn, Fe, Th, U andlor F, which are known to 

substitute in carbonate minerals (Le. aragonite otoliths), are found in the apatite, titanite, 

zircon, allanite, andradite, fluorite, aegirine-augite, feldspar (K-feldspar and plagioclase), 

and britholite in one or both of the type 3 and 4 pegmatites. Representative chernical 

compositions, including the abundance of REE; Mn; Th; U and F, of these minerals are 

provided in Arden, 1995. The britholite is the principal mineral hosting a considerable 

abundance of RE€ (ca. 55 weight %), followed by, in decreasing overall concentrations, 

atlanite (ca. 25 wt. %), apatite (ca. 8 wt. %), titanite (ca. 2 wt. %), zircon (ca. 1 wt. %), 

aegirine-augite (ca. 0.3 wt- %), K-feldspar (ca. 1800 ppm), andradite (ca. IO00 pprn), 

plagioclase (ca. 425 ppm), and fluorite (none) (Arden, 1995). Strontium. zinc, 

manganese, iron, thorium and uranium content varies within the grains of one mineral. 

From the chernical composition data, listed in Arden (1995), Sr content is highest in the 

britholite (0.46 wt. %) followed by, in decreasing overall concentrations, plagioclase 

(01 23 to 0.217 wt. %), K-feldspar (0.97 to 0.185 wt. %), apatite (6387 to 7220 pprn), 

zircon (22 to 5798 pprn), allanite (2356 to 2650 pprn), and titanite (74 to 2463 ppm). Sr 

data is not provided for aegirine-augite and andradite. Zn content is highest in the 

allanite (606 to 697 ppm) followed by andradite (206 to 345 pprn), zircon (O to 116 pprn), 



Figure 2.5. Photomicrograph of some of the minerals found in the Type 4 pegmatites. 
The field of view is 2.8 mm in the long dimension. Mineral abbreviations are as follows: 
AA - aegirine-augite; AL - allanite; AP - apatite; B - britholite; TI - titanite; and Q - quartz 
( h m  Arden, 1995). 



Figure 2.6. Photomicrograph of some of the minerals found in the Type 4 pegmatites- 
The field of view is 0.7 mm across. Minerai abbreviations are as follows: AA - aegirïne- 
augite; AL - allanite; AP - apatite; B - britholite; and F - fluorite (from Arden, 1995). 



Table 2-3. Mineral abundance in the Type 4 radioadive pegmatiies; abundance 
determined at both the outcrop and thin section scale (after Arden, 1995). 

1 Aeg irine-augite 1 5 - 30°h 

1 Quartz 1 1 4 0 %  

K-felds pa r 
Microdine 
Orthoclase 

b 

-- 

O - 30°h 

Plagioclase (albite to oligoclase) 

Fluorite 

O - 25% 

0 0 5 %  

Apatite 

Zircon 

O - 35% 

O - trace 

Titanite O-5% 

Weloganite O - trace 
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apatite (O to 53 ppm) and titanite (2 to 42 pprn). Zn data is not provided for brithofite, 

aegirine-augite and feldspar (K-feldspar and plagiodase)- Mn content is highest in the 

fluorite (1 .O02 to 1.365 wt- Oh) followed by aegirine-augite (0.819 to 1.138 wt. Oh), 

andradite (0.10 to 1.29 wt, %), apatite (0.003 to 0.048 wt, %), zircon (O to 3483 pprn), 

and titanite (8 to 2345 ppm). Mn data is not provided for britholite and feldspar (K- 

feldspar and plagioclase). Fe content is highest in the andradite (28.296 to 30.081 wt. 

%) followed by aegin'ne-augite (14.155 to 20.737 wt. %), allanite (7.93 to 20.563 wt. Oh), 

titanite (1 -946 to 3-942 wt. %), plagioclase (0.189 ta 0.251 wt. Oh), K-fefdspar (0.146 to 

0.150 wt. %), apatite (O to 0.024 W. O h )  and britholite (O to 0.005 wt Oh). Th content is 

highest in zircon (O to 7935 ppm) followed by apatite (O to 1016 pprn), titanite (O to 56 

pprn), britholite (O to 0.143 ppm), and allanite (O to 0.005 pprn). Th data are not provided 

for andradite, aegirine-augite, K-feldspar, or plagioclase. U content is highest in 

britholite (0.79 to 0.81 wt. %) followed by zircon (0.071 to 2.895 wt. Oh), allanite (O to 

1065 ppm), titanite (935 ppm). apatite (86 to 866) and andradite (77 to 180 ppm). U 

data is not provided for aegirine-augite, K-feldspar, or plagioclase. Fluorite, is the 

principal mineral hosüng considerable F, followed by, in decreasing overall 

concentrations, apatite (ca- 4 wt. %), britholite (1.33 to 3.80 wt. %), titanite (ca. 1 wt. %), 

and allanite (0.196 to 0.5 wt. %). F data is not provided in Arden 1995 for zircon, 

andradite, aegiflne-augite, and feldspar (K-feldspar and plagioclase). 

Examination of back-scattered electron (BSE) images of britholite, the mineral 

with the most REE and Sr, reveals that it has an annealed polygonal texture and that the 

polygons are altered (Figure 2.7) (Arden, 1995). The alteration has a vemiicular to 

colloforni appearance and is conœntrated along the margins of the polygons (Figure 

2.7A). The alteration advances from these grain boundaries to the center and polygons 

range from partially to completely altered and in the rnost altered samples. the polygonal 

boundaries are completely obliterated (Figure 2.78). This alteration is due to water 
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Figure 2.7. Photographs of BSE images showing altered britholite from the Type 4 
pegmatites. (A) Very slightly altered britholite - note the control of the polygonal 
boundaries on the alteration. The field of view is 400 microns across. (B) Complete 
alteration of the bntholite polygons; boundaries have been completely destroyed. 
The field of view is 200 microns across (from Arden, 1995). 



Figure 2-8. Photograph of a BSE image of an apatite grain from the Type 4 pegmatites. 
The patchy coloring is due to alteration; the bright fractures are filled wifh REE-enriched 
apatite. The field of view is 300 microns across. Mineral abbreviations are as follows: 
AP - apatite and B - britholite (from Arden, 1995). 



percolating through between the grain boundaries, leaching out elements as the edges 

of the grains break down. This indicates that REE, Sr, Fe, Th, U, and F, as well as other 

trace elements (possibly Mn and Zn as no data was available for this element in 

britholite), are k i n g  liberated from the mineral and released into the environment at 

Eden Lake. Other REE-, Sr-, Zn-, Mn-, Fe-, Th-, U-, and F-beanng minerals show 

similar alteration (e-g. Figure 2.8), further Iiberating even more elernents (Arden, 1995). 

2.2.2 Geochemical Character of the Complex 

The Eden Lake Complex has many characteristics that support the view that it is 

an A-type granitoid due to the mineralogy of the pegmatite units, particularly units 3 and 

4 (Arden, 1995; Halden and Fryer, 1999). These include high Na20 + 60 values (1 1 to 

13 weight %), a significant abundance of F (200 to 4000 ppm), relatively constant YINb 

and Yb/Ta ratios, and a characteristic mineral assemblage consisting of magnefie, 

fluorite, titanite, aeginne-augite, apatite, and zircon. 

The SiO, content of the complex ranges from 57 to 77 weight % with a 

continuous fractionation trend from low to high silica phases (Halden and Fryer, 1999). 

The rocks of the complex can be divided into three groups based on trace element 

characteristics and silica content: (1) the low silica group (LSG) with SiO, contents 

ranging fiom 57 to 62 weight O h  SiO, that has elevated U, P. and total REE contents (ca. 

1000 ppm); (2) the main phase monzonite (MPM) with 64 to 71 weight % SiO,; and (3) 

the high silica group (HSG) with 71 to 77 weight % SiO, that has similar trace element 

patterns to the LSG, but lower trace element and REE abundance (ca. 20 ppm). 

Chondrite-nomalized REE plots for the complex as a whole are shown in Figure 

2.9; the plots are light REE-enriched and lack europium anomalies (Arden, 1995). 

Preliminary whole-rock analysis of the type 4 pegmatite unit containing britholite show 



that it is considerably light-REE enriched, in some cases up to 50,000 x chondrites 

(McRitchie, 1989; Arden, 1995). The LREE are concentrateci in britholite and allanite in 

the order (Young and McRiichie, 1990): 

britholite: Ce>Nd>La>Pr>Sm 

allanite: Ce>La>Nd>PriSm 

Total REE content decreases with increasing SiO, content which is somewhat 

unexpected as the main mineral phases dominating major element fractionation 

(aegirine-augite and K-feldspar) have a bulk distribution coefficient less than one, which 

would result in incompatibility of the REE (Halden and Fryer, 1999). There is a distinct 

compositional gap between the main phase monzonites and the silica-rich rocks where 

the latter are significantfy depleted in REE; this is inconsistent with a smooth 

unintempted Iiquid Iine of decent dominated by crystal fractionation- The spatial 

association of the pegmatites with the complex, and their compositional simifarities to the 

complex, suggest that there is a genetic association. The compositional gap in temis of 

REE content, between the main phase and the more evolved silica-rich rocks, might be 

explained by the physical separation of a REE-enriched vapor phase. Such a REE- 

enriched phase will also have been enriched in F and Pl therefore, the REE would have 

been scavenged as ionic complexes. 

2.2 Radiometnc Sunreys 

A 1977 airborne gamma-ray survey identified uranium, thorium, and potassium 

anomalies in the Eden Lake area (Geological Survey of Canada, 1977). These 

anomalies were wncentrated over the complex and in monzonites to the east of Eden 

Lake. Follow-up geochemical studies detected anomatous levels of uranium and 

fluonde in lake waters and uranium in lake sediments (Schmitt et al., 1989). Continued 

interest in the REE potential of the Eden Lake Complex prompted the need to complete 
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Figum 2-9. Chrondrite-nomalized REE plot of the rocks from the Eden Lake Complex 
(from Halden and Fryer, submitted). 



reconnaissance ground scintillometer surveys over the intrusion to provide a ground- 

based radiometric signature for the intrusion, find any other anomalously high areas 

previously unidentified, and delineate the occurrence and nature of these radioactive 

zones (McRitchie, 1989; Young and McRitchie, f9W; Gunter et al., 1995). Three 

surveys were mnducted: one in 1989 by McRitchie, one in 1990 by Young and 

McRitchie, and another in 1993 by Fedikow, Dunn, and Kowalyk. 

Figure 2.10 shows the results of the 1989 ground scintillometer reconnaissance, 

conducted using a Scintrex Broadband gamma-ray scintillometer model BSG-1SL (with 

a 1.5" x 1.5" thallium activated sodium iodide crystal; McRitchie, 1989). The radiometric 

readings are recorded as counts per second (cps), with total cps recording potassium, 

equivalent uranium, and equivalent thorium. Daily background readings ranged from 25 

to 30 cps and noticeable drop-off in counts per second occurred over al1 overburden 

areas, especially in wet open swamps where source rocks are presumably covered by 

thick overburden. Waist-level and on-the-ground measurements differed markedly over 

hot-spots (which tended to be clustered locally in al1 three outcrops) and along zones of 

strong radioactivity, however, little or no contrast was noted for background readings 

taken in areas of open outcrop. A thin veneer of soi1 or clay (10 to 20 cm) was found to 

cause a moderate reduction in readings taken at waist level. The monzonite outcrops in 

all three ridges consistently gave readings of 150 to 300 cps. The greater proportion of 

the readings were near the upper level of this range which is consistently higher than the 

150 to 250 cps readings obtained from the outlying granitic phases- 

Most occurrences with elevated readings exhibit a prominent rusty weatheBng , 

that is associated with oxidized pyrite mineralkation (McRitchie, 1989). Forty of the 

features were hot-spots of limited lateral extent (Figure 2.10). The extremely localized 

(1200 to 6000 cps) hot-spots (10 to 20 cm) corresponded to individual or clustered 

radioactive minerals while the local hot-çpots (1000 to 4000 cps) mrresponded with 30 
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cm to 1.5 m fractures exhibiing splayed teminations- Four hot-spots constituteâ 

pyroxene and allanite-ennched zones ranging in length from 1.5 to 40 m with 2500 to 

7000 cps, and there were 3 ml 5 x 150 m and 11 x 25 m zones of moderately elevated 

readings ranging from 400 to 500, 400 to 800, and 400 to 1500 cps, respedively. 

The 1990 ground scintiflometer reconnaissance survey traverseci an area west of 

'Spuf Lake, crossing the regional trend of the zones of REE enrichment defined by 

McRitchie (1989) south of Kwaskwaypichikun Bay (Figure 2.1 1 and 2.12). 60th the 

background radiation and elevated responses detected in this area were generally lower 

than those detected by McRichie (1989), but were attributed to the same features 

(Young and McRitchie, 1990). 

The 1993 ground scintillometer survey was cam-ed out in conjunction with a 

vegetation geochemical study (Fedikow et al., 1993). The study area is shown in Figure 

2.13. A Scintrex Broadband gamma-ray scintillometer (mode1 BSG-ISL with a 1 .Sn x 

1.5" thallium activated sodium iodide crystal) was used again; this time taking 

measurements at ground level from each of the vegetation sampling stations on the grid 

(Figure 2.14). Radiometric readings are plotted on Figure 2- 15 with the addition of a 500 

cps contour. This contour effedively delineates the allanite- and britholite-bearing 

fractures, as well as the smaller rusty-weathered pyrite-bearing fractures in the study 

area. Background measurements ranged ffom 100-220 cps. The highest responses in 

this survey (1 150 to 3900 cps) correlate with pegmatite-hosted occurrenœs of pods, 

lenses, veinlets, and disseminated grains of britholite and allanite. These veinlets, pods, 

and lenses are spatially associated with faults in the monzonite which have a stnke of 

014'- The faults have been traced intemittently for up to 80 m and are generally rusty 

weathered and show a marked increase in radioactive response relative to the 

surrounding country rocks (Figure 2-15). 
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Figure 2. IO. Results of the 1989 ground scintillometer reconnaisance of the Eden Lake 
rnonzonite. Al1 radiometrie measurements were taken at waist level and on the ground 
(after McRitchie. 1989). Station location nurnbenr and scintillometer readings at each 
station are provided in McRitchie (1 989). 
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Figure 2.11. Results of the 1990 ground scintillorneter reconnaissance of the Eden Lake 
biotite monmgranite. All radiometric measurements were taken at waist level and on the 
ground (after Young and McRitdiie. 1990). 
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Figure 2- 12. Simplified geological map showing the îocation of anornabus areas of radio- 
activity ni the Eden Lake area and the locations of the 1989 and 1990 ground scintillometer 
surveys (after Young and McRitdiie, 1 990). 



2.3 Bioaeochemistw 

Vegetation geochemical surveys were camed out at Eden Lake by Fedikow et al. 

(1 9S3;i 994). These studies were aimed at detennining if vegetation geochemistry could 

assist in delineating the REE-enriched mineralization since Eden Lake is considered to 

be free of anthropogenic contamination. The study area (Figure 2.13) contained mature 

boreal forest growing on isolated outcrop and outcrop ridges and in low-lying areas of 

swamp and muskeg devefoped on glacial clay and a n d  till. The vegetation in the 

survey area was dominantly black spruce and lesser stands of jack pine, with white 

spruce, birch, poplar, and wilfow occumng sporadically. Alder and Labrador tea were 

predominant among the shnibs and the outcrop areas were covered by a mixture of 

lichen and bluebeny. 

In the first orientation survey, in 1993, vegetation tissues were collected from 

within a 5 m2 sampling box centered on the vein-type allanite and britholite rnineralization 

(Fedikow et al., 1994)- Approximately 350 g of eight year old black spruce twigs were 

collected from the north, south, each, and West sides of the tree (about chest height) at 

each sarnpling station (Figure 2-44), and one sample was taken representing the crown 

(or upper 40 cm) of a black spruce (Fedikow et al., 1993). For jack pine, alder, and birch 

the most recent 45 cm of growth was sampled. The leaves or needles of al1 collected 

samples were separated from the twigs and both of these were separated from both 

bark and cones. The sarnples were then ashed (470 OC) for analysis by neutron 

activation. The needles and twigs collected at chest height from the black spruce were 

kept separate from the needles and twigs collecteci from the crown of the tree to allow 

corn parison. 

A sumrnary of the available geochemical data for the vegetation species and 

tissues sampled in 1993 is provided in Appendix A (Table 1 ; Fedikow et al., 1994). The 



F&um 2.13- Location rnap and mgional gdogical satin9 for the Eden Lake vsgdstion 
geochemical and radiomeblc wnrsy a m  (from Fdikow et ai., 1993). 



Figure 2.14. Geological and vegetation sampling and radiometric suivey grid map (stations 
were set at 10 m intervals frorn lines 25 m apart) ( h m  Fedikow et al.. 1993). 
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Figure 2.15. Results of the 1993 ground scintillometer survey. All radiometric measure- 
ments were taken at ground level (from Fedikow et al., 1993). 
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enrichment of the LREE La, Ce, and Nd indicated in the analyses of the allanite and 

britholite (Young and McRitchie, 1990) are reflected in the analyses of some of the 

vegetation tissues sampled for the orientation survey. The highest concentration of La, 

Ce, Nd, and, to a tesser degree, Sm are present in the alder twigs. The total REE 

content of the alder twigs is 757.5 pprn that exceeds that of lichen at 415.3, the second 

most efficient vegetative tissue for concentrating these elements at the site. Alder 

leaves also contain highty elevated LREE concentrations: Ce = 120 ppm; La = 93 ppm; 

Nd = 66 ppm. 

The LREE contents of the black spruce needles collected at chest height are 

comparable to those from the crown whereas chest height twigs contain higheï LREE 

and total REE (57.2 ppm) than the crown twigs (14.6 ppm) (Fedikow et al., 1994). 

Crown cones have comparable LREE and total REE to both crown needles and twigs. 

Overall, the chest high twigs from the black spruce contain approxirnately twice the total 

REE and higher LREE (57.2 pprn) than any other collected tissues on the tree (Table 1; 

Appendix A). 

The jack pine samples contain significant concentrations of REE (Table 1; 

Appendix A; Fedikow et al., 1994). The highest REE contents of the six tissue types 

collected occur in the outer bark (total REE = 165.0 ppm). Jack pine twigs, needles, 

cones, tfunk wood, and inner bark have a lower range of total REE of 9.8 to 25.6 ppm. 

Base and precious rnetal contents of al1 vegetation tissues are low, with the exception of 

a single analysis of 2% Zn in birch twigs (Fedikow et al., 1994). However, exœptional 

contents of Ba and Sr are found in tissues from black spnice, alder, and birch (Table 1; 

Appendix A). Chest high black spruce tissues contain 2050 to 4300 ppm Ba and 5100 to 

6400 pprn Sr. Alder twigs contain both the highest Ba (6900 ppm) and Sr (1.2%) of al1 

the vegetative tissues collected in the 1993 orientation survey. The proposed source for 

this Ba and Sr is twofold: (1) from the rocks (aegirineaugite monzonite) of the wmplex 

50 



which contain between 1300 and 3300 pprn Ba and 1400 and 2200 pprn Sr (McR'rtchie, 

1989; Halden and Fryer, 1999) and the soi1 horizon developed above this bedrock 

(Fedikow et al., 1994); and (2) from the allanite-britholite mineralization (cf, Arden, 

1 995). 

The U and Th contents for the Eden Lake monzonite are in the range of 690 to 

1400 pprn and 775 to 3500 pprn respectively (McRitchie, 1989; Young and McRitchie, 

1990). However, despite this high background level, al1 tissues collected in the 

orientation study in 1993, with the exception of lichen and jack pine outer bark, are 

below 1 ppm for both U and Th (Table 1; Appendix A). Lichen contains 8.1 and 4.5 pprn 

Th and U, respecüvely, whereas jack pine outer bark contains 4.5 ppm Th and 2.4 pprn 

U. Alder twigs do not contain measurable Th and U (eO.1 pprn Th and e0.2 pprn U) 

despite their high concentrations of LREE. No data was available for Mn concentrations 

in the vegetation. 

The 1993 orientation study concluded that LREE concentrations in aider twigs 

could be used to delineate the occurrences of some of the REE-enriched pegmatites 

associated with the cornplex (Fedikow et al., 1994). In 1994, guided by this conclusion, 

sampling was concentrated to an area approximately 200 m downslope from the allanite 

britholite mineralized zone in relatively well drained areas of no outcrop (Figure 2.16) 

(Fedikow et al., 1994). Alder twigs were collected from 57 sites and ashed (470 OC) for 

analysis by neutron activation. The results of this vegetation suwey are not yet 

available. 



Fauît 

Figure 2.16. Location of alder twig samples collected at the allanite-britholite occurrence. 
Eden Lake area. 1994 (from Fedikow et. al. 1994). 



2.4 Eden Lake Phvsiwranhy 

Eden Lake is an irregularly-shaped lake (Figure 2.1 7) that is approximately 18 

kilometres long. 12 kilometres wide and covero an estimateci 150 km2. The Eden Lake 

shoreline sits at 300 metres (900 feet) above sea level and is rocky and highly vegetated 

(Figure 2.18). The northem outfiow point of the lake (by the campsite and Hwy. 391 

(marked "camp")) up to the central part of the lake, by the Eden Lake Complex (marked 

"ELC") is Iess than 7 metres (20 feet) deep (Figure 2.17). The water depth gently 

shallows to 4 m towards shore al1 around the lake and around the islands. The islands 

are also rocky and highly vegetated (Figure 2.19) to sparsely vegetated (Figure 2.20). 

The lake's average depth is -7 to 10 ml but it reaches >27 metres (80 feet) in the central 

part of the lake and in the south near the Numakoos River (Figure 2.1 7). The lake 

bottom varies from rock, gravel, or coarse sand near shore ( ~ 2  metres deep) to fine mud 

as the water depth increases to r2 metres. Many shallow shoals and large rocks are 

present around the lake and some of these are shown by an "x" in Figure 2.21. These 

shoals are often reedy. 

Eden Lake flows under Hwy. 391 into the Hughes River and on into Adam Lake 

at the northem end (Figure 2.21). This outfiow is through a rock-filled alvert next to the 

campsite area. Northern pike are the only large fish known to inhabit the lake, 

suggesting that not many fish. if any, leave Eden by this route. Eden Lake also flows out 

at the south into the Numakoos River and into Kakinokumak Lake (Figure 2-21). 

lnflow sites to Eden Lake are from Kwaskwaypichikun Bay, which is fed by 

Kwaskwaypichikun Lake. to the east; from Muskose Bay. which is fed by Kaministokos 

Lake, to the west: and from the Hughes River, which is fed by Pilote Lake. in the 

northwest (Figure 2.21). These inflow points are shallow sites of rapidly moving water 

over a very rocky substrate. 



Figure 2- 17. Map of Eden Lake. Eden Lake is approximately 18 kilometres in length. 
12 kilometres wide and covers about 150 square kilometres. Also show are the 
locations of large rocks  rx") and lake flow direction (yellow a m ) .  



Figure 2.18- Photograph of the highly vegetated Eden Lake shoreline. 



Figure 2.19. Aerial photograph of Eden Lake showing water depths in feet. 



Figure 2-20. Photograph of the rod<y and highly vegetated islands in Eden Lake. 



Figure 2.2 1. Photograph of the rocky and sparsely vegetated islands in Eden Lake. 



There is no information available regarding the hydrology and Iimnofogy of Eden 

Lake (Natural Resources, August 1999, pers comm.)- The water is presumably derived 

primarily from river inflow and direct precipitation and diffuse ninoff, though groundwater 

inflow also likely contributes. There is no data on the chemical signatures of these 

sources, nor any information on the hydrologic budget for the lake. Additionally. there is 

no systematic information on the degree of themial stratification in the lake, though the 

potential for it exists- Warm surface waters (-0.7 to 1 m deep) were observed during the 

summer months, however, this developing thermal stratification is continually disturbed 

by the prevailing wind. 

The closest anthropogenic influence to Eden Lake is the mine in Lynn Lake, 

located 50 km west of Eden Lake- This mine has been periodically operational over the 

past 50 years. No measurements have been done regarding any aerosol input to the 

Eden Lake region from Lynn Lake, however, it is likely that the northwesterly winds 

preclude any significant distribution to the area. 

Climate, flood and fire data is the only environmental information available for the 

Eden Lake area. There is an Environment Canada Climate Station located in Lynn Lake 

that records daily temperature and precipitation. This data indicates that the climatic 

environment of Eden Lake has remained relatively constant over the last 21 years. The 

rnean spring (i-e., March, Apnl and May), summer (Le., June, July and August), fall (i-e., 

September, October and November) and winter (Le., December, January and February) 

temperatures are -3OC. 1 4OC. -5OC and -22OC. respectively. 

Flooding is a relatively common occurrence in the Eden Lake area, however, 

rnany of the floods are srnall, only marginally increasing the water levels (Natural 

Resources, February 1999, pers. comm.). There have been four ugood-size" fioods in 

the Eden Lake area, in 1974, 1975,1976 and 1977. 
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Forest fires are also very cornmon in the Eden Lake area- The area is a spnice 

boreal forest and at least one fire occurs somewhere between Leaf Rapids and Lynn 

Lake every year, with 90% of these fires occurring between the 1" of July and the 

beginning of August. 



3.1 Sample Colledion 

Four netting locations, KAP, KAPI, €Dl, and €02 were chasen in the immediate 

vicinity of the Eden Lake Complex (Figure 3-1). Samples taken from these locafiis 

would comprise the bulk of the catch (Table 3.1). To Iimit the number of fish caught in 

each net, each net was set out at night and collected earfy the following moming (TaMe 

3.2). 

Two additional netting locations, BAKI and 6AK2, were chosen at inflow sites far 

from the cornplex (Figure 3-1). These were intended to provide background sampies for 

cornparison to the fish caught at the other four locations proximal to the intrusion (TaMe 

3.1). To further Iimit by-catch, these nets were set even later at night and collecteci 

eariier in the rnoming than the other four as only about two fish of each species were 

desired from each location (Table 3.2). The period of time each net was set could not be 

shortened in order to ensure that a suffÏcient number of species were caught A 

selection of fish, representative of each species, from each net were taken, the same 

day they were caught, to the Energy and Mines freezer in Lynn Lake and m e n  until 

they wuld be transported back to Winnipeg oable 3.3). 

Additional fish and fish heads were angled and acquired from sport fishermen 

staying at the Eden Lake campsite, respedively (Table 3.4). The sport fishemen, aware 

of our project. kept track of where they were fishing and gave us the heads when they 

were filleting at the end of each day. This provided a good overall sample set of Eden 

Lake as most of the fishemen were fishing in areas that were not netted and were not 

accessible by the zodiac. In total, 172 fish, including walleye; northem pike; lake 

whitefish; white and long-nose suckers; cisco; yellow perch; and burbot. were brought 

back for analysis. 



Bodk. of Wlt.r 
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Figum 3.1. Map showing the locations of the six nets set up on Eden Lake: KAP. KAPI, 
ED1, ED2, BAKI and BAK2, and the additional fishing and angling sites. 



Table 3.1. Total catch fiom the six nets. 

1 lake 
w hitefis h 

sucker 
16 white 
suckers 

21 northem 
pike 

1 1 walleve 
2 cisw 

13 yellow 
perch 

8 trout perch 

13 spottail 
shiners 

1 ernerald 
shiner 

= 87 fish 

Total 
ne- 

catch WF39 
njir 

3 lake 1 lake 4 lake 6 lake 
whitefis h whitefish whitefis h whitefish 

I 
25 white 35 white 17 white 17 white 41 white 
suckers suckers suckets suckers suckers 

7 notthem - 17 northern 1 11 northem 21 northem 1 6 northern 
me pike 1 pike 1 pike 1 pike 

4 walleye 3 walleye 1 5 walleye 16 waileye / 15 walleye 
17 cisw 1 1 cisco 
2 yellow 1 yellow 4 yellow 1 5 yellow 4 yeHow 
perch perch perch perch perch 

1 buhot 1 burbot 
1 trout perch 7 trout perch 1 trout perch 19 trout 

perch 
1 mottled 2 mottled 
scul~in sculoins 

shiners shiners shiners shiners shiners 
2 log perch 

13 emerald 
shiners 

1 clam 1 clam 1 clam 3 clams 
1 1 unknown 4 unknown 1 unknown 2 unknown 
small fish smalf fish small fish small fish 





Table 3-3. Number of fish (of each species) from each net selected for sample set. 

1 5 walleye 1 3 walleye 

1 long-nose 
sucker 

6 white 
suckers 

6 northem 
pike 

6 white 
suckers 

6 yellow 
perch (one 
from NP 
stomach) 

7 northem 
pike 

3 walleye 1 5 walleye 

5 northem 
pike 

6 white 
suckers 

5 northem 
pi ke 

5 white 
suckers 

4 yellow 
perch (one 
from NP 
stomach) 

3 walleye 

2 white 
suckers 

2 northem 
pi ke 

2 yeflow 
perch 

1 burbot 

3 whitefish 

2 walleye 

2 white 
suckers 

2 northem 
pi ke 

2 yellow 
perch 

2 whitefish 



Table 3.4- Additional fish and fish heads brought back ta be part of sampie set. 

2 Northem Pike I Head only See map 

1 Northem Pike Ang led 

See Map 2 Walleye 
* 4 I 

8 Walleye I Sport fishennen I Head only 

6 Walleye 

Whole fish 

Ang led 

Narrows 

6 Northem Pike 

See Map 

Whole fish 

Angled 

1 White sucker 

Ang led 

2 Northem Pike 

Whole fish 

L 

Narrows 

Whole fish 

Narrows 
1 

Angled 

i l  Walleye 

Narrows 

Angled 

Pt. B 5 Walleye 

1 Walleye 

Whole fish 

Whole fish 

1 

6 Walleye 

Pt. A 

Sport fishermen 

Angled 

1 Walleye 

Head only 

Pt- C Sport fishennen 

Sport fishemen 

1 Northem Pike 

Head only 

Whole fish 

4 Walleye 

Pt. O 

Head only 

Pt. E 
I 

Angled 

Pt. E 

Ang led 

Sport fishermen 

Campsite 1 Northern Pike 

2 Northern Pike 

Whole fish 

Whole fish 

3 Northern Pike 

Pt- F 

Head only 

Ang led 

Anglec! 

KAP 

Whole fish 

Angled 

Whole fish Adam Lake 

Whole fish Jackson Lake 



Clams were also colleded h m  a f;ew different locations in Eden Lake and from 

the neighboring Adam Lake (Table 3.5). These organisms were of interest because aiey 

are sessile (in cornparisun to the fish), tending to stay on rocks or plants or in the 

sediment. and therefore could potentially provide valuable supporting information as to 

the trace element concentrations in different amas of the lake as determined by the fish. 

In total, 8 Iive clams of two different species were collected frorn 5 dÏfferent locations. 

3.2 Samole Preparation 

3.2.1 Fish 

The weight, sex, matunty, and fork kngth (FL) of each fish in the select sample 

set was recorded before the otoliths were extraded (Tables 2 and 3; Appendix A). The 

otoliths in al1 species of fish are encased in an aqueous sac called the endolymphatic 

sac and located at the top of the head, approximately 1 inch in front of the join between 

the head and body (Figure 3.2). The original procedure for removing the otoliths is to go 

in from the underside of the fish (Figure 3-3). However, most of the fish brought back 

were very large and their spines were too thick to be cut using the bone cutters. 

Therefore. an easier way to access the otoliths was to use a hacksaw and cut into the 

head approximately 1.5 inches from the join between head and body and then remove 

the otoliths with a pair of forceps. Once removeâ from the fish, the endolymphatic sac 

was removed and the otolith dried off and plaœd in a labeled sample envelope until the 

samples could be sectioned. 

Before sedioning. the otoliths were embedded in epoxy as they were very small 

(from millimetres to a centimeter wide and millimetres to more than a centimeter long) 

and very brittle. This procedure involved lining ice cube trays with parafilm. to ease 

removal after curing, and filling the trays with enough epoxy to cover the otolith (Figure 

3.4). The epoxy. which was cold curing. was left to cure for 2 full days. 
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Table 3.5. Clam (CL) samples collected from Eden and Adam Lakes. 

CL3 1 Adam Lake 

CL2 

CL7 1 BAKî 

Adam Lake 



Figure 3.2. Illustration showing the approximate location of the otoliths in a fish. 



Figure 3.3. Photograph of the traditional procedure for remwing otohths by going in from 
the underside of the fish. 



Fgum 3.4. Photographs of the embadding proces. (A) Under a fume hood, the iœ cube trays are linad 
with parafilm and filled wioi a few millimeters of epoxy. (B) A doswp of one of the iœ cube h y s  full of 
em bedded otoliths. 



The epoxy+tnbedded otoliths were then sedioned using a thin--on saw with 

a 4 x 0.004 x O S  d i a m d  wafering bkde (Figure 3.5). They were eut in haif along a 

longitudinal sedion through the primordium and then fufther tnmmed to fit into holes that 

have been made in a 1" thick perspex disk. A longitudinal section is preferreâ because 

the annuli are vertical and of uniform thickness from one side of the otolith to the other 

while in a sagital section, the annuli dip at a shallow angle towards the œnter of the 

otolith- 

The original rnethod for mounting the otoliths is to first secure the perspex disks 

containing the holes into a h o k r  lined with tin foil. The tin foi1 prevents any epoxy from 

leaking out of the disk and prevents the disk from stîddng to the holder. The otoliths are 

segregated aceording to sWes and locaüon and then plaœd into the holes (anywhere 

fmm 4 to 7 per disk) (Table 4; Appendix A), such that the sides of the otoliths that are of 

interest are face down and al1 aligned (Figure 3.6). This part of the procedure is very 

time consuming, as it is necessary to fit the epoxy-ernbedded otolith perfedly in the hole 

to insure that it stays flush with the surface of the disk This involves wstom-fitting each 

hole to each otolith. This would not be a proMem if the otoliths were al1 approximately 

the same size, however, the Eden Lake otolïs, because they were fiom fish of al1 ages, 

varied considerably in size at each location. More epoxy resin is added to fiIl the holes 

and then the disk is put in a preheated oven (approximately 120 OC) for 45 - 60 minutes 

so the epoxy can cure. This part of the procedure is also d i i l t ,  as it is necessary to 

insure that no air bubbles are caught in the epoxy. 

After the disks of otoliths had cooled, they are polished to remove any surficial 

epoxy and expose the annuli of each otolith. Polishing generally starts wÎth coane 

sandpaper and worlur down to about a O.Srniaon pdish. The desind composition of 

the polish is either Al or Si carbide or even a fine diamond polish. The reason for this is 

to avoid the introduction of any elements of interest, such as Zn or other trace metals, 
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Figure 3.5. (A) Photograph of the ernbedded otolith being longitudinally sectioned using 
a 4 x 0.004 x 0.5 diamond waferïng blade. (B) Close-up of the embeâded otolith being 
sectioned. 



Figure 3.6. Photograph showhg an example of seven aligned and mounted Eden Lake 
otoliths (mounted in a pempex disk rather than a perspex ring). 



that might alreaây be in the annuli. The progression fmm coarse to finer polish is to 

remove large scratches made by the coarser polish. The damer. iess Scfatched, the 

otoliths are, the easier it is to see the details of the annuli. 

There are two reasons for mounting the samples in this fashion. Firstly, to 

achieve a gooâ polished surface to provide optimum optical resolution to (a) define the 

annuli and (b) to locate the microbeam for chernical analysis. Secondly, sufficient depth 

of aragonite is needed to assure that during PlXE analysis the x-rays are coming solely 

from the aragonite and the beam does not penetrate to the mounting medium. If the 

proton beam penetrates the mounting medium. the X-rays from this medium will 

contaminate the x-ray spednim from the aragonite. 

A problem arose when the first otoliths, Rom KAP and BAK2, were mounted in 

the disks using the aforementioned 'original" procedure. M e n  heated, the epoxy that 

the otoliths were ernbedded in meited and bubbled. This meant that the otolith was no 

longer secured in place and it floated up in the hole. This resulted in a lot of polishing to 

expose it The rest of the disks were subsequently prepared with cold-curing epoxy. 

The problem, however, with preparing al1 the otoliths with coldturing epoxy is 

that each disk takes at least 2 days to cure, with only four disks iïtting in the holder at 

one time. This, along with the hours of time it takes to fit the otoliths in the holes, makes 

the whole process time consuming and la bor-intensive. Therefore, a different method 

was devised. 

The new method involves using perspex rings of the same dimensions as the 

disks- The rings are secured in the holder with the piece of aluminum foi1 undemeath 

and then a millimeter of epoxy is placed into the ring (Figure 3.7). The otoliths are 

placed, side of interest down, into the epoxy in an arrangement similar to that shown in 

Figure 3.6. The thin layer of epoxy holds the otoliths perfectly in place. thus. eliminating 

the timezonsuming and dificut task of fitüng indidual otoliths to individual hoks. This 
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thin a layer of epoxy dries overnîght and then more epoxy can be poured in to fiIl the ring 

without any risk of the otoliths moving amund. This seand batch of epoxy takes about 

two days to fully cure, however. the rings can be removed from the holder after a day so 

that more rings of otoliths can be made. After al1 the epoxy has fully cured, the rings can 

be polished in the same fashion as the disks. This method has proven to be far more 

practical than the original disk method and a good poiished surface and suficient 

penetration depth are still achieved. 

3.2-2 Clams 

The procedure for preparing the clam shells for analysis is similar in some ways 

to that of the otoliis. First, the clam shells were washed and dried in the lab and then 

identified (Table 3.6). Unfortunately, some of the clam shells were either already broken 

or deemed too fragile to be properly prepared for analysis. The few dam shells that 

were still intact were dominantly Lampsih radiata- This is possibly because Lampsilis 

radiata !ive a lot longer than eganoûon grandis (the other species identified) and, 

therefore, have a longer time to make their shells thicker and stronger. 

Even the Lampsi1is radiata shells, however, needed protection (like the otoliths) 

prior to sectioning. These shells were placecl, concave side up, in small aluminum pie 

plates and covered in Fiberglass Autobody Resin (first batch) or coldaring epoxy 

(second batch). The resin- or epoxy-embedded dams were then left ovemight to cure. 

Both the resin and epoxy worked equally well for embedding the dams. 

The shells were seMoneci in a similar way to the otoliths, through the center of 

the umbo. along the longest axis of the shell, perpendicular to the growth lines (Figure 

3.8). A second parallel sedion was then made so that the thickness of each shell was 

appmximately 3 mm thick. Each shell was then mounted using Crystal Bond on a slide 

and polished in the same fashion as the otoliths. 

76 



Figure 3.7. (A) Photograph of some of the tools used in the procedure of 
mounting otoliths in perspex rings rather than dLks. (8) Close-up of the 
holder Iined with tin foi1 holding two rings of otoliths. 



Table 3.6. ldentified (spedes and genus) snail (SN) and clam (CL) specimens in sample 
set. 

1 Pyganodon 1 Northern 

1 siliquoidea 1 

€Dl grandis floater 

Adam Lake 

Adam Lake 

BAKI 

€02 1 grandis 1 floater 

simpsoniana 
Lampsilis 
radiafa 
siliquoidea 
(fema le) 
Lampsilis 
radiafa 

1 simpsoniana 
1 Pyganodan 

Fat mucket 

Fat mucket 

(male) 
Pyganodon 
grandis 

Northem 

BAK2 1 grandis 1 floater 

Northem 
floater 

simpsoniana 
Pyganodon Northem 

simpsoniana 
Pyganodon Northem 

B A D  
~am~si l is  
radia ta 
siiiquoidea 
(male) 

Fat mucket 



Cathodoluminescsnce (CL) is a non-destnictnre petrographic microscope 

technique used for the examination of thin sections and other types of geological 

samples (Marshall, 1988). such as otoliths- In CL, the sample is bombardecl by an 

energetic eledron beam and ofken responds by emitting Iight of various wavelengths in 

the ultra-violet, visible, and near infrared range. Emissions are the result of eledronic 

transitions between the conduding band and the valence band and when light is 

emitted, the wavefength and intensity of this light charaderires the mineral and the 

distribution of impurities in it. These distinctive patterns often provide textural 

information that would not be obtained by other microscopic techniques. 

The cathodoluminescence set-up in the Image Analysis Lab 2t the University of 

Manitoba is schematically shown in Figure 3.9. The CL instrumentation consists of a 

Nikon microscope equipped with a Technosyn cold-cathodoluminescence stage. The 

stage itself consists of a sample holder in a vacuum system, a cathode gun, and a power 

unit to control the voltage and cumnt (cf. Marshall, 1988). The cathode gun is the 

source of the eledron beam that bombards the sample- It is necessary for the vacuum 

to be at the rigtit pressure (approm'matety 0.1 torr) and for aiere to be suffident voltage 

and curent to develop the luminescence but not so high that the sample is damaged. 



Figure 3.8. (A) Photograph of the Department of Fisheries and Oœans' saw used 
to section the Eden Lake clam shells. (6) Close-up photograph of a clam shell being 
sectioned through the center of the urnbo. along the longest axis of the shell; 
perpendicular to the growth fines. 



Figure 3.9. Photograph of the cathodoluminescence (CL) instrumentation set-up at the 
University of Manitoba. 



3.4 Refledion Microsco~y 

Reflecüon microocopy is a microscopie technique using reflected light, rather 

than the usual trammittexi ligM to look at a sample. A secondary IigM source (fiber 

optic) is set up next to the microscope and set at a glancing angle (ca. 10-20') to the 

otolith disk (Figure 3.10). This technique works especially well for otolith analysis 

because when the angle of incidence is just right, al1 of the annuli are clearly visible. 

This technique was used for two reasons: (1) to be able to understand the luminescence 

distribution, found fiom CL, by companng it with light optical images which are typically 

used in aging the fish and (2) to be aMe to get some additional photographs of the 

otoliths and their intemal structure- 

In preparation for probe worlc, a Kontron image analysis system cannected to a 

refledion microscope using glancing reflected light from a fiber optic was used to collect 

a high-resolution monochrome image of each otolith (e.g., Figure 3.1 1). This image 

provides for clear optical contrast and differentiation of the annuli that can be used for 

cornparison and interpretative purposes following microprobe analysis. This imaging is 

always done before carbon coating as carbon coating tends to degrade the optical 

images. 

These refledion microscopy images are further used to specifically mark the 

desired starting and end points for the PlXE line scan (i-e.. the central nucleus or 

prirnordium and the otolith edge. respectively) ta facilitate pmgramming of the PIXE 

systern.. It has been found through studies done on arctic char that there is no difference 

between the right and left o t o l i s  in terms of element concentration (Norman Halden, 

July 1999, pers. comm.). There is further no notable difference in element concentration 

along different transects across the annuli in one otolith; it does not matter where the 

scan is done on the otolith so long as al1 of the annuli are analyzed. The orientation of 

the line scan to the annuli, however, is important The line seleded should be located 
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Figure 3.10. P hotograp h of the reflection microscopy set-up. 



Figure 3.1 1. A high-resolution monochrome image of a walleye otolith collected using 
a Kontron image analysis system connecteci to a refledon microscope using glancing 
reflected light from a fiberoptic. The field of view is approximately 2 mm across. 
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Figure 3.12. A high-resolution monochrome image of a northem pike otolith wllected 
using a Kontron image analysis system connecteci to a reflection microscape using 
glancing reflected light from a fiber-optic. The field of view is approximately 4 mm 
across. M a M  on the image are the starting and end points for the PlXE line scan 
(Le., central nucleus or primordium and the otolith edge, respectively). The Iine 
selected is located perpendicular (or alrnost perpendicular) to the annuti, 



such that the Iim scan is perpendicular (or as dose to pcrpendicular as possibîe) to the 

annuli (e.g., Figure 3.12). This is to ensure that the barn is anawng one annulus at a 

time and the linescan is an accurate reflection of the elements within the annuli. 

3.5 SPM Measurements 

One-dimensional Iine scans are elemental maps obtained by appropriately 

rastering the proton barn (5 x 5 pm at 3 MeV); X-ray intensities and corresponding X-Y 

coordinates are recorded to cornputer disc in Iist mode. The data was originally 

collected as X-ray intensity and coordinates, however, new sofhntare presents the line 

scans in terms of trace element concentration versus position. The sum spednim of al1 

recorded X-ray events is assembled, and energy windows for the trace elements of 

interest are defined. The sum spectrum is fitted by the GUPlX software thereby 

providing the continuum background intensity in each window per p:C of proton charge 

(Campbell et ai- 1998). 

On completion of the line scan, the otolith is re-irnaged to verify the location of 

the proton beam relative to the annuli which can be seen as a discoloration of the carbon 

coat and as a Iine in the epoxy where the beam crosses the edge of the otolith (e-g., 

Figure 3.13). The PlXE Iine scan file for the element(s) of interest is imported into the 

image analyzer. The start of the file is identified with the selected scan origin in the 

primordiurn, and the end is identified in the Iine scan by the disappearanœ of the Ca 

signat as the beam moves from the otolith rim to epoxy. The optical image and the 

concentration scan(s) are then scaled to have the same lateral extent in a compound 

image (cf. Figure 1.8). 

For point analyses, a 5 x 5 pm 3 MeV proton barn is used with average 

beam-currents of 6-7 nA and the time integrated charge for each analysis is 2.5 pC with 

X-ray spectra recorded using a Si(Li) detector. The X-rays of the trace elements of 
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Figure 3.13. A cathodoluminescenœ photograph of a northem pike otolith that has been 
re-imaged to verify the location of the proton beam relative to the annuli. Notice the slight 
difference in position between this photograph (showing the achial position of the PlXE 
line-scan) versus the inset reflection microscopy image showing the chosen position fbr 
the PlXE line-scan. The field of ciew in both images is approximately 2 mm across. 



interest ocwr in the energy region 6 - 14 keV, so a combination of 0.125 Vrn mylar and 

106 Pm Al filters are used to suupprass the intensity of the kweraergy region of the 

spectra. This reduces the Ca Xiaya reaching the deteetor and gives Mer counting 

statistics for the trace elements. Spectra are then processeci using the GUPIX software 

package (Maxwell et al. 1989). GUPIX extracts peak areas from a spectnim using a 

nonlinear least-squares-fitting procedure. A synthetic spectrum is derived using 

estimated concentrations of elements of interest and a database that includes relative X- 

ray intensities. The background is rem& via a top-hat fitter method- The calculations 

for the element concentrations are then iterated until the best fit between the synthetic 

and observed spedrurn is attained. Further details on spectrum fitting and calibratÏon 

procedures are given by Campbell et al. (1 995.1 998) and Campana et al- (1 997). 

3.6 CAM-ICP-MS 

The recent coupling of a laser ablation microprobe (LAM) with indudnrely 

wupled plasma - mass spedrometer (ICP-MS) has yielded a relatively simple and 

inexpensive instrument capable of direct analysis of elemental and isotope ratios in solid 

samples, such as otoliths, with extremely low limits of detedon (Jackson et al., 1992). 

The University of Windsor microbeam analytical system, shown in Fgure 3.18, 

consists of a Surelite 1-20 Q-switched Nd:YAG laser at the fundamental wavelength of 

1064 nm with a repetition rate 20 Hz (Fryer et al., 1995). An ultraviolet wavelength of 

266 nrn is produced by ftequency quadmpling using second and fourth harmonic 

generators and a wavelength separation package (WSP). The 266 nm laser pulses are 

attenuated to the working energy by using a combination of a rotatable half-wave plate 

and a glan laser calcite polarizer. The UV laser beam is then split by a beamsplitter 

(40% to the sample cell and 60% ta a power meter), allowing an operator to 

simultaneously rnonitor the laser beam energy durhg the ablation. After splitting, the 
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40°h of the laser beam (headed to the sampk cell) is steeriad to a peîmgraphic 

microscape by means of UV dkiectric minors, then focused through a silica wWIndow onto 

the sample in the sample cell. An energy of 0-4 mJ/pulse is used to penorm sample 

analysis. The typical pit sues range frorn 20 to 30 microns in diameter. 

The ablated matenal is transported via the argon camer gas into the ICP torch of 

the ICP-MS (Fryer et al., 1995). The analyzer is a VG PQ3(S) with especially high 

performance characteristics. Typical solution mode sensitivities are between 100 and 

500 million cpdppm. Argon gas flow rates, torch position, and fens setting are adjusted 

daily to optirnue the sensitivity and oxide level- Optimizations of these parameters for 

LAM is perfomed on selected elements (e-g. Ca, La, Th, U, and Tho) in spiked 

synthetic glass (NIST 612). Typical sensitivities for spot sue of 20 to 30 microns in NET 

61 2 are: 3.19 x 1 d cpslppm for Y; 8.4 x 10' cpdppm for La; 5.9 x 1 O' cpslppm for Th; 

and 7.8 x 10' cpdppm for U and the ThOKh ratio is around 0.3%. Typical detedion 

Iimits are 140 ppb for Mn; 200 ppb for Zn; 16 ppb for Sr; 4 ppb for Y; 5 ppb for Sn; 26 

ppb for Ba; 2 ppb for La; 1 ppb for Ce; 5 ppb for Nd; 7 ppb for Sm; 2 ppb for Eu; 8 ppb 

for Gd; 3 ppb for Dy; 1 ppb for Tm; 6 ppb for Yb; 3 ppb for Pb; 1 ppb for Th; and 1 ppb 

for U. 

Data is acquired by rapid peak jumping (dwell time of 10 ms) (Fryer et al., 1995). 

A typical run of LAM analyses consists of 4 NIST 612 standards (first and fast two) and 

16 sarnples in ktween. Instrument background b e l s  are established by acquiring data 

for approximately 60 s pnor to commencing ablation for each analysis. The laser is fired 

for 15 to 60 s depending on the sample thickness. The total time for data acquisition per 

anaiysis is about two minutes. 

The raw data (counts per second) is then transmitted to a remote PC by network 

communication, and processeci off-line using a spreadsheet macro program (Fryer et al., 

1995). The first three data points are rejeded to rninimke surface contamination. The 
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sample intensity for each elernent is Ehen calculateci as the mean count-rate during the 

ablation. The intensities aiter background correction are converted to conœntraa'on by 

calibration to NlST 612 synthetic silicate glass referenœ material. Matrix M8d and 

ablation efficiency is mneded using Ca as the intemal standard. Drift is correcteci by 

frequent recalibration, in addition to intemal standardkation. 





Chapter 4: The Eden Lake Fauna 

To put the trace element information in wntext, the ecology of each fish and 

clam species must be understood- Eight species of fish and two species of clams were 

sampled: walleye, northern pike, white sucker, longnose sucker, whitefish, burbot, yellow 

perch, cisco, fyganodon grandis and Lampsilis radiata siliquoidea, respectively. 

Physical descriptions and illustrations of each species are provided in Appendix B. A 

discussion of each fish and clam's typical diet and movements around the lake, induding 

spawning habits, is provided below. 

4.1 Walleve 

Stjzostedion vitreum or, more cammonly, walleye are Iimited to freshwater in 

North America and are probably the most economically valuable species in Canada's 

inland waters (Scott and Crossman, 1973). 

Adult and juvenile walleye are largely piscivorous (Colby et al., 1979). The food 

of the walleye shifts very quickly, with increase in sue, from invertebrates to fish; in part 

a reflection of their change in habitat from surface to bottom as their phototacticity 

increases (Scott and Crossman, 1973). During the first six weeks of life, food consists 

mostly of copepods, Cladocera, and forage fish, such as yellow perch. Adult walleye 

feed to the greatest extent from the early evening to early morning, however, stonn 

events and strong winds, which decrease Iight intensity, can stimulate daytime feeding 

(Colby et al., 1979). Walleye are highly cannibalistic if small forage fish are not readily 

available (Scott and Crossman, 1973). The relative amounts of various species of fish 

eaten by walleye depend greatly on avaifability. Other species of fish, besides yellow 

perch and other walleye, that have both been documented as a source of food for older 

walleye and are found in Eden Lake (according to our nets) are: ciscoes, sticklebacks, 



white and longnose suckers, lake wtiitefish, spottail shinerrr, trout perch, emeralâ 

shiners, and burbd It would. therefore, seem safe to say that they utifue any species of 

fish that are availaMe to them, exœpt northem pike. Other sgecies, such as mails, 

frogs, and smaH mammals are also eaten by walleye but only rarely, and usually when 

fish and inseds are scarce, which was certainly not the case at Eden Lake. 

Spawning occurs in the spflng to eariy summer depending on latitude and water 

temperature (Scott and Crossman, 1973). Normally spawning begins shortly after ice 

breaks up in the lake, at optimum water temperatures of 6.7 to 8-9 'c, however, pre- 

spawning behaviour may commence much earlier, when water temperature is 1.1 OC. 

Northem populations do not spawn in some yean when temperature is not favoraMe. 

Spawning grounds are commonly rocky or coarse-gravel areas in tributary rivers or 

shallow shoals. In Eden Lake, there are many possible spawning grounds, including the 

'Kap" Bay area, the Hughes River, 'the Narrowsn1 and around the small islands 

scattered around the lake (Figure 4.1)- The males move to the spawning grounds first 

and spawning takes place at night, in groups of one larger female and one or two 

smaller males or two large females and up to six smaller males. The males are not 

territorial and no nest is built. Eggs are deposited and fall into crevices in the substrate 

and hatch withh 12 to 18 days. Newly hatched fry are 6.0 to 8.6 millimetres in length. 

Growth in Eden Lake is slow as shown by Fgure 4.2 depiding a new fry, a one-year old, 

and a two-year old walleye. 

Movements, other than the spn'rig spawning nin, include daily vertical 

movements in response to light intensity and daily or seasonal movements in response 

to temperature or food availability (Scott and Crossman, 1973). Their summer 

wandenngs are usually limited to 5 to 8 kilometres and there is evidenœ of homing to 

spawning grounds year after year in certain populations, Most walleye seem to remain 

in loose but discrete schools with separate spawning grounds and summer tenitofïes. 
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Figum 4.1. Aerial photograph of Eden Lake showing the possible spawning locations. 
includhg "Kap" Bay, The Namws", Muskose Bay, the Hughes River. etc. Water depths 
are shown in feet. 



Figure 4.2. Photograph showing a new fiy (bottom), a one-year old walleye (middle), and a two- 
year old walleye (top) from Eden Lake. The face of the watch is 30 millirneters in diameter. 



Adult walieye are extremely ligM sensitive (phototactic) due to the presenœ of 

Tapitum lucidum in the retina of the eye and, therefore, fiequent depths between t and 

17 metres depending on turbidity and. of course, the depth of the lake (Colby et al., 

1979). They can tolerate a wide range of temperatures, from O to 30 OC, however, they 

prefer water temperatures between 20 to 23 OC. Total population mortality has been 

found to ocair at temperatures above 34 OC. The optimum pH range for walleye is 

between 6 and 9, 

Northem pike are probably the rnost important predator of walleye (Scott and 

Crossrnan, 1973). They are also an important competitor because they are the only 

other major, shallow-water predator in the north. 

4.2 Northem Pike 

Esox lucinius or, more commonly, northem pike have a circurnpolar distribution in 

the northern hernisphere, with a distribution across Canada, except in the Maritime 

provinces (Scott and Crossman, 1 973). 

The northem pike is a spring spawner and spawning takes place immediately 

after the ice melts in Apnl to eariy May, when water temperatures reach 4.4 to 11 -1 OC 

(Scott and Crossman, 1973). In general, this species spawns dunng daylight hours over 

a vegetated substrate. In Eden Lake, possible northern pike spawning grounds are in 

'Kapu Bay and in the more highly vegetated shoreline areas and bays (Figure 4.1). One 

or two smaller males usually attend the larger female and they swim and roll together 

over the vegetation in water often no deeper than 178 millimetres. The spawning act is 

repeated many times a day for 2 to 5 days. The eggs settle, scatter, and attach to the 

vegetation. Eggs usually hatch in 12 to 14 days at prevailing water temperatures but 

can hatch in 4 to 5 days at 17.8 to 20 OC. 



Upon hatdiing the fry are usually 6 to 8 millimetres in length. They remain 

inactive, &en attached to vegetation by rneans of adhesive glands on t h  head, for 6 to 

10 days, and feed on the stored yolk Growth is very rapid in camparison to walleye and 

some other fish, however, it is stil a great deal slower at higher latitudes. With the 

decreased growth northward, however, the- is an increase in longevity. 

Northem pike generally occupy shallower water in spnng and fall and move to 

deeper cooler water at the height of summer (Scott and Crossman, 1973). ln general, 

northem pike are fairly sedentary, estâbtishing a vague territory where food and cover 

are adequate. They are p lenf i l  in Eden Lake and were obsenred everywhere from 

shallow areas near the campsite dock to deep in the central area of the lake. 

After the yolk is absorbed, young northern pike feed heavily on zooplankton and 

some immature aquatic insects for 7 to 10 days (Scott and Crossman, 1973). At this 

point, small fish enter their diet and by the time the young reach 50 millimetres, fish 

assume predominance. Adult pike are dassified as omnivorous carnivores in that they 

eat virtually any living vertebrate available to them within the size range they can engulf. 

The optimum food sue has been calculated to be between one-third and one-half the 

size of the pike. AduR northem pike. even though their food over a Mole season is 90% 

fish, do at times feed heavily on frogs and crayfish, where readily available. Other 

vertebrates, such as mice, muskrats, and ducklings often enter the diet. 

The eggs of northern pike are prey to a wide variety of other fishes. including 

minnows, perch. and other northem pike; large lanral aquatic inse-; waterfowl and 

other diving birds; and aquatic mammals (Scott and Crossman, 1973). The mortality 

rate on the spawning grounds of eggs and young by predation. or by stranding due to 

lowering water levek, has been estimated as high as 99%. In general. aduit pike are 

large enough and secretive enough that man is probably their only important pfedator. 

During spawning, however, when the northem pike are in very shallow water and are 
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unwary, the smafler ones &en fall prey to bears, dogs, and eagles. 

4.3 Suckers 

There are two types of suckers found in Eden Lake. white suckers and longnose 

suckers. The latter is much less abundant. with only one being caught at the KAP 

netting site. 

4.3.1 White Suckers 

Catostomus mmersoni or, more commonly, the white sucker is restrided to 

North America and has a wide distribution in Canada (Scott and Crossman, 1973). 

White suckers spawn in spring, usually from eady May to early June (Scott and 

Crossman, 1973). Aduks usually migrate from lakes into streams when Stream 

temperatures first reach 10 OC, but they are also known to spawn on lake-margins, or 

quiet areas in the mouths of blocked strearns. Spawning sites are usually in shallow 

water with a gravel bottom but they may also spawn in rapids. In Eden Lake, the 

possible white sucker spawning areas are the Hughes River, 'the Narrows", the 

Muskose Bay area, the 'Kap" Bay area, outfiow point into the Numakoos River and in 

any of the bays or inlets along the shoreline of the lake (Figure 4.1). Adults retum to 

certain spawning sites year after year. Spawning generally takes place at dusk and 

dawn; however, some spawning may take place during daylight hours, but to a very 

limited extent. l w o  or four males may cfowd around a female during spawning activities 

and these irregulariy spaced acts last 3 to 4 seconds, occumng 6 to 40 tirnes in an hour. 

White suckers do not build nests. Their eggs are scattered and adhere to gtavel or drift 

downstream and adhere to the substrate in quieter areas. Adults begin leaving the 

spawning grounds 10 to 14 days later. The eggs hatch about 2 weeks after being 

deposited and the young fry remain in the gravel for 1 to 2 weeks before they start to 
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migrate into the lake. There may be as Iiie as 3% survival fnwn egg to migrant fry. The 

growth of white suckers is extremely variable from lake to lake- 

In addition to spawning migrations, movements, other than the tendency ta move 

offshore with increasing age. are random; probably in response to temperature (Scott 

and Crossrnan, 1973). White suckers are moderately adive during the daytirne but 

active feeding is usuafly restncted to near sunnse and sunset when they move into 

shallower water. 

The fry, at about 12 millimetres long, begin feeding near the surface on plankton 

and other small invertebrates as the mouth is terminal rather than ventral (Scott and 

Crossman, 1973). At about 16 to 18 millimetres, the mouth shifts ventrally and there is a 

shift to bottom feeding (other invertebrates and fish eggs). Large white suckers also 

consume small fish, such as logperch, sornetimes in great abundance. 

White suckers, when less than 305 millimetres, constitute a major food item of a 

wide vanety of predatory fish, such as northern pike, walleye, and burbot. Predaœous 

birds or other stream spawners often eat smaller white suckers- 

4.3.2 Longnose Suckers 

Catostomus catostomus or, more commonly, the longnose sucker occurs al1 over 

Canada, especially in the northwest and is generally more common than lake trout and 

northern pike (Scott and Crossman, 1973). Only one longnose sucker was caught at 

Eden Lake. 

Longnose suckers spawn in the spring, in strearns where available, othemvise in 

shallow areas of the lake (Scott and Crossman, 1973). In Eden Lake. the possible 

spawning locations are the same as those for the white suckers. Longnose suckers 

enter these areas as soon as the temperature exceeds 5 OC, usually mid-Apnl to mid- 

May. The spawning run of this sucker begins and reaches a peak several days More  
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the nrn of white sucken in the same area. Spawning &en talas place between 6 a.m. 

and 9 p.m. in water 152 to 279 millimetres deep, with a current from 30 to 45 cm/s and a 

bottom of gravel 50 to 100 millimetres in diameter. Spawning adivies usually invoîve 

two to four males and one female and, similarly to white suckers, last 3 to 5 seconds 

occumng 6 to 40 times in an hour. The spawning period in general is of short duration 

and immeâiately after the eggs are deposited the sexes separate and leave the 

spawning area. Longnose suckers do not build nests, The eggs are laid in small 

numbers and adhere to the gravel and substrate. The eggs hatch about 2 weeks later 

but the young remain in the gravel for 1 to 2 weeks before they fufly emerge. Longnose 

fry, unlike baby white suckers, have a ventrally located mouth and, therefore, stairt as 

bottom feeders right away. 

The food of this sucker is variable from place to place, season to season, and by 

sire (Scott and Crossman, 1973). It is, however, al1 invertebrates (taken from the 

bottom), no vertebrates have ever been reported. A typical food list in order of 

frequency of occurrence is as follows: Amphipods, Trichoptera, chironomid larvae and 

pupae, Ephemeroptera, ostracods, gastropods, Coleoptera, pelecypods, copepods, 

cladocerans, and plants. 

As bottom feeders, longnose suckers are cornpetitors for food with al1 other 

bottom feeders, except those that prefer much deeper water. The young of this species 

fall prey to a wide variety of predaceous fish and fish-eating birds. Even larger longnose 

suckers are preyed on by northern pike. Spawning longnose suckers often fail prey to 

bears, other rnammals, osprey, and eagles. 

4.4 Lake Whitefish 

Coregonus clupeafonnis or, more commonly, lake whitefish are widely distributeci 

in North Arnerican fresh waters, al1 across Canada (Scott and Crossman, 1973). 



Spawning occucs in fall. usually Novernber to Deœjnber, but earlier farther north 

(Scott and Crossman, 1973). Spawning usually occurs in shallow water at &pais of 

less than 8 metres, at temperahires around O OC, but spawning in deeper and colder 

water has been reported in some localities- Possible spawning locations for lake 

whitefish in Eden Lake are the Hughes River, Wie Nanowsw, 'Kapm Bay and in and 

around the small islands and bays of the lake (Figure 4-1). Lake whitefish may also 

spawn in the open waters of Eden lake- Spawning lake whitefish are very active and 

rnay thrash and leap completely out of the water, especially at night- The preferred 

substrate is a hard or stony bottom and the eggs are depositeâ more or less randomly 

over the area. The eggs remain on the spawning ground until they hatch in April or May 

and the young whitefish generally leave the spawning grounds and move to deeper 

water in early summer, The rate of growth of lake whitefish varies but is generally 

relatively rapid. 

Movements, aside ftom spawning migrations to shallow water, Vary as a 

reflection of temperature (Scott and Crossman, 1973). The lake whitefish is a cool water 

species and therefore, does not move around as much in northem lakes, in corn panson 

to southem lakes, because thermal stratification of these lakes is not as developed. 

Aduft lake whitefish are bottom feeders over most of their distribution range, 

consuming a wide variety of bottom-dwelling invertebrates and small fish (Scott and 

Crossman, 1973). If these are in short supply, however, lake whitefish have also been 

found to feed'on planktonic creatures and terrestrial inseds. There is notably a 

relationship between the number and length of gill rakers and the types of food 

consumed such that lake whitefish with short gill rakers and high gill raker counts ate a 

higher proportion of benthic food (iüiewer, 1 970). Where available, copepods appear to 

be most important in the diet of lake whitefish initially, h i l e  cladocerans become 
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significant later in spring, By eady July, bottom organisms begin to enter the diet, 

however, dadocerans remain dominant. On entering deeper water, as the young lake 

whitefish grow, the diet changes to resemble that of the aduits and more aquaüc insed 

larvae, gastropods, fingernail clams, amphipods, isopods, and ostracods are eaten; but 

planktonic crustaceans continue as dietary items. 

Small whitefish fall prey to a number of predatory fish (Scott and Crossman, 

1973). The major predators of lake whitefish found in Eden Lake are: northem pike, 

burbot, walleye, and even whïtefish thernsetves at times when they consume their own 

eggs. Yellow perch and cisw are also a threat to lanral lake whitefish. 

4.5 Burbot 

Lota Iota or, more cornmonly, burbot are generally distnbuted, in al1 suitable 

habitats, al! across Canada (Scott and Crossman, 1973). 

The burbot is one of the few Canadian freshwater fish that spawns in midwinter 

(January to March), under the ice (Scott and Crossman, 1973). They usually spawn in 

the lake but sometimes move into rivers in order to find a spawning site in 2 to 3 metres 

of water over a gravel shoal. Possible spawning sites for the bubot in Eden Lake 

include the gravel shoals in "Kapm Bay, around some of the islands in the lake and the 

Hughes River (Figure 4-1). Male burbot anive at the spawning site first, followed in 3 or 

4 days by the fernales. Spawning takes place only at night and involves 10 to 12 

individuals. Surface temperatures in the water dun'ng the spawning period are usually 

between 0.6 to 1.7 OC. Burbot eggs are semipelagic and hatch in 30 days. Growth in 

the first 4 years of the burbot's Iife is relatively rapid but after that tirne there is a gradua! 

decrease in length increment and an increase in weight. 

Burbot are usually residents of deep water but move into shallower water dunng 

surnmer nig hts. Othet movement indudes post-spawning movement into tnbutary rivers 
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during late winter and earîy spring. 

The burbot is a voracious predator and night feeder (Scott and Crossman, 1973). 

Small burbot, 51 to 305 millimetres long, feed on Gammatus, mayfly nymphs, and 

crayfish, where available. Older burbot, over 500 millimetres long, feed exdusively on 

fish, such as (in Eden Lake) ciscoes, walleye, yellow perch, swlpins. trout perch, 

sticklebacks, and logperch, depending which species are available. 

The burbot shares the hypolimnion with lake whitefish and eats the same food. It 

is, thereby, an important dired cornpetitor to this species, Yellow perch and walleye are 

two of the most important predators of very young burbot in Eden Lake. 

4.6 Yellow Perch 

Perca flavescens or, more comrnonly, yellow perch occur, in Canada, from Nova 

Scatia west through to Alberta and in the Pend Oreille, Kootenay, and Okanagan 

watersheds in British Columbia, as a resutt of introductions from Washington State 

(Scott and Crossman, 1973)- 

The yellow perch spawns in the spring, usually April 15 to early May, but 

spawning may extend into July in some areas (Scott and Crossman, 1973). Water 

temperatures of 6.7 to 12.2 OC are preferred. The aduits migrate shoreward into the 

shallows of the lake, and offen into tributary rivers. In Eden Lake, the yellow perch can 

Iikely effectively spawn al1 around the lake due to the large number of bays, islands and 

inlets (Figure 4.1). The smaller males move into the spawning grounds first, followed 

shortly thereafter by the females. The males remain longer overall at the spawning 

grounds than the fernales. Spawning takes plaœ during the night and early morning, 

usually near rooted vegetation, submerged brush, or fallen trees, but at times over sand 

or gravel. Spawning adivities usually involve one larger female and many males that 

swim in a long, compact queue- No nest is buitt by yellow perch. The transparent eggs 
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are extmded in a unque, gelatinous whkh may be as long as 2.1 metres, as wide 

as 51 to 102 millimetres, and weigh up to 2 pounds. These egg masses are semi- 

buoyant and usually adhere to submergecl vegetation or the substrate. Hatching usually 

takes approximately 8 to 10 days. The young. after hatching, are inactive for about 5 

days, during the absorption of the yolk Growth is extremely variable, depending on the 

population size, habitat size, and producüvity, and stunthg often occurs in crowded 

populations. Norttiem populations grow more slowly than southem populations, but live 

considerably longer. 

Yellow perch are usually considered shallow water fish and are usually not taken 

below 10 metres. Adutts and young are gregarious, often moving about in loose 

aggregation of 50 to 200 individuals, segregated by size. The young, in shallower water 

and nearer shore than the adults, are often found in mixed schools with other small 

minnows, such as spottail shiners. Yellow perch are inactive at night and rest on the 

bottom. There are migratory movernents in the spring, movements inshore and out, up 

and down over the day, and seasonal movements out of and into deeper water in 

response to temperature and food distribution. Seasonal vertical movements of adult 

yellow perch suggest they move to follow the 20 'C isothenn. Yellow perch are adive al1 

winter under the ice in shallow water or in deeper water. 

The food of the yellow perch changes with size and season but is largely 

immature insects, larger invertebrates. and fish taken in open water or off the bottom 

(Scott and Crossman, 1973). Active feeding takes place in the morning and evening (7 

a.m. to 6 p.m.) with little to none at night. 

Yellow perch are preyed on by almost al1 other wann to cool water predatory fish 

(Scott and Crossman, 1973). In Eden Lake. their main predators are northem pike, 

walleye, burbot, and other yellow perch. Other predators, such as water birds, are also 

a big threat. Yellow perch may compte for food with, in Eden Lake, lake whitefish, 
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ciscues, and possiMy sudcem. 

4-7 Cisco 

Coregonus ad& or, more commonly, cisconake hemng have the most 

extensive North Amerïcan distribution of any cisco since it is found in the north-œntral 

and eastem United States and throughout most of Canada. 

Like most coregonids, spawning takes place dunng times of declining 

temperatures in the fall of the year; the exact date depending on water temperature 

(Scott and Crossman, 1973)- Large schoots or aggregations are formed during 

spawning at sites wfiere the water is shallow, 1 to 3 metres, over a gravel or stony 

substrate. Eden Lake ciscoes spawning locations likely inciude the bays and inlets 

around the lake, 'Kapw Bay, 'the Nanows', where the Hughes River enters Eden Lake, 

and where Eden Lake outflows into Kakinokumak Lake and the Numakoos River (Figure 

4.1). Males always move ont0 the spawning grounds a few days before the fernales. 

After spawning activities, the eggs are deposited on the bottom and abandoned by the 

parents. Development of the eggs proceed slowly at the low winter temperatures and 

hatching does not usually occur until spring. The newly hachecl fry remain at the 

spawning site until al1 of the yolk is absorbed and then they move into deeper water. 

Ciscoes are a pelagic species that usually form large schools in midwater, 

however, this midwater depth varies with the seasons and the temperature (Smtt and 

Crossman, 1973). In general, apart from spawning migrations, ciscoes tend to move in 

spring and eady summer from shallow to deep water. They remain in the cooler, deep 

water until late summer (when upper waters start to cool) and they move back to the 

shallow areas. 

Ciscoes, in keeping with their pelagic habit, are dominantly plankton feeders but 

can consume a wide variety of foods (Scott and Crossman, 1973). Larval ciscoes 
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require light to feed and eat dead zooplanldon at fimt At about 1 O days old, their diet 

consists of algae, copepods, and Cladocera, Food items of aduit ciscoes Vary with 

season and location, however, immature aquatic inseds such as Daphnia and mayfiy 

nymphs are a staple of most ciscoes. Ciscoes have also b e n  found to eat their own 

eggs and the eggs of other species. Some larger ciscoes may also eat smaller fish, 

such as minnows. 

Ciscoes are prey to many predatory fish (Scott and Crossman, 1973). At Eden 

Lake, the main predators of the cisco are northem pike, burbot, yellow perch, and 

walleye. 

4.8 Clams 

Clams belong to the Kingdom Animalia, Phylum Mollusca, and Ciass Pelecypoda 

or Bivalvia; (Clarke, 1981; Clarkson, 1986). All Canadian freshwater clams belong to the 

order Eulamellibranchia; a group characterûed by: 

a hinge wntahing a few teeth of diverse shapes and sues; 

two large adductor muscles of about the same size, one anterior and one 

posterior; 

a partly ciosed mantle witti well-developed siphons; and 

leaf-like gills within the made  cavity. 

Two superfamilies of this order are represented in Canada, Unionacea and Sphaeriacea. 

Both of these superfamilies are present at Eden Lake and in the sunounding waters, 

though no clams were collecteci that belonged to the latter (TaMe 4.1). The Eden Lake 

clams colleded were identified as belonging to the family Unidonidae (Peady Mussels). 

Clams of the Family Unidonidae are prïncipally found in rivers and lakes, partly buned in 

the bottorn, where the water is about one-third of a metre to two metres deep. Within the 
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Family Unidonidae, two subfamil'ies were found at Eden Lake, Anodontinae and 

Lampsilinae. 

4.8.1 Subfamily Analontinae 

Clams belonging to the Subfamily Anodontinae, which has recently been 

ren amed P yganodoninae, are charaderked as having absent or incornplete hinge teeth, 

whole outer demibrachs only used as marsupial (for enclosing the young), hooked 

glochidia, and short-breeding seasons (Clarke, 1981). Only one specks belonging to 

this subfamily was collected from Eden Lake and the sunounding waters, Pyganodon 

grandis (Table 4.1)- 

Pyganodon grandis, or northem floater, have a distribution limited to the 

Canadian lnterior Basin in the boreal forest region frorn northem Quebec west to central 

Alberta, and northwest to the mouth of the Mackenzie River (Clarke, 1981). They have 

been found in permanent ponds, in lakes, and in rivers more than about 9 metres wide. 

Pyganodon grandis does not have a preferred substrate. Gravid or pregnant 

specimens with glochidia (lawae) have been colledeci fiom vanous locations in Canada 

between July 22 and August 24, but the duration of this species' gravid period is not 

known. Glochidia are triangular-ovate, with hooks, and measure about 0.36 rnillimetres 

long and 0.35 millimetres high. The host fish is unknown. 

4.8.2 Subfamily Lampsilnae 

Clams belonging to the Subfamily Lampsilinae are charaderked as having well- 

developed hinge teeth, posterior part of the outer demibnnchs only used as marsupial 

(for enclosing the young), hookless glochidia, and long-breeding seasons (Clarke, 1981)- 

Only one species belonging to this subfamily was colladed from Eden Lake and the 

su rrounding waters, Lampsilis radiata SiIquoidea (Table 4.1 ) . 
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Table 4.1. Taxonomie infonnation on the snail (SN) and dam (CL) samples collecteci 
from Eden Lake and the sumunding waters. 

Unionacea 
CL1 ED1 Unionidae 

Anodontinae 
Unionacea 

Adam Lake Unionidae 
Lampsilinae 

I 

Unionaœa 
CL3 Adam Lake Unionidae 

Lampsilinae 
I 

Unionacea 
CL4 BAKl Unionidae 

Anodontinae 
Unionacea 

CL5 ED2 Unionidae 
! Anodontinae 
, CL6 BAK2 Unionacea 

Unionidae 
Anodontinae 

CL7 BAK2 Unionacea 
Unionidae 

Anodontinae 
Cl8  BAK2 Unionacea 

Unionidae 
Lampsilinae 

grands I Roater 
Lampsilis 

mdiata 
si/r;qua'dea 
(fernale) 
Lampsi/is 

radia ta 
si/iquoidea 

(male) 
Pyganoâon 

grandis 

eganodon 
grandis 

Fat mucket 

Fat mucket 

Northem 
floater 

Northern 
floater 

grandis floater 

grandis floater 

radiata 
siliquoidea 

(male) 



Lampsilis radiata SiIiiQwUea, or fat m u e t ,  have a distribution limited to me 

Canadian InWor Basin from Quebec to Alberta; Mackenzie River system north to the 

vicinity of Great Slave Lake; Great Lakes drainage from the Lake Superior to Lake Erie 

watersheds; and upper Ohio-Mississippi drainage from New York to Minnesota and 

Arkansas (Clarke, 1981)- 

Lampsilis radiata siliquoidea are very aburidant, occumng in rivers and lakes of 

al1 sues (Clarke, 1981). They also do not appear to have a preferred substrate as they 

have been found on al1 types of bottoms (day, rnud, sand, or gravel). This species often 

lives near shore in water as shallow as 5 to 8 centimetres- They are long-terni breeders, 

with gravid periods extending frorn the first part of August to the middle of the following 

July. Glochidia are purse-shaped, wïthout hooks, and measure from 0.24 to 0.26 

millirnetres in length and 0.26 to 0.30 millimetres in height. The only host fish of this 

species that is found in Eden Lake is the yellow percti. 



5.1 Aae Determination 

Otoliths are commonly, but not universally, used in aging fish (Don Harron, June 

1998. pers. comm.); it depends on the species. Some species are easily aged using 

otoliths while others are more easily aged using different body parts (e-g. fin rays or 

cleithrurn). 

Since only otoliths were collected from each Eden Lake fish, three different 

methods had to be employed to determine age. The application of each method 

depended dominantly on species but also, to some extent, on ase (as gauged by the 

size of the otolith). For walleye, lake whitefish, cisco, yellow perch, burtx,tt and some 

young white suckers age deteminations were done using reflection microscopy (cf. 

Section 3.4) because the annuli were easily distinguished from core to rim. 

Other older white suckers and young northem pike were aged using a modified 

Power's (1978) "break and bum" or 'break, polish and burn* method. This method, or 

some modification of it, is the second most commonly used method (next to reflection 

microscopy) in age detemination using otoliths and is a relatively straightforward 

procedure (John Babaluk, September 1998. pers. comm.). An unembedded otolith is 

manually broken longitudinally andor ground down using a small tabletop grinder 

equipped with fine sandpaper to expose the pnmordiurn. The otolith is then held in a 

flarne for a short period of time until it starts to brown. The optically dark and light 

altemating bands making up the annuli burn to a differing extent (due to the diffennces 

in the organic cantent). such that they become more distinguishable from one another 

(Figure 5.1). Once browned, the otolith is placed in a small dish of ethanol, which acts to 

cool the otolith without damaging it. Reflection microscopy techniques are then used to 

age the otolith whose annuli are now prominent. 
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Figure 5.1. Black and white photograph of a bumed white sucker otolith. The field of 
view is approximately 2 mm across. Each pair of black dot marks one annuli. making 
the fish 18 years ofd. Notice how the annuli get thinner as the fish ages. 



Cathodoluminescence (CL) rnicroscupy (cf- Section 3.3) was the third technique 

used in aging the Eden Lake fish- CL microscopy has not been previously described as 

an aging methd, however, it was the only viable method with some potential for older 

northem pike due to the complexity of their annuli. 

The ages detemined for the Eden Lake fish are provided in Appendix A (Table 

5). Walleye ranged in age between 3 and 23, with 72% falling between the ages of 9 

and 15. Northem pike ranged in age from age 4 to 22, with 73% falling between the 

ages of 8 and 13. The white suckers e x h i b i  a narrower age range, between 10 and 

25 years, however, no one age class was prominent within this range. The 13 yellow 

perch ranged in age between 5 and 10, with 8S0h falling between the ages of 5 to 8. The 

few lake whitefish that were caught were well spread between the ages of 11 and 29, 

with the 29-year-old fish being the oldest-aged fish in the entire sample set. The 8 cisco 

ranged in age between 4 and 22, with no prominent age class observed among the 

catch (probably due to the small nurnber of this species caught). The two burbot were 

aged at 9 and 10 years. The one longnose sucker was likely al  5 years old, but, this is 

only approximate because the one otolith extracted from the fish was damaged dunng 

sample preparation. 

A recommended age validation technique for otoliths is to compare the fish's age 

against its recorded length. Length is prefened to other rnorphometrïc measurernents, 

such as weight because if the fish ate just prior to being caught, it will weigh more than a 

fish of the same age that did not- However, at least 30 fish are required for the age- 

length comparisons to be considered reliaMe (Don Hanon, June 1998, pers. comm-). 

Therefore, age versus length comparisons could only be made for the walleye and 

northern pike species within the Eden Lake sample set These are shown in Figures 5.2 

and 5.3. 
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Walleye Age venus Length 

Figure 5.2. Age verws length cornparisons for female and male Eden Lake walleye. The 
graph shows a moderately good correlation for the male walleye but a poor correlation for 
the fernale walleye. 
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NoMem Pike Age venus Length 

900 

Figure 5.3. Age venus length comparisons for kmale and male noithem pike from Eden 
Lake and the surrounding water bodies. The gnph shows a moderately good correlation 
for the female northem pike but a poor correlation for the male northem pike. 



For the walleye (Figure 5.2). exactly 30 of the fish could be wrnpared because 

only the heads were collected from the other 34 walleye in the sample set (Le., the ones 

caught by sport fishermen) and, therefore, no length data was available for cornparison. 

The age versus length graph depicts only a rnoderate to poor correlation overall for both 

male (unfilled circle) and &male (solid black circle) walleye. Statistical analysis on the 

two genders would likely yield an acceptable correlation coefficient for the males but, a 

poor correlation coefficient for the females, due to the three outliers. The majority of 

both the female and male walleye within the sample set fall into a narrow fength 

grouping of between 300 and 600 mm, however, this is likely a function of the largest 

caught in each net k i n g  desirable for inclusion in the sample set for otolith analyses. 

While there appears to be no age grouping among the male walleye, there is an obvious 

concentration of fernales between the ages of 9 and 14 in the sample set. The female 

walleye lengths corresponding with the ages of 10, 11 and 12 are highly variable; 

ranging from -350 to -500 mm, -325 to -825 mm, and -325 to -450 mm, respectively. 

For the northem pike (Figure 5.3). only 2 of the 45 fish in the sample set could 

not be compared because their heads were collected from sport fishennen. The age 

versus length graph for the pike shows an overall moderate conelation for the female 

pike but a poor conelation for the male pike. Between the ages of 7 and 15 years there 

is an obvious clustering at the 600-mm length for both males and fernales. This may be 

due to natural variation in this northem lake andfor that cathodolurninescence 

microscopy, without cleithrum for validation, is not a reliable technique to age northem 

pike due to the complexity of their annuli as they get older. Using the luminescence to 

identify annuli may not have been consistently accurate, especially if one or more of the 

annuli were lacking the activator elements. 



5.2 Cathodoluminescence Microsco~y 

Cathodoluminescence rnicroscopy (CL) was the first qualitative analytical 

technique used to assess the Eden Lake otoliths- It provided new information on: 

the distribution of trace elements (because of its sensitivity to low concentrations of 

activator efements); and 

the fine-scale annular features. 

As previously mentioned in Section 3.3, under CL the otoliths are bombarded by an 

electron beam. The wavelength and intensity of the emission is a function of the 

activator concentration and the site it occupies within the mineral (Marshall, 1988). 

Under CL, pnstine calcium carbonate will only faintly luminesce and the luminescence 

will be very unifonn. 

Photographs were taken under CL of al1 the otoliths showing moderately strong 

to very strong luminescence; exposure times were usually less than 400 seconds using 

400 ASA film. Photographs had to be taken rapidly as the electron beam tended to 

ablate the epoxy surrounding the otolith, spreading it over the otolith, and !his greatly 

reduced the intensity of the luminescence. After each ring of otoliths was photographed, 

it was repolished to remove this epoxy build-up. Only the fine polishes (e-g.. 5.0 Pm, 1.0 

pm and 0.3 prn) were used so as not to Wear down the otolith and remove any of the 

center annuli. Repolishing in this manner proved satisfactory in maintaining the original 

intensity of the luminescence, allowing otoliths to be re-examined as many times as 

necessary. 



5.2.1 Fish 

Similarities, and some distinct differences, were observed in both the intensity 

and luminescence distribution in the otoliths suggesting difierences in the amount of 

trace elements and timing of their incorporation in the otoliths. Some anomalies were 

also observed. 

Typical Luminescence 

The majority of the Eden Lake walleye and white sucken (e-g., Figures 5.4 and 

5.5) exhibited weak to no luminescence regardless of where they were caught. The 

weak luminescence obsewed was canfined to the primordium, a few annuli anaor the 

most recent annulus. In al1 cases where the luminescence was restricted to a few annuli 

andior them most recent annulus, the luminescence occurred as faint, single, thin to 

moderately thick yellow-green Iines in the walleye and white suckers, respectively. The 

longnose sucker caught at the KAP site also did not exhibit any luminescence. 

Northem pike, conversely, exhibited moderate to strong luminescence at ail 

capture locations. Figure 5.6 is a CL photograph of part of a northern pike otolith caught 

in Adam Lake. Eden Lake flows into Adam Lake in the north (through a large culvert 

under Hwy. 391 ; cf. Figure 3.1). All of the northem pike caught in Eden Lake displayed 

this type of yellow-green luminescence, but to varying intensities. The luminescence 

observed in al1 of the pike was confined to discrete 'packets" of luminescent Iines 

(usually 4 to 12 Iines per packet) and the luminescence was always observed, in 

differing intensities, from the prirnordium through al1 the distorted annuli to the most 

recent annulus. Further, within the distorted annuli, the luminescence was aiways 

brightest in the optically Iight bands. versus the alternathg optically dark bands. 



Figure 5.4. Cathodofuminescence photographs of two Eden Lake walleye otoliths 
exhibiting the typical weak luminescence. (A) Photograph of a walleye otolith with 
only one luminescent annulus. The field of view is approximately 2 mm across. 
(B) Photograph of a walleye otolith with luminescence only in the most recent annulus. 
The field of view is approximately 1 mm across, 
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Figure 5.5. A cathodolurninescence photograph of a white sucker otolith exhibiting very 
weak luminescence- The field of view is approximately 2 mm across. 



Figure 5.6. A cathodohminescenœ photograph of a northem pike otolith exhibiting the 
discrete "packets" of bright yellow-green luminescence typicalîy observed in the Eden 
Lake northem pike otoliths. Tbe field of view is approximateîy 1.5 mm across. This fish 
was angled from Adam Lake at the inflow point between Eden Lake and Adam Lake. 



The cisco, lake whitefish, and yellow perch al1 exhibited strong luminescence, 

however, the luminescence differeà from that of the northem pike in its intensity and 

distribution throughout the annuli. In the northem pike, al1 of the annuli (from core to rim) 

exhibited luminescence (to varying intensities; e.g., Figure 5.7). The cisco, lake 

whitefish, and yellow perch otoliths (e.g., Figure 5.8, 5.9 and 5.10, respectively), al1 

exhibited strong to moderately strong luminescence, however, the luminescence was not 

always continuous from the core to rim. All three of these species frequently exhibited 

years wherein annuli appeared to have absorbed higher concentrations of activator 

elements and years wherein they appeared to have absorbed Iittle or none at all. A few 

of the cisco and lake whitefish also e x h i b i  strong luminescence only in the most 

recent annulus (e.g., Figure 5.1 1). The luminescence within these three species ranged 

from single thin to moderately thick luminescent lines (like the walleye and white 

suckers) to discrete 'packets" of a few luminescent lines within one annulus (like the 

northem pike). The luminescence was also, as was observed in the northern pike, 

brightest in the optically light bands of each annulus in al1 three species. 

The burbot from the BAKl net site exhibited a few yellow-green luminescent 

annuli similar to the yellow perch, lake whitefish, and cisco, however, the luminescence 

was markedly weaker. 

A typical Luminescence 

There were three otoliths. from different species, that exhibited very different 

luminescence from that described in the previous section. Since these were the only 

otoliths out of the entire sample set that displayed these marked differences it was 

assumed that these fish were atypical. 



Figure 5.7. A cathodoluminescenœ photograph of a northern pike ototith exhibiting a 
brightly luminescent primordiurn and slightly weaker luminescent annuli. The field of 
view if approximately 4 mm across. 



Figure 5.8. A cathodduminescenœ photograph of a typical ci- otolith exhibithg strong 
luminescence. The distribution of the luminescence is continuous h m  the prirnordium to 
the most recent annuli, though it varies in intensity. The field of view is approximately 4 
mm across. 



Figure 5.9. A cathodoluminesœnce photograph of a lake whitefish otolith exhibiting only 
a few brightly luminescent annuli, typical of the Eden Lake lake whitefish examined. The 
field of view is approximately 1 mm across. 



Figure 5.10. A cathodoluminescenœ photograph of a yellow perch exhibiting strong 
luminescence typical of al1 of the Eden Cake yellow perch. The distribution of the lumin- 
escence is such that there appear to be years wherein higher activator element 
concentrations were absorbed and years wherein litüe or no activator elements were 
absorbed. The field of view is approximately 3 mm across. 
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Atypical luminescence was obsenred in a white sucker caught near the Eden 

Lake Complex at the ED1 net site (Figure 5.12)- The typical white sucker otoliths 

exhibited weak to no luminescence- This white sucker exhibited a very strong red 

luminesœnce that was brightest in the primordium but corrtinued through to the rim. 

Further, the luminescence within each annulus appeared to be brightest in the optically 

Iight bands as was observed for al1 the uther fish that exhibited the yellow-green 

luminesœnce. 

The second otolith atypical luminescence was fmm a cisco caught at the KAP1 

net site. The luminescence exhibited by this fish was a bi-colored luminescence (Figure 

5.13). The luminescence in the core was purplish-red while a few of the more recent 

annuli were yellow-green- 

The last atypical otolith was frorn a walleye caught at Point E, one of the sport 

fisherman sites located at the northeast end of 'KAP" Bay. This walleye otolith displayed 

no luminescence in the pn'mordium (typical for Eden Lake walleye) but then bright red 

luminescent lines within the later annuli (Figure 5-14), similar to the luminescence 

observed in the atypical white sucker (cf. Figure 5.12). The luminescence in this otolith 

was distinctly cyclical with a bright luminescent line defining the start of the annulus and 

less luminescent lines between each bright one. 

Luminescence Trends 

In order to be able to detennine which species at which location(s) exhibited the 

greatest luminescence, and therefore likely contained the most trace elements; a 

qualitative rating system was devised. The intensity of the luminescence was rated on a 

scale of O to 10 whereby '0" indicated that no luminescence was observed and '10" 

indicated that a very strong luminescence was observed. These ratings are provided in 
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Figure 5.12. A cathodoluminescence photognph of a white sucker otolith exhibiting 
atypical and very strong redorange luminescence. The field of view is approximafely 2 
mm across. 



Figure 5-13. A cathodoluminescence photograph of a cisco otolith exhibiting atypical 
bi-color luminescence. The primordium appean purplish-red while the annuli were the 
more typical yellow-green colos found in the other cisco otoliths ftom Eden Lake. The 
field of view is approximately 4 mm across. 



Figure 5.14. A cathodoluminesœnce photograph of an Eden Lake walleye otolith 
exhibiting atypical red luminescence. similar to that observed in the atypical white 
sucker (Figure 5.12). The field of view is approximately ? mm across. 
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Appendix A (Table 6). 

It was assumed that the Rsh caught at each site were representative of the fish 

frequenting that location of the lake at any given tirne. Working with this assumption, an 

attempt was made to detemine the location($) on Eden Lake exhibiting the strongest 

luminescence for each species by averaging the CL ratings of each fish of each species 

caught at that location (Figures 5-45 ta 5.20). For example, if the al1 5 walleye caught at 

KAPl were each given a CL rating of 0, the average CL rating at KAP1 for walleye 

would be O. 

The white sucker and walleye otoliths did not show any distinct trends in their 

luminescence distribution and no systematic variations in the intensity of the 

luminescence at each site were observed. Both species exhibited weak luminescence 

(CL ratings of 0-2) at al1 locations of capture and, therefore, averaging of the ratings at 

the sepafate locations indicates that no singular location contains walleye or white 

suckers with a greater concentration of trace elements (Figure 5.15 and 5.16). 

Similarly, there were no systernatic variations obsewed, at each capture site, in 

the distribution and intensity of the luminescence in the lake whitefish, cisco, yellow 

perch and burbot otoliths. At al1 locations around the lake, these four species' otoliths 

displayed moderate to strong continuous luminescence or years of strong luminescence 

coupled with years of ver '  weak or no luminescence (CL ratings from 5 to 10 at every 

location of capture). Further, the years of strong, weak and no luminescence within the 

otoliths of both the same and different species, caught at the same or different locations, 

could not be correlated. Averaging of the ratings assigned to the coregonids (i.e., cisco 

and lake whitefish) together and the burbot and yellow perch together (as only 2 burbot 

were caught) supports that no one site was contributhg more trace elements to the 

otoliths than any other (Figures 5.1 7 and 5-1 8). 
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Figure 5.15. Map showing the averaged CL ratings (on a scafe of 1 to 10) far the white 
suckers at each capture location. 
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Figum 5.16. Map showing the averageà CL ratïngs (on a scak of 1 to 10) for the walleye 
at sach capture location. 



Figure 5.17. Map showing the averaged CL ratings (on a scaie of 1 to 10) for the lake 
whitefish and cisco at each capture location. 
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Figure 5-18. Map showing the averaged CL ratings (on a $cab of 1 to 1 0) for the yellow 
perch and burbot at each capture iocation. 



In contrast to al! of the other species, there were definite trends in the distribution 

and intensity of the luminescence observed in the northem pike otoliths from the 

different capture locations. The pike caught for background cornparisons (Le., 8AK1 

and BAK2) al1 contained otoliths which exhibited a weaker luminescence than the pike 

caught in the €01 and €02 nets, angkd in Eden Lake close to the Complex (e-g., Point 

A), or off the dock at the Campsite (cf. Figure 3.1). These 'background" pike otoliths, 

however, showed a greater degree of luminescence than then otoliths from pike caught 

in the KAP and KAP1 nets. The pike caught ckse to the Complex, at the Campsite and 

at the €Dl and ED2 sites exhibited both a brightly luminescent primordium and brightly 

luminescent annuli similar to that shown in Figure 5.6 (CL rating between 8 and 10). In 

contrast, the majority of the BAKl and BAK2 pike displayed a strongly luminescent 

primordium but weaker annuli (CL rating between 6 and 8). The KAP and KAPl pike 

displayed rnoderate luminescence from primordium to outer edge (CL rating of 5). The 

few pike angled in the first set of Nartows in Eden Lake (cf. Figure 4.6) displayed 

variable luminescence ranging from a brightly luminescent primordiurn and weaker 

luminescent annuli (similar to BAKI and 8AK2 pike) to brightly luminescent primordium 

and brightly luminescent annuli (similar to the ED1 and ED2 pike). 

Averaging of the CL ratings of the pike, at each different location of capture, 

however, found that the trends were not as definite as they appeared. According to 

Figure 5.19, there is likely no one site contributing greater concentrations of trace 

elements to the pike otoliths than another site. Neighbonng capture sites, less than a 

couple kilometres from one another, also show ditferent averaged CL ratings and it is 

highly unlikely that the fish, particularly young pike, remained within a kilometre of the 

net or angling site, 
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Figuis 5.19. Map showing the averaged CL ratings (on a scale of 1 to 10) far the northem 
pike at each capture location- 



As a final confirmation, to determine that no area(s) of Eden Lake contained the 

fish with the strongest luminescence andfor, conversely, the weakest, the CL ratings that 

were detennined for each species at each location were averaged. For example, if the 

walleye at KAPl had a total rating of O and the northern pike had a total rating of 8, and 

the yellow perch had a total rating of 7, the averaged CL rating for KAPf would be 5. 

The resuit of assessing the luminescence at the different capture locations for al1 the 

species wmbined (Figure 5-20) was that there is no systematic variation or trend to the 

luminescence in the lake. The overall CL ratings range between 3 and 5, with the 

"backgroundn sites (Le., BAKI and 6AK2) rating identically to or higher than the 

'Corn plex" sites (Le., €Dl , ED2, KAP and KAPI). 

5.2.2 Clams 

The eight clam shells that were collected from the h e  locations in Eden and 

Adam Lake were also looked at using CL microscopy, The clams are less mobile but 

still have a calcium carbonate shell. All of the clam shells that were exarnined showed 

an even stronger luminescence than was observed in the different fish species and the 

luminescence varied with varying growth regions. The intensity of the luminescence was 

strongest in the peariy nacreous or larnellar layer (inside of shefl) in comparison to the 

prismatic layer (where the crystals of calcium carbonate are oriented perpendicular to 

the outside of the shell). The distribution of the luminescence in al1 the clams examined, 

though varying in intensity, was continuous throughout the shell. The color of the 

luminescence observed in the dam shefls was also much more green than that 

observed in the otoliths. This is possibly due to crystal structure dïfferences between the 

calcium carbonate in the shell in cornpanson to the otolith or the incorporation of 

different trace element concentrations. 
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Figure 5.20. Map showing the averaged CL ratings (on a scale of 1 to 10) for al1 of the 
species of fish combined, at each Eden Lake capture location. The direction of water 
flow (i-e., inflow and outfiow points) is also shown. 



The clams collecteci at the €Dl  and ED2 sites (e.g., Figure 5.21) exhibited the 

strongest luminescence H i l e  the weakest luminescence (cornparatively) was observed 

in the dam shells collecteci fiom the BAKI and BAK2 sites (e-g., Figure 5.22). Adam 

Lake clam shells fell in between the €01 and BAK2 clams in terms of the intensity of 

their luminescence (e-g., Figure 5.23). 

5.3 Reflection Microsco~y 

As mentioned in Section 3.4, reflection microscopy was used for two reasons. 

First, the Iight optical images can be compared to the CL photographs to be able to 

understand the luminescence distribution (e.g., Figure 5.24). Second, reflection 

microscope images help in the analysis of the otoliths' intemal structure (e.g., annuli 

widths and the widths of the opticaliy light and dark bands within each annulus). 

A Kontron image analysis system cannected to a reflection microscope using 

glancing reffeded light from a fiber optic (cf. Figure 3.10) was used to collect the high- 

resolution monochrome images (cf- Figure 3.11) of each otolith showing strong 

luminescence, unusual luminescence or no luminescence (Table 5.1). These reflection 

microscopy images were then used to specifically mark the starting and end points for 

the LAM-ICP-MS and PlXE Iine scans (Le. the central nucleus or primordium and the 

otolith edge, respectively) to facilitate scanning using the two systems. The line seleded 

was located such that the Iine scan was perpendicular or as close to perpendicular as 

possible to the annuli (cf. Figure 3.12). 

5.4 LAM-ICP-MS 

The cathodoluminescence photographs clearly showed that there was a finely 

resolved 'cherno-stratigraphie" signal preserved in the Eden Lake otoliths that must in 
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Figure 5.21. Cathdoluminescence photograph of a strongiy luminescent sedan of clam 
shell from the €Dl site. The field of view is approximateiy 3 mm across. 



Figure 5.22. Cathodoluminescenœ photograph of a weakly luminescent section of 
dam shell (in cornparison to Figure 5.21 ) from the BAKZ site. The field of view is 
approximately 3 mm acmss. 



Figure 5.23. Cathodoluminescence photograph of a moderately luminescent section 
of clam shell (in cornparison to Figures 5.21 and 5.22) from Adam Lake. The field of 
view is approximately 3 mm across. 



Figure 5.24. Cornparison of a light optical image of an otolith with its respective CL 
image in order to better understand the luminescence distribution and îts relationship 
to the annular structure. The field of view for both images is approximately 3 mm 
across. 



Table 5- 7. Otoliths (a few of each fish species) from a variety of sites selected from the 
sample set for LAM-ICP-MS or PlXE because of their strong luminesœnœ (i.e., high CL 
rating), unusual luminescence or lack of luminescence. 
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Table 5.1 confinued- 

C+A+J 3 F72 N. pike 5 

t 1 1 1 I 

C 1 4 1 F88 1 Walleye 1 2 1 PlXE I 

(Jackson L,) 
(Campsite) 
(Adam L.) 
(Adam L-) 

1 

4 
5 
6 

E 

F42 
F55 
F56 

6 
7 

N. pike 
N. pike 

F80 
F81 

9 
10 

Walleye 
Walleve 

1 

PIXE 
PlXE 

N. pike 1 10 P1XE 

O PME 
8 1 PlXE 



some way relate the fish (and dam) to their surrounding environment including the 

rocks. The recent wupling of a laser ablation microprobe (LAM) with inductîvely coupled 

plasma - mass spectroscopy (ICP-MS) provides an analytical technique, with sensitiiïty 

in the ppb, able to assess the trace elements that may be contributhg to the 

luminescence. 

The University of Windsor's LAM-ICP-MS systern (cf. Section 3.6) proved to be 

very sucœssful in analyzing the Eden Lake otoliths and clam samples for most trace 

elements. Point analyses did not detect any REE but did detect many other elements 

(Table 5.2). Sr concentrations in the otoliths ranged from 15.65 ppm in the white sucker 

to 4.84 pprn in the cisco. The Sr concentration in the clam, however, was 14 times 

higher than that of the white sucker- Mn and Ba concentrations were similar in the white 

sucker, cisco and clam (6.1 7 to 8.85 ppm and 2.69 to 4.74 ppm, respectively), whereas 

the northern pike contained Mn concentrations that were higher (14.41 ppm) and no 

detectable Ba. Co was not detected in the white sucker otolith but was present in very 

low concentrations in the clam. The cisco in particular, as well as the northem pike, 

contained much higher Co, 61.58 and 23.24 ppm, respectively. The levels of Cu present 

in the otoliths and clam were very high, ranging between 63.33 pprn and 886.33 ppm. 

Zn concentrations were very low in the white sucker (0.66 pprn), moderate in the 

northern pike (5.80 ppm) and high (13.89 pprn) to very high (30.32 ppm) in the cisco and 

clam, respectively. Of al1 of these elements, only Mn causes any luminescence in 

calcium carbonate. 

A traverse across the atypical white sucker otolith with the red luminescence 

revealed a variation in the Mn content from the wre to the most reœnt annulus (Table 

5.3). This variation may currespond to the lateral distribution of Mn with successive 

annuli, however, this was not possible to ascertain to any degree of certainty because 



Table 5.2- Representative LAM-ICP-MS data in ppm from point analyses of a northem 
pike, cisco and white sucker otolith and a clam from Eden Lake. ND = below detedion 
Iimits which are on the order of 100 ta 10 ppb depending on the element- 

15.65 6.17 3.07 ND 63.33 
sucirerd 

. - C&a --.. 4.84 8.85 4.14 61 -58 686.33 

Northern 10.33 14.41 ND 23.24 362.71 
Pike 



Table 5.3. Mn analyses across a white sucker otolith showing variation that may 
correspond to the lateral distribution of Mn with successive annuli- 



the region sampied by the laser is much broader than the luminescent zone- 

5.5 SPM Sans 

Scanning proton microprobe (SPM) analysis and imaging was used to produce 

one-dimensional linescans or 'elemental maps" of 28 otoliths selected from the Eden 

Lake sampfe set (cf. Table 5.1). This technique, in contrast to LAM-ICP-MS, is non- 

destructive, delivering a srnaller focused beam of protons (5 x 5 pm that penetrates to a 

depth of - 3 0 ~ )  to the sample (cf. Section 1.2.4) and the concentration sans  for al1 the 

elements of interest could be overlain on the optical images of the respective otoliths 

(e-g., Figure 1.8). 

The three elements of interest that were fnted to the optical images for each 

Eden Lake otolith analyzed were Sr, Zn and Mn. Sr and Zn were chosen because both 

elements have recently been correlated to the annular structure of otoliths (cf. Figure 

1.8; e-g., Halden et al., 1999) and their peaks were obsewed to be well above 

background in the PlXE X-ray spectra for al1 28 otoliths analyzed (e.g., Figure 5.25). Mn 

was chosen because it was identified by LAM-ICP-MS as the likely activator element 

responsible for the luminescence in the Eden Lake fauna. An additional reason to 

choose Sr, given that Mn was suspected of causing the luminescence, was because Sr 

is it a known sensitizer for Mn luminescence in carbonates. 

Ali three elements were detected in the majority of the Eden Lake otoliths and the 

Iine-scan data showing the elemental variation (in ppm) for al1 28 otoliths analyzed is 

provided in Appendix C. 

Peaks corresponding to Fe were also observed in the otoliths' X-ray spedra 

(e.g., Figure 5.25). The PlXE detedion limit for Fe is 5 ppm. Average Fe 

concentrations, in al1 of the species, ranged between 30 and 60 ppm and showed an 





overall oscillatory pattern. In tenns of their peak Fe concentrations (up to 100 to 125 

ppm), the 28 Eden Lake otoliths. when compared by species, ranked as follows: 

Northem Pike > Lake whitefish > Yellow perch + Cisco + Walleye + White 

suckers + Burbot- 

5-51 Manganese 

The Mn distribution was extremely variable across the majonty of the otoliths; 

ranging from >2 (PIXE Mn detection limit) to 205 ppm and showing an overall oscillatory 

pattern. The maximum Mn concentrations detected in the 28 Eden Lake otoliths 

corresponded to the brightly luminescent annuli observations (Le., CL microscopy; cf. 

Section 5.2). Each species ranked as follows: 

N. Pike > Yellow perch > Cisco > Lake whitefish and Burbot > Walleye > White suckers 

Some exceptions to the above ranking were found. These were also the atypical 

luminescent otoliths identified during cathodoluminescence microscopy (cf. Section 

5.2.1). For example, the atypical walleye which displayed strong red luminescence had 

Mn concentrations -160 ppm while al1 other walleye analyzed had concentrations 

between -1 15 and 130 ppm. 

5.5.2 Strontium 

High levels of Sr were detected in al1 28 otoliths, varying concentrations 

depended on species (Appendix C). These concentrations were considerabiy .higher 

than the levels detecteâ by LAM-ICP-MS. Cisco and lake whitefish exhibited the highest 

Sr content, ranging from 800 to 1500 and 700 to 1400, respectively. Burbot were the 



next highest with Sr concentrations ranging ftom 550 to 900 ppm. All of the other 

species Sr concentrations ranged from 100 to 650 ppm. The PlXE detection litnit for Sr 

is 1 ppm. 

As mentioned in Section 1.1 -2, freshwater contains, on average, about 0-1 ppm 

Sr and seawater contains, on average, about 8 pprn Sr (Rosenthal et al., 1970). The Sr 

concentrations detected in the Eden Lake otoliths are considerably higher than is 

commonly detected in otoliths from a freshwater environment and are more similar to 

that observed in fish living in a manne environment. 

The distribution patterns were observed to be very similar between al1 species; 

relatively constant Sr content frorn the prirnordium to the most reœnt annulus, very 

rarely increasing or decreasing by more than 100 to 200 ppm and never falling below 

200 to 800 ppm, depending on the species. Two of the fish analyzed, however, were 

found to be exceptional. Both the walleye E #7 and the northem pike CAJ #4 exhibited 

Sr distribution patterns with significant variation. Both of these fish had considerably 

higher Sr in the prirnordium range that sharply decreased by 350 to 500 ppm in the first 

few annuli. The E#7 walleye Sr concentration decreased more than the CA* pike, 

however, down to tess than -80 ppm. This might suggest these fish 'migratedu from 

near a high Sr source to a region with low Sr. Note, however, that they were also caught 

in Eden Lake, which appears to have a significant source of Sr, al1 the other fish caught 

in Eden Lake exhibit very high Sr concentrations in their otoliths. 

55.3 Zinc 

Zn was detected in al1 28 otoliths in varying concentrations. Also observed was 

that the distribution patterns were variable between and, in some cases, within the 

different species (Appendix C). 

Ail of the walleye and burbot analyzed exhibited an oscillatory Zn pattern with 
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concentrations ranging from >2 (PIXE Zn detection Iimit) to 35 pprn and >2 to 30 ppm. 

respectiely. For the walkye, there was no consistency to the bcation of the highest Zn 

peaks (i-e., locateâ in the annuli corresponding to the core, rniddle years, or recent 

years) while the burbdt's highest Zn peak was always found in the annuli corresponding 

to the core. 

The major@ of northem pike analyzed. in contrast to the walleye and burbot, 

exhibited an asymmetrïcal Zn pattem where the highest concentrations (up to 290 ppm) 

were aIways located in the annuli corresponding to the primordium and first few years. 

This distribution pattem is similar to that consistentiy observed in char (Halden et al., 

1999) and is attnbuted to nutrient availability (cf. Section 1.1.3). One exception, 

however, to the Zn distribution patterns obsenred in the Eden Lake northem pike was 

found. CAJ #3, which also contained both the lowest concentrations of Zn and no Mn, 

exhibited a Zn distribution pattem that resembled the walleye and burbot's oscillatory 

distribution patterns. 

The two white suckers analyzed exhibited different patterns to both the walleye 

and burbot and the northern pike. Their distribution patterns, though oscilfatory, 

contained the highest Zn peaks (45 to 65 ppm) in the most recent annuli. 

The majority of yellow perch analyzed were similar to the walleye, exhibiting Zn 

concentrations that ranged from >2 to 35 ppm with oscillatory distribution patterns and 

no consistency to the location of the highest Zn peaks. One exception among those 

yellow perch analyzed was ED2-D #3 (Appendix C). The Zn concentrations in ED2-D #3 

were higher, up to 50 pprn, and the distnbution pattem was asymmetrical, similar to the 

majority of northern pike. with the highest Zn peaks located in the range corresponding 

to the primordium and first few annuli- 

The cisco and lake whitefish both exhibited very high Zn concentrations in al1 

otoliths analyzed. up to 240 and 220 ppm, respedively. Zn distribution patterns were 
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more similar in appearance to the Sr distribution patterns than the Mn distribution 

patterns in that the Zn concentrations tended to increase or decrease on average only 

-30 ppm rather than jumping, for example, from a2 to 120 ppm to >2 ppm, etc. In 

addition, it was also observed that the highest Zn concentrations were consistently found 

in the annuli conesponding to the pflmordium and first few years, with the exception o f  

one of the line-scans done on a cisco (Scan A of KAPI-D #Il Appendix C). 

5 - 5 4  Superimpositron of Data on Optical Images 

Superimposition of the Mn, Sr and Zn line-scan data on the CL images of the 

otoliths pennitted the correlation of elemental uptake with the otolith's annular structure. 

Mn distribution could also be conelated with the observed luminescence. 

Mn, Sr and Zn PlXE Iinescans from two northern pike, one caught in Adam Lake 

(CAJ #5) and one caught at the BAKI net site (6AKl-A #7), are shown superimposed on 

their respective CL images in Figures 5.26 and 5.27. The CAJ W northem pike (Figure 

5.26) exhibited very strong luminescence within the optically light bands of the annuli; 

the highest Mn concentrations correlate with this luminescence and the lowest (>2 to 10 

pprn) concentrations fall onto the areas of lower luminescence (i.e.. in the optically dark 

bands). Further within the light bands, where the luminescence was observed to Vary 

within the discrete 'packets" of Iines, proportional variations in Mn distribution was also 

observed. It should be noted that if the line-scan is not perpendicular to the annuli, there 

is a possibility that the beam is crossing (and analyzing) more than one annuli at a time 

and, therefore, the peaks may not correspond exactly to the annuli. Overall, there is a 

good correlation between Mn and the luminescence observed in CAJ #S. 

The BAKi-A #7 northem pike (Figure 5-27), in contrast to the CAJ #5 pike, 

exhibited bright luminescence in the primordium and first annulus but weaker 

luminescence from the first annulus to the most recent one. Again, a clear relationship 
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Figure 5.26. Mn. Sr and Zn PlXE linescans from a northem pike (CAJ H) caught in 
Adam Lake shown superimposecl on the C M  #5 CL image of the otolith. The Mn line- 
scan is positioned on top of aie actual PlXE line-scan. The Zn and Sr line-scans are 
offset. The highest Mn conœntrations directly correlate to aie bright luminescence within 
each annulus while the lowest Mn concentrations fall ont0 amas of decreased lumines- 
cence. 



Figure 5.27. Mn, Sr and Zn PlXE linescens from a noioiern pike (BAKIA #7) caught at 
the BAKI net site shmn superimposed on the BAKI-A #7 CL image. The Mn line-scan 
is positioned on top of the actual PlXE line-scan. The Zn and Sr linegcans an oket. 
The highest Mn concentrations diredly cornlate to the bright luminescence within each 
annulus while the lowest Mn concentrations fall onto areas of decreased luminescence. 



between Mn distribution and luminescence was obsewed. The highest Mn 

concentrations detected in BAKI-A #7 are found overlying the primordiiim and first 

annuli, within the Iight bands. After the first annuli, the Mn concentrations oscillate with 

the luminescence. The Mn concentrations are observed to be proportional ta the varying 

intensities of luminescence. Further, as was observed for CAJ #5, the luminescence 

varies within the optically Iight bands of the annuli (Le., within the discrete 'packets" of 

lines) and this is refiected in the Mn distribution. 

The Zn distribution in both northern pike is highest in the prirnordium and 

decreases in the first annuli- In CAJ fi, the Zn concentration remains constant after this 

decrease, oscillating slightly, at a low concentration of 92 to -40 ppm. In BAKI-A #7, 

the Zn concentration remains constant (>2 to -50 ppm) after the decrease but only until 

the most recent annuli, when the Zn concentration sharply increases to over 100 ppm- 

The Zn concentrations in both northem pike can be correlated to the Mn concentrations 

as both elements visibly decrease in concentration during the optically dark band or 

"wintef portion of the annuli. 

The Sr distribution pattem differs only slightly between the two northem pike; 

overall Sr concentrations are similar (-200 to 500 pprn). For both CAJ #5 and BAKI-A 

#?, a decreasing Sr conœntration is observed in the prirnordium, For CAJ #SI the first 

annulus marks the point of a sharp increase in the Sr concentration, reaching a 

maximum of -500 ppm. In the first annulus of BAKI-A #7, the increase in the Sr 

concentration is slightly more gradual, but, still reaches -500 ppm. After the first 

annulus, the Sr concentration in CAJ #5 decreases again, remains relatively constant for 

3 years and then increases and decreases hMce dunng the next 6 to 7 years. The Sr 

concentration is obsenred to be increasing slightly where the most reœnt annulus ends 

(Le., at the point of capture). For BAKI-A #7, after the first annulus, the Sr concentration 

remains relatively constant until the point of capture, between a minimum of 300 ppm 
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and a maximum of 500 ppm, with only one sharp decrease and increase during the 

eighth or ninth year- 

Figure 5.28 is of a lake whitefish (KAPI-A #3). In Figure 5.28. a good correlation 

between the Mn distribution and the intensity of luminescence is dearly illustrated by the 

superÏmposition of the Mn Iinescan data on the CL image of the lake whitefish, 

partiwfarly in the peaks closest to the primordium. 

The Zn and Sr concentrations Vary across the lake whitefish otolith, W 1 - A  #3, 

and no overall relationship between the two can be obsewed. The Zn concentration is 

highest (200 ppm) in the prîmordium but broadly oscillates between a minimum of 20 

ppm and a maximum of 140 ppm over the annuli from the cote to the most recent annufi. 

The Sr concentration is roughly constant across the otolith, producing a relatively flat 

distribution pattern. The highest Sr concentrations are located in the middle annuli, 

rather than the primordium, 

The luminescence observed in al1 of the white suckers was very weak and this is 

refleded in the Mn distribution (e-g., Figure 5.29). The maximum Mn concentrations 

exhibited are betwsen 110 and 130 ppm and these peaks correspond to the brightest 

luminescence within the optically light bands across the otolith. Further, a concentration 

of >2 to <20 ppm Mn corresponds to the optically dark bands or Wintef portions of the 

otolith. 

Zn concentrations in the KAP-B #3 white sucker are very low, fanging from a2 to 

only -45 ppm and exhibit an oscillatory pattern. The highest Zn peaks are located in 

more recent annuli ( IO+  years). Sr concentrations are moderate, ranging from 250 to 

almost 700 ppm. The highest Sr peaks are lacated in the middle annuli. 

Mn, Sr and Zn PlXE line-scans auoss two yellow perch (KAP-E #3 and ED2-D 

#3) are shown in Figures 5.30 and 5.31 superimposed on the respective CL images of 

those fish. 60th of these yellow perch exhibit annuli that are significantly brighter than 
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Figure 5.28. Mn, Sr and Zn PlXE line-scans from a lake whitefish (KAPl -A #3) caught at 
the KAP1 net site shown superimposed on the KAP1-A #3 CL otolith image. The Mn line- 
scan is positioned on top of the actual PlXE line-scan. The Zn and Sr line-sans are 
offset The highest Mn concentrations directly correlate to the bngM luminescence within 
each annulus while the lowest concentrations fall ont0 areas of decreased luminescence. 



Figure 5.29. Mn. Sr and Zn PlXE line-scans from a white sucker (KAP-B #3) caught at 
the KAP net site shown superimposed on the KAP-B #3 CI otolith image. The Mn Iine- 
scan is positioned on top of the actual PlXE line-scan. The Zn and Sr line-scans are 
ofket As was observed in the noraiem pike and lake whitefish (Figures 5.26 to 5.28, 
respectively). Mn concentrations appear to directly correlate with the observed 
luminescence withiri each annulus. 





Figure 5.31. Mn, Sr and Zn PlXE line-scans from a yellow petrch (ED2-D #3) caught at 
the ED2 net site shown superimposed on the ED2-D #3 CL otolith imae. The Mn line- 
scan is positioned on top of the actual PlXE line-scan. The Zn and Sr line-scans are 
offset. This yellow perch exhibits one annulus that is significantly brighter than the other 
annuli, year 7. Though the luminescence pictured is slighüy dull and out of focus in the 
vicinity of the line-scan. fdkwing this bnght annulus visibk in other areas of the otolith 
shows that the highest Mn concentration corresponds to that year. 



the rest, particularly years 3,4 and 8 in KAP-E #3 and year 7 in ED2-0 #3. Though the 

luminescence pictured is slightly dull and out of focus in the vicinity of the Iinescan. 

following the brightly luminescent annuli visible in other portions of the otolith shows that 

the highest Mn concentrations correspond to those years- 

The Zn and Sr concentrations within the two yellow perch are very similar. Both 

KAP-E #3 and ED2-0 #3 wntain a maximum of 40 to 50 pprn Zn and 600 ppm Sr. Their 

respective Zn and Sr distribution patterns. however, are distinctly different. The KAP-E 

#3 yellow perch has an oscillatory Zn pattern with the highest Zn located in about year 3 

while the ED2-O #3 yellow perch has a Zn distribution pattem with the highest Zn 

located in the primordiurn. The highest Sr found in KAP-E #3 is located in the 

primordium and is followed by a slow decrease in the first annuli and a relatively 

constant profile to the most recent annulus. The Sr content in ED2-0 #3 is high in the 

primordium, decreases during the first annulus and reaches a maximum within year 4. 

Following year 4, ED2-D #3's Sr decreases by 100 to 200 ppm and remains relatively 

constant until the most recent annulus. 

Mn, Sr and Zn linescans were also superimposed on the CL images from two 

walleye, one caught in the first set of Narrows (N-B #i) (cf. Figure 4.5) and one caught 

at Point E (E #7) (cf. Figure 3.1). The N-B #1 walleye otolith exhibited one very bright 

first annuli while the E #7 otolith was atypical and exhibited bright red luminescence 

throughout many annuli. The Mn line-sans superimposed on the CL images of these 

otoliths are shown in Figures 5.32 and 5.33. respectively. As was observed in the yellow 

perch images, some of the luminescence in Figures 5.32 and 5.33 are dull and slightly 

defocused in the vicinity of the Iinescan. By following the luminescence in some of the 

annuli located in other portions of the otoliths, however, a direct correlation. similar to 

that observed for al1 of the Eden Lake species, between the Mn distribution and the 

intensity of the luminescence is observed. 
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An oscillatory Zn distribution pattem is visible in both walleye. The Zn 

concentration is very low, ranging fmm a2 to -35 ppm across the otoliths. The Sr 

distribution in N-B #1 is relatively constant, between 250 and 500 ppm across the otolith. 

The Sr distribution pattem observed in the E #7 walleye, like it's luminescence. is 

atypical when wmpared to al1 of the other Eden Lake species and other walleye 

analyzed. The Sr pattern in the E #7 walleye is high in the primordium (between 350 

and 550 pprn) but drops in the first annuli to less Vian 100 ppm. 

An attempt was made to carrelate the peaks and troughs of one elernent with the 

peaks and troughs of another (or both other) elements, in an effort to detemine if any 

coupled substitution could be detected in the Eden Lake otoliths. A dose look at some 

of the peaks and troughs observed in each of the element line-scans found that some of 

the peaks and troughs in the Mn, Zn and Sr profiles occur at the same location in either 

two or three of the three line-scans. An increase or decrease in one element, however, 

is not consistently propofional to an increase or decrease in the other(s). This suggests 

that there is no simple relationship between the elements incorporated in the Eden Lake 

fish. 



Figure 5-32 Mn. Sr and Zn PlXE line-scans from a walleye (N-B #1) caught et the fimt 
set of Nanows shown supenmposed on the N B  #1 CL image of that otolith. The Mn lin* 
scan is positiined on top of the adual PlXE lineacan. The Zn and Sr Iine-scans are 
offset. This walleye exhibits a very bright primordium and fimt annulus and there is a direct 
carrelation between the bright annuli and the Mn concentrations deteded. 



Figum 5.33. Mn, Sr and Zn PlXE linegcans hom a walleye (E 8) caught at Point E show suptimposeâ on the E #7 CL irnage of 
that otolith. The Mn line-scan is positined on top of the actual PlXE line-scan. The Zn and Sr line-scans are offset. This walbye is 
atypical and exhibiis very bright red luminescence throughout many annuli. Some of the lumineicence i d u l  and siightly out of focus 
in the vicinity of the linesan, however, a direct correlation between the Mn disttibution and the intensity of the luminesance can be 
obseweâ by folkwing the luminescence in other portions of the otoliai. It should be noted also that the oriintation of the line-scan to 
the annuli is better for the dght-hand image than the left. The line-scan is not pepndicular to the annuli In the kft-hand irnage. 
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Chrpter 6: Discussion and Conclusion 

6.1 Bioavailabilitv and Concentration of Trace Elements 

As with any mineral, substitution of other elements during mineral growth is 

possible depending on the environmental geschernistry present duRng crystallization. 

During otolith growth, substitutions occur because of the variability of the water 

chemistry in the fish's environment (Le., Ca is not the only element available for 

incorporation into the otolith). The two most important factors determining ionic 

substitution, according to Klein and Hurlbut (1985), are the size of the ion and the 

crystaliuation temperature. The sue of the ion is an important factor because analysis 

of mineral structures has shown that two elements can and will readily substitute for 

each other if their ionic radii are similar or differ by less than lSOh. If the radii of Wo ions 

differs by 15 to 30%, substitution is limited or rare and if the radii differ by >30%, 

substitution is unlikely. In tenns of temperature's role in substitution, the greater the 

thermal disorder the less stringent the space requirements within the structure. 

Therefore, crystals grown at higher temperatures may display extensive ionic 

substitution that would not have been possible at a lower crystallization temperature. 

Since the temperature of otolith crystallization is relatively unifonn, regulated by the 

intemal temperature of the fish and the temperature of the water flowing into the 

endotymphatic sac, the predominant factor controlling ionic substitution is ionic radii. 

Other factors infiuencing ionic substitution in biogenic carbonates (not mentioned by 

Klein and Hurlbut (1985) because they do not apply for al1 minerals) are element 

oxidation state, alkalinity, the organism's metabolism and diet and the abundance and 

availability of substitution elements (Le., their concentration in the water). 



6.1. i Bioavailability of Trace Elements 

Rare-earth elements, Sr, Zn, Mn, Fe, Th, U andfor F, which are known to 

substitute in carbonate minerals, are found in the apatite, tiianite, zircon, allanite, 

andradite, fiuorite, aegirineaugite, fefdspar (K-fefdspar and plagioclase), and brïtholite in 

one or both of the Type 3 and 4 pegmatites (cf. Arden, 1995). Signs of alteration visible 

in many of these minerals indicate that trace elements are being liberated frorn the 

minerals into the environment at Eden Lake. Evidence to support this assertion cornes 

from radiometric surveys of the Eden Lake area (Geological Survey of Canada. 1977) 

and vegetation geochemical surveys (Fedikow et al., 1993 and 1994). both of which 

have detected many of these elements in the water and shoreline vegetation. 

Sr has the closest or most similar ionic radius (2.45 for Sr versus 2.23 for Ca, a 

difference of 9%) and the same 2+ oxidation state, of the elements that can substitute for 

Ca and are being released into the Eden Lake environment. The next closest radii Is 

that of the RE€ (-16%) followed by Mn (20%). Fe (23%) and Zn (33%). RE€, however, 

are 3+ and 4' elements while Mn, femc Fe and Zn are 2' like Ca. REE will not, 

therefore, substitute for Ca as readily as Mn, Fe (2') or Zn. In the Eden Lake otoliths, Sr 

substitution for Ca is expected followed in decreasing order by Mn, Fe and then Zn, 

provided these efements are present in the aqueous environment andlor available 

through diet. 

6.1.2 Concentration of Trace Elements between the Species 

Analysis using cathodoluminescence microscopy (CL) provided the first 

indication that trace elements were present in the Eden Lake fauna, however, it was the 

LAM-ICP-MS and PlXE analysis that determined the adual concentrations of the 

elernents. 



Fish 

In the Eden Lake fish species, concentrations of Sr, Mn, Ba, Co, Cu and Zn were 

detected by LAM-ICP-MS and Sr, Zn, Fe and Mn were detected by PIXE. The LAM- 

ICP-MS analysis was done on just one white sucker, one cisco and one northem pike 

while PIXE analysis was done on a few fish of each species (except the longnose 

sucker). 

The trace element concentrations detected by LAM-ICP-MS and PIXE were 

comparable for Mn and Zn, but not for Sr, The highest Mn concentrations were detected 

in the northern pike and the lowest were found in the white sucken. For Zn, the highest 

concentrations were detected in the cisco and the lowest in the white sucker, walleye, 

yellow perch and burbot. The concentrations of Sr detected during point analysis by 

LAM-ICP-MS were greatest in the white suckers, followed by the northem pike and 

cisco, respectively. Traverses across the otoliths using PIXE, however, found that Sr 

concentrations were highest is cisco and lake whitefish followed by burbot and then 

northern pike, yellow perch, walleye and white suckers al1 had the lowest Sr 

concentrations. Additionally, the Sr concentrations detected by LAM-ICP-MS (4 5 ppm) 

were considerably lower than those detected by PIXE ( ~ 5 0 0  ppm). 

Ba, Co and Cu, which were detected during point analyses by LAM-ICP-MS, 

were al1 highest in the cisco and Fe, which was detected dunng a traverse across the 

otolith by PIXE, was highest in the northern pike- 

It is clear from the analyses that the fish are incorporating many trace elements 

from their aqueous environment- There are no anthropogenic sources for these 

elements in the area and therefore. the surrounding environment, particularly the local 

geology, is assumed to be responsible. The cisco, lake whitefish and northem pike 

appear to be incorporating the greatest amount while the walleye and white sucker 
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appear to be incorporating the least- 

In terrns of the relative maximum concentrations of trace elements deteded by 

LAM-ICP-MS and PlXE in the Eden Lake fish as a whole, the order is as follows: 

Sr (up to 1500 ppm) > Cu (up to 890 ppm) > Zn (op to 290 ppm) > Mn (up to 205 

ppm) > Fe (up to 125 ppm) > Co (up to 60 pprn) > Ba (up to 4 ppm) 

ln tenns of ionic tadii, the expeded order (for the elemental substitution of Ca} would 

have been: 

It is likely that the concentrations of trace elements in the water are variable (in both time 

and location) and that their incorporation into the otoliths is related to the changing 

aqueous conditions, water temperature, al kalinity andior diet. 

Cu was the second to Sr in terms of abundance in the Eden Lake otoliths. This 

was surprising because, even though it also has a +2 oxidation state, it was not 

generally considered to be an element that cornmonly substitutes for Ca in carbonates (ii 

has a 30% smaller atomic radius than that of Ca)- According to Arden (1995), Cu is 

present in rnany of the Type 3 and 4 pegmatite minerals. Zircon contains the highest Cu 

concentration (62 to 119 pprn) followed by titanite (5 to 56 pprn), apatite (12 to 44 ppm) 

and allanite (9 to 23 pprn). Copper concentrations are not provided for britholite, 

andradite, aegirineaugite, fluorite and feldspar (K-feldspar and plagioclase). The Cu 

concentrations in the minerâls, however, seern to be low in compan'son to the 

concentrations found in the fish, especially since the Cu-bearing minerals make up only 

-17% to -60°h of the Type 3 and 4 pegmatites- Further, only some of these minerals 

are greatly aitered. 
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According to a number of studies (e-g., Ahmad and Al-Ghais, 1997; Gauldie and 

Nathan, 1977). Cu is one of the common heavy metals found in otoliths, along with Zn, 

Fe. Mn, Ni, Cd and Pb. The study by Ahmad and Al-Ghais further found that at age two 

to three Cu concentrations were higher in female fish's otoliths. At age four. however, 

this difference becomes very small with males tending to be higher. No explanation, 

however, for the presenœ of Cu in the otoliths was given. 

The concentration of Zn might be explained by diet Recent studies aimed at 

understanding the concentration of trace elements in marine organisms show that food 

is probably a significant factor in the overall uptake of zinc (cf. lchii and Mugiya. 1983; 

Halden et al., 1999). Other studies on the incorporation of trace elements in manne 

organisms (e-g., Bradley and Sprague, 1985) have found correlations between the 

organism's weight (and presumably size) and its trace element content. Awrding to 

Bradley and Sprague (1985), as fish increase in size, their metabolic need for zinc 

declines and so does their tolerance. The geochemical suweys (Çedikow et al., 1993; 

1994; cf. Section 2-3 and Appendix A, Table 1) further reveal that high Zn is present in 

the shoreline vegetation at Eden Lake. If there are contributions to the Zn content fmrn 

food and the surrounding aqueous environment, this might explain why, even though its 

ionic radius is 33% smaller than that of Ca, the concentration of Zn is found to be higher 

than other elements whose radius is closer to Ca. 

Mn and Fe are found in many of the minerals in the Type 3 and 4 pegmatites (cf. 

Section 2.2.1) and Fe was also found in abundance in the shoreline vegetation (Fedikow 

et al., 1993; 1994; cf. Section 2.3 and Appendix A, Table 1). Their ionic radii, which 

differ by 20% and 23%, respectively, are also only minorly smaller than that of Ca. 

According to Huribut and Klein (1985) the uptake of Mn and Fe in carbonates is "limited 

and rare" but is not unfeasible. 

A number of studies (e-g., Ahmad and Al-Ghais, 1997; Gauldie, 1996; and 
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Gauldie and Nathan, 1977). have found that both Mn and Fe are common heavy metals 

found in otoliths, along with Zn, Cu, Ni, Cd and Pb. The study by Ahmad and Al-Ghais 

(1997) found that in two- to three-year old fish, Mn concentrations were higher in the 

female's otoliths- At age four, however, this difference becomes small with Mn 

concentrations in males being slightly higher than in fernales. Gauldie (1996) also found 

concentrations of Mn and Fe (along with Sr, Mg, Na, Zn and P) in a study involving 

reared salmon. This study found that the chernical variation detected in the otolith was 

weakly related to the fishJs weight and length, temperature treatment and otolith weight 

Further, vaterite replacement was said to account for a large part of the observed metal 

ion concentration variation. The study by Gauldie and Nathan (1977) detected Fe in 

otoliths of tarakihi fish and found that the highest Fe concentrations were largely 

contained in the primordium. Gauldie and Nathan (1977) speculate that the Fe content 

in the tarakihi fish may be hereditary or linked to the fish's environment. In contrast to 

this study, the Fe concentrations in the Eden Lake otoliths were very low in the 

primordium and first few annuli and highest in the middle to most recent annuli. The 

speculated source of the Fe in the Eden Lake otoliths, however, is also the fishJs 

environment (Le., Fe that has entered the water from the surrounding rocks andor diet). 

Co was not expected to be present in the Eden Lake otoliths as it was not 

considered to substitute for Ca, yet it was detected by LAM-ICP-MS in both a cisw and 

a northem pike, in abundances of 23.24 and 61.58 ppm, respectively. Review of the Co 

concentration within the minerals of the Type 3 and 4 pegmatites found that zircon and 

allanite contain an abundance of this trace element (up to 1319 and 1136 ppm, 

respectively; Arden, 1995). Tiianite also contains only a small amount of Co (up to 47 1 

ppm). Further Co has a +2 oxidation state and an ionic radius only 25% srnaller than 

Ca, which, according to Klein and Huribut (1985), makes substitution of Ca by Co 

'limited and rarew but not unfeasible. According to the geochemical studies by Fedikow 
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et al. (1993; 1994; cf. Sedion 2.3). the shoreline vegetation contains Co in 

concentrations of up to 17 ppm (cf. Appendix A, Table 1). indicating that Co is mobile in 

the Eden Lake environment. 

Low Ba concentrations (ca. 5 ppm) were detecteâ by LAM-ICP-MS in a white 

sucker and cisco while no Ba was detected in the northem pike analyzed- The ionic 

radius of Ba is only 20% larger than Ca and it is known to substitute for Ca in 

carbonates- Further, Ba is found in abundance (up to 4 wt. %) in a number of the 

minerals of the Type 3 and 4 pegrnatites (apatite, zircon, britholite, K-feldspar and 

plagioclase) (cf. Arden, 1995) and was found in abundanœ in the shoreline vegetation 

(cf. Section 2.3 and Appendix A, Table 1). Due to these facts, it would be surprising if 5 

ppm were representative of the maximum Ba concentration in the Eden Lake otoliths. 

As previously mentioned, concentrations detected by LAM-ICP-MS reflect only one spot 

(20 to 30 pm) on the otolith. 

Clams 

Clams were collected from Eden Lake and the neighboring Adam Lake to assess 

concentrations in other biogenic carbonates, in addition to this clams are more sessile 

and perhaps would be more representative of the local environment. Brilliant 

luminescence was observed during the CL analysis of the Eden Lake clams indicating 

that these organisms are also incorporating trace elements into their shells. Analysis of 

one clam by LAM-fCP-MS revealed the same trace elements detected in the fish (Le., 

Sr, Mn, Ba, Co, Cu and Zn). Additionally, the concentrations of trace elements were 

comparable to that detected, by LAM-ICP-MS, in the fish, with the exception of Sr which 

was -14 to 57 times higher. Consequently, the trace elements incorporated by the 

clams are also likely to have corne from the same source as the fish (Le., the underlying 

rocks and/or diet). The difference between the colours of luminescence observed in the 
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clams from those observed in the otoliths suggests (sine the same trace elements and 

comparable concentrations were detected) that the local structural environment within 

the carbonate is different- 

Studies by Crisp (1 974; 1976; 1983) and Kovach (1 977) on the incorporation of 

trace elements by freshwater clams into their hardparts, found that they incorporate Sr, 

Mn, Mg, Na, K. Fe, and Zn into their aragonitic shells. Of these elements, only Mn is 

also known to produce luminescence (Marshall, 1 988). Mn concentrations Vary within 

the shell but are consistently higher in the more recently deposited growth increments 

(Le., the pearly nacreous or lamellar layer (inside of shell)); in the portion of the growth 

band that has the slowest growth rate (Crisp, 1974; 1976; 1983; Kovach 1977). 

Cathodoluminescence photographs of Eden Lake clams (cf. Figure 5.22 to 5.24) appear 

to support this as the more recently deposited growth increments show consistently 

stronger luminescence (and therefore higher Mn) when compared to the rest of the shell. 

It would appear that the effect of age on growth rate in freshwater clams might be a 

significant factor in the uptake of Mn into the shell. 

Further, Crisp (1 974; 1976; 1983) found that clams incorporate about 25% of the 

Sr/Ca and >lOOOh of the Mn/Ca in the water with slight variation between species. 

Species from the family Unidonidae generally contain more Sr and Mn (>200 ppm) than 

species from the family Sphaeriidae ( ~ 2 0 0  ppm). Without knowing the concentrations of 

the trace elements in the lake, however, it is impossible to determine if the one Eden 

Lake clam analyzed conforms to the findings of these studies. 

Clam shells from Iimnic environments (i-e., lakes and impounded areas of 

streams) also tend to exni~i t  higher Mn concentrations (sometimes more than twice as 

much) in comparison to those from 'normal" nvenne environments (Crisp, 1974; .f 976; 

1983). It is also very common for different species caught at a specific locality to show 

different trace element content. Unfortunately, only one family of clams was collecteci 
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and only one clam was anal- using LAM-ICP-MS. 

6.1.3 Concentration of Trace Eements between the Capture Locations 

Any comparative discussion regarding the concentrations of tram elements 

detected at the capture locations must be done by analyzing the concentrations of trace 

elements in ind'widual species from each location. This is due to the diierences in the 

incorporation of trace elements between the species. discussed in the previous section. 

Further, the only trace elernents whose concentrations can be compared are Mn, Zn and 

Sr. This is because these elements were al1 detected using the same analytical 

technique, PIXE, and the concentrations k ing  cornpared are the maximum detected 

along a traverse across the otolith (recall LAM-ICP-MS was only spot analysis). Also, a 

larger sampling of the Eden Lake sampfe set (28 otoliths) were analyzed using FIXE 

while only 3 otoliths were analyzed by CAM-ICP-MS. 

Mn peak concentrations detected in the different Eden Lake species that were 

analyzed by PIXE, ranked by capture location, are as follows (Abbreviations: NP = 

northern pike; WS = white sucker; C = cisco; B = burbot; YP = yellow perch; W = 

walleye; Wh = lake whitefish): 

NP a Campsite (200 ppm) > BAK2 + Jackson L. + Adam L (140 ppm) > BAKI (1 10 - 
P P ~ )  

B - = BAKI = €DI (120 ppm) 

YP KAP (1 60 ppm) > BAKI (1 15 ppm) - 
Wh -. KAPl (1 50 pprn) 8AK2 (140 ppm) > KAPl = BAK2 (1 20 pprn) 

W = Pt. E (1 30 and 150 pprn) > Narrows (1 15 and 120 ppm) 

WS -. KAP (1 30 ppm) - 
C - 3 KAPl (1 50 ppm) 

According to the above ranking, no one site in or outside of Eden Lake consistentiy 
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displays higher Mn concentrations. This is consistent with the findings of Section 5.2.1. 

The result of assessing the average luminescence at the different capture locations for 

each species, and al1 of the species combined, was that there is no trend to the 

luminescence in the lake for al1 of the species. 

The peak Zn concentrations detected in the dierent species analyzed by PIXE, 

ranked by capture location, are as follows: 

= Campsite (300 ppm) > Adam L- (200 pprn) Jackson L (190 ppm) > Adam L. 

(160 pprn) > BAKI (1 20 pprn) > BAK2 (1 15 ppm) > Jackson L- (30 ppm) 

= ED1 (30 pprn) = BAKI (25 ppm) 

KAP = BAKI = ED2 (35 ppm) 

KAPl (200 and 220 ppm) BAKZ (145 and 200 ppm) 

Pt. C (40 ppm) = Pt. E (30 and 35 ppm) = Nanows (25 and 35 ppm) 

=> KAP (45 and 70 ppm) 

=> KAPl (160 and 240 ppm) 

According to the above ranking, there are no visible trends to the Zn concentrations at 

the different capture locations in and outside of Eden Lake. As was obsewed for Mn 

concentrations, no one site consistently displays higher Zn concentrations. Zn 

concentrations are very similar for each species between al1 capture locations. 

The peak Sr concentrations detected in the different species analyzed by PIXE, 

ranked by capture location, are as follows: 

Carnpsite (900 ppm) > BAK2 (550 ppm) = Jackson L. + Adam L. + BAKl (500 

ppm) > Jackson L. (300 ppm) 

= BAK1 (950 ppm) = EDI (900 ppm) 

= BAKI = KAP (600 ppm) = EDZ (550 ppm) 

BAK2 (1 300 and 1400 ppm) = KAP1 (1200 and 1400 ppm) 

Pt. E (550 and 650 ppm) Pt- C + Narrows (550 ppm) = Narrows (500 pprn) 
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- KAP (700 ppm) 

C - a KAP1 (1 200 and 1400 ppm) 

According to the above ranking, there are also no visible trends to the Sr concentrations 

at the different capture locations in and outside of Eden Lake. As was obsenred for Mn 

and Zn concentrations, no one site çonsistently displays higher Sr concentrations. 

Further, the Sr concentrations are very similar for each species between ditferent 

capture locations, suggesting that the concentrations of Sr incorporated into the otoMhs 

is species-specific; pettiaps due to differences in lifestyle (i.e., diet, metabolism, 

movernents around the lake, etc.). 

That no trends in eiement concentration were found around Eden Lake (or in 

some of the neighboring lakes) may indicate that the input of trace elements from the 

rocks is small, relatively constant and well mixed by the high water-flow rates at the 

inflow points. Element concentration may not be related, therefore, to proximity to the 

Complex so much as to a more regional signature of yellow-green luminescence (from 

the incorporation of Mn), high Sr and relatively constant Zn that extends beyond the lake 

itself. 

6.2 Distribution of Trace Elements 

Using SPM and image analysis, the PlXE line-scan data was scaled and 

superimposed on the CL images and the element distributions were related to the 

annular structure of the otoliths. 

All of the Eden Lake fish exhibit an oscillatory Zn distribution pattern. This 

pattern confoms to the optically Iight (wide) and dark bands (namw) in the anriuli such 

that the higher Zn peaks correspond to the optically Iight bands and lower Zn peaks 

correspond to the optically dark bands. As previously mentioned, these bands have 



been identifid as 'summef and 'lvintef growth periods, respectively, indicating that Zn 

uptake is highest in summer. The highest or most prominent Zn peaks in the pattern 

were further found to wnespond to the primordium and first few annufi in just over half 

of the otoliths analyzed, suggesting that the Zn uptake in those fish is also highest when 

the fish are youngest, According to Halden et al. (1999), the large amount of food 

consumed by arctic char when they are young likely causes the prominent Zn signature 

in the primordium and first few annuli of the char otoliths. The similar oscillatory signal in 

the Eden Lake otoliths might, therefore, be a seasonal one related to nuaient availability. 

That some of the Eden Lake fish do not conform to this pattern (e.g., they exhibit either 

one or more prominent Zn peaks in their most recent annuli), suggests something 

different from the nomal metabolic demand. 

Consistently, when Zn is observed to be highest in the primordium and first few 

annuli in the Eden Lake otoliths, Sr is observed to be highest in the rniddle annuli, once 

Zn levels have decreased. The Sr fine-scans, for every fish but one, show a relatively 

unifom Sr content with no oscillatory zoning. This Rat distribution pattern resernbles 

those obsewed in non-migratory char (cf- Figure 1.7b. c and d). The concentration 

variations, however. particularly where there is a significant period of elevated Sr (e-g., 

>ZOO ppm higher than rest of line-scan), would appear to indicate that the fish are 

rnoving either between lakes or are encountering areas in Eden that have significantly 

different Sr concentrations, 

The one exceptional Sr distribution pattern is observed in a walleye caught at 

Point E. This walleye has Sr concentrations in the primordium and first few annuli that 

are similar to al1 of the other Eden Lake fish caught, however, after the first few annufi, 

the Sr concentration drops down to less than 100 ppm. The pattern exhibited by this fish 

indicates that it has had a ver- different life history. The Sr concentrations in the 

primordium are consistent with the Sr signal for Eden Lake suggesting that sometime in 
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the first few years of b life it mignted from Eden to a lake with a significantly lower Sr 

signal. 

The Sr concentrations are not notably decreased in the optidly dark bands of 

the annuli as they are for Zn (and Mn). This is likely because, according to Townsend et 

al. (1992), Sr passes mon readily hto the endolyrnph and kcomes inwrporated into 

the otolith aragonite when water temperatures are decreased and the fish's physiological 

processed are slowed or impaired- 

The Mn distribution patterns are oscillatory, similar to the typical Zn distribution 

patterns obsenred in the Eden Lake utoliths. The Mn peaks and troughs, however, 

rnoreso than the Zn peaks and troughs, are more defined and steep. The highest Mn 

peaks appear to correspond diredly to the brightest luminescence. Further, when 

present, the brightest luminescence is wnsistently observed in the optically light bands 

of the annuli. 

6.3 Relationship Between Trace Efement Content and Environmental Conditions and 

Fish Behavior and Life Histow 

The trace element concentrations and history of absorption are either due to 

environmental conditions, fish behaviour and life history, or some combination of the 

two. In ternis of environmental conditions, seasonal flood or fire events and temperature 

or alkalinity changes Iikely play a role in element uptake by the fish. In ternis of fish 

behaviour and life history, the fish's diet, changes in its metabolism, and daily and yeariy 

movements might also affect element uptake. For each species, the factor@) affecting 

elernent uptake may be different. 



6.3-1 Environmental Conditions 

Flooding 

As mentioned in Section 2.4, flooding is a relatively wmmon occurrence in the 

Eden take area, however, many of the floods are small, only marginally increasing the 

water levels. There have been four 'good-sue" floods in the Eden Lake area before 

June 1997 (when the fish were caught), in 1974, 1975,1976 and 1977. In autumn 1997, 

there was a flood that was substantially larger, the biggest flood on record- 

Twenty-one fish in the sample set were aged to be 19 years or older and, 

therefore, would have been new fiy up to 10 years old during the 1970s. Out of those 

21, only 4 were analyzed &y PlXE (KAP-B #6 (age 19). KAP1 -A #3 (age 29), KAPI-0 #1 

(age 22) and E #6 (age 19)) and only 1 of those fish's (KAPI-A #3) Iine-sans were 

superimposed on the otolith image (cf. Figure 5.29). 

The 1970s flood events were similar in size, however the 1974 (July) flood event 

had slightly higher water levels followed by 1977 (August), 1976 (October) and 1975 

(July). In the years wnesponding to the 1970s floods, the Mn and Sr concentrations 

appear to decrease and the Zn concentrations appear to increase in the otolith, 

suggesting a possible but not strong influence of flooding on element uptake (Figure 

6.1 ). 

Forest fires are much more common than flooding in the Eden Lake area 

(cf. Section 2.4)- The area is a spruce boreat forest and at least one fire occurs 

somewhere between Leaf Rapids and Lynn take every year, with 90% occumng 

between the 1" of July and the beginning of August Since the water bodies are 

connected. Eden Lake is likely impacted (e.g., changes in water chemistry), even in 
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F@um 6.1. Mn. Sr and Zn linescan data from a 29year old lake whitefish (KAPI-A W3) 
caught at the KAP1 net site shown superimpored on the KAPI-A #3 CL otolith image. 
The 7 to 10 year annuli correspond to the 1970s fbod events and there appears to be 
a decrease in the Mn and Sr concentrations and an increase in ale Zn concentrations. 
This suggests a possible but not smng influenœ of flooding on elemnt uptake. The 
field of view is approximateiy 3 mm across. 



some small way, by some or al1 of them. The biggest fires in the area occuned in 1989 

and 1995. In 1998 (one year after sample collection), however, the Eden Lake Complex 

was stripped of its vegetation by a very large fire that swept through the entire area. 

The ecology of the area as a whole has likely adapted to the frequent fires. For 

example, some of the species of flora require the fires for rejuvenation. The soi1 in the 

area is contains a lot of peat (unlike the heavy clays found in Winnipeg, Manitoba) and is 

largely covered by lichen and moss. The rock outcrops are also covered in lichen and 

moss, In general, humans or a strike of lightening cause forest fires (Don Harron, Apn'l 

1999, pers. comm-), however, in areas like Eden Lake, many are likeiy due to 

composting. The heat generated under the many layers of leaves and other decaying 

organic matter can ignite and start a fire. Further, fires that have started one year can go 

underground into the spongy peat soi1 and re-emerge the following year. It is, therefore, 

diffïcult ta determine the effects of fire on the Eden Lake otoliths. 

For al1 of the Eden Lake fish, the luminescence and element concentrations (Mn, 

Zn, and Sr) in the fire years are no stronger or weaker than other years and there are no 

obvious peaks or troughs which appear to correspond to 1995 and 1989 (e.g., Figure 

6.2). It is likely, because forest fires are so common in the area (occurring almost every 

year), that no correlations are possible. 

Seasonal Muences 

The majority of flooding in the area occurs between July and October and 90% of 

the forest fires occur between July and August (with at least one fire/year). It is, 

therefore, tikely that at the end of summer and most of fall every year there are sorne 

changes in the water chemistry (e-g., increases or decreases in trace element 

concentrations in the water, alkalinity changes, etc.). These changes, however, do not 

appear to be greatly affecting element uptake: no corresponding signal is detected in the 
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Figure 6.2. Mn, Sr and Zn PlXE lineacans from a 9-year old yellow perch (KAP-E #3) 
caught at the KAP net site shown superimposed on the KAP-E #3 CL image. This 
yellow perch exhibits some significantly bngM annuli, parlicularly in years 3.4 and 8. 
One of these three (year 3) corresponds to the 1989 fire year. The other stmngly 
luminescent annuli, however, correspond to 1990 and 1994 and not f 995 (the other 
big fire year). It is possible that 1 990 and 1 994 were also fire years, as at least one fire 
occurs in the area every year, howver, they were not as big as those in 1989 and 
t 995 according to Manitoba Natural Resources. 



otolith chemistry- Addïtionally, the mean climate temperature/month has changed very 

Iittle in the past 20 years in the Eden Lake area, even during the fire months and big fire 

years (Table 6.1). The air temperature did not jump (increase or decrease) suddenly in 

any month of any year, which would have caused a sudden rise or decline in surface 

water temperature. Something else is affecting element uptake. 

Water temperature has been shown to be linked to element uptake (e-g,, Kalish, 

1989; fownsend et al-, 1992) and the char study by Halden et a#- (1999) has linked Zn 

incorporation to food source. The superimposition of the Mn, Zn and Sr data ont0 the 

Eden Lake CL images (cf- Section 5-54) further found that these elernents' 

concentrations, particulariy Mn and Zn, generally decreased (to varying degrees) during 

the winter perîod and increased during the summer. It is Iikely that nutrient uptake tied 

to fish metabolism and ïts dependence on water temperature (Le., season) is a major 

factor influencing element uptake by the Eden Lake fish. 

6.3.2 Fish Behavhur and M e  History 

The changes in nutrient uptake due to changes in the fish's diet and metabolism 

are part of fish behaviour and Iife history, both of which are dependent on the species of 

fish. The spawning, feeding and other habits typical of each species were discussed in 

detail in Chapter 4. What was not discussed, however, was how some of these habits 

over the fish's Iife (Le., at particular developrnental stages) may have affected their 

element uptake. 

Diet 

Halden et al. (1999) has attnbuted Zn concentrations in char to their dietary 

habits. It is likely, though, that fish incorporate a number of elements, even in very small 



Table 6.1. Mean temperature readings (rounded to nearest whole integer) for each 
month in the Eden Lake area over the last 21 years (1976 to 1996) (Mer Environment 
Canada, 1997). 



arnounts, through diet Northem pike, for example. during the early stages of their Ife 

grow very rapidly and go through rapid dietary changes (e.g., stored yolk from their eggs 

to zooplankton and immature aquatic insects to fish; Scott and Crossman, 1973). Aduit 

pike are classified as ornnivorous carnivores because they eat virtually any living 

vertebrate animal available (frorn fish, frogs and crayfish to mice, muskrats and 

ducklings), within a sue range they can engulf (Le., anything up to 60% their own size). 

In contrast, white sucker fry, at about 12-mm length, begin feeding near the surface on 

plankton and other smalf inveRebrates as their mouths are terminal rather than ventral 

(Scott and Crossman, 1973). At about 16 to 18-mm length, the mouth shifts ventrally 

and there is a shift to bottom feeding (other invertebrates and fish eggs). Adult suckers 

also consume small fish, such as logperch, sometimes in great abundance. 

The northem pike contained some of the highest concentrations of many trace 

elements (e.g., Mn, Fe and Zn) while the suckers contained some of the lowest. Since 

these two species are 'breathingn the same water, variations in water chernistry can not 

account for al1 of the observed ditferences in element uptake. Evidence appears to 

suggest that the abundance of trace elements is found in the hard-parts of the fauna, 

moreso than in the soft-parts (e-g., clams), By consuming al1 available vertebrate 

animals, northem pike rnay also be consuming any trace elements incorporated by those 

animals, In contrast, suckers consume many invertebrates. Of the small fish consumed, 

suckers tend to digest only their prey's soft parts. The suckers, therefore, rnay be 

incorporating the trace elements dominantly through their gills from the aqueous 

environment and there may be a lower concentration of trace elements in the water than 

in the flora and fauna. 

By cornparison, walleye (both juvenile and aduît) are largely piscivorous (Scott 

and Crossman, 1973; Colby et al., 1979). Their diet shifts as they grow from 

invertebrates to fish. Diet for walleye is partly dominated by the degree of phototacticity 
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(Le., light sensitivity) which increases with age and forces the walleye to change their 

habitat from the water surface to the bottom. The walleye's habitat restrictions with age 

might be affecting their element uptake (e-g., Mn) and might explain why some of Eden 

Lake walleye analyzed exhibited one or two moderate to strongly luminescent annuli that 

correspond to their first few years (e.g., N-B #1, Figures 5.4 and 5.35). That the walleye 

eat fish, just Iike the narthern pike, later in life possibly explains some of their trace 

elernent content but it does not explain their lack of luminescence within the later annuli. 

Possibly they consume less fish than the northem pike, overali, because their 

movements are more restricted to nighttime. 

The lake whitefish and ciscoes, though both coregonids, preferentially feed at 

opposite ends of the water column. Adult lake whitefish are bottom feeders, consurning 

a wide variety of bottom-dwelling invertebrates (e-g., copepods, cladocerans, clams, 

etc.) and small fish (Scott and Crossman, 1973). If these are in short supply, the lake 

whitefish have been found to feed on planktonic creatures and terrestrial insects. 

Ciscoes are dominantly planktonic feeders but can consume a wide variety of food 

(Scott and Crossman, 1973). As fry, their diet changes from dead zooplankton to algae, 

copepods and cladocerans. The food of adult ciscoes varies with season and location, 

but Daphnia and rnayfly nymphs are a staple. Very large ciscoes will further consume 

srnall minnows. Both of these fish species exhibited singular or sets of strongly 

luminescent annuli within their otoliths. These annuli may reflect sudden changes in the 

environment experienced by the fish, such as a forced shift in diet due to shortages in 

their regular prey- 

Burbot are voracious predators and night feeders (Scott and Crossman, 1973). 

Their diet changes as they grow from Gammarus, mayfiy nymphs and crayfish (where 

available) to exclusively fish. The burbot occupy the same part of the water column as 

the lake whitefish, the hypolimnion, and, therefore, they compte for food. This 
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cornpetition, combined with the lake whitefish's diet k i ng  more selective #an that of the 

burbot, makes it even more likely that the single luminescent annuli exhibited in the lake 

whitefish are due to their having had to change position in the water column and, 

therefore, diet. Furttter, if the food is in shortage, the burbot will have to relocate also. 

This possibly explains their singular or sets of luminescent annuli observed in their 

otoliths. 

Yellow perch consume largely immature insects, larger invertebrates and srnall 

fish (Scott and Crossman, f 973). They feed dominantly in the moming to early evening, 

with Iittle to none at night. They prefer the shallow water and compte with small lake 

whitefish, ciscoes and some suckers- Their singular or sets of luminescent annuli are 

once again likely to reflect a change in diet. 

Movements 

If the input of trace elements from the rocks is relatively small but constant and 

well mixed (cf. Section 6.1.3), element uptake in the different species is likely not related 

to proxirnity to drainage from the Complex or their regular movements (e-g., spawning 

runs) dun'ng particuiar developrnental stages. 

The Sr concentrations in the Eden Lake fish (with two exceptions) aKe all 

relatively constant within the different species, suggesting a constant Sr uptake. The 

typical rnovements for most fish species in Eden Lake include annual spawning runs, 

daily or seasonal rnovements in response to temperature, light or food availability (Scott 

and Crossman, 1973). Each of these movements tends to be the same for each fish of 

the same species. Changes in Sr concentrations in the otoliths do not appear to change 

with changing Zn and Mn and, therefore, the source of Sr in the lake is not atîributed to 

diet, but to the local geology. The concentrations of Sr in the vegetation support its 

mobility in the Eden Lake environment and the flat Sr distribution patterns in the otoliths 
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indicate that these levels are typical for the Eden Lake environment. 

6.4 Atv~ical Luminescence 

Two of the three otoliths that exhibited atypical luminescence (cf. Section 5.2-1) 

were analyzed to determine their trace element concentrations. The white sucker otolith 

caught at the ED7 net site was analyzed by LAM-ICP-MS while the walleye from Pt. E 

was analyzed by PIXE. 

The white sucker otolith displayed a very strong red luminescence. Close 

examination of the otolith revealed that it was markedly larger and flatter than the other 

white sucker otoliths. The otolith was deforrned. This deforrned character may refiect 

an underfying chernical anaor structural difference in the calcium carbonate. Abundant 

trace elements (e.g., Sr, Mn, Ba, Co, Cu and Zn) were found within the otolith during 

LAM-ICP-MS spot analysis (cf. Table 5.4). The elements are sirnilar to those in other 

white suckers but the concentrations of those elements are considerably lower (e.g., Sr 

and Mn). A traverse of spot analyses across the otolith by the LAM-ICP-MS further 

detected variations in the Mn concentration (cf. Table 5.5), but the concentrations were 

considerably lower (up to 100 ppm lower). It is possible that this otolith's crystal 

structure is different than that of other suckers due to either those organs responsibîe for 

otolith creation k i n g  malfomed andor a very different Iife history. If the organs were 

fully functioning, then a stressful event in the fish's first years might have caused the 

otolith deformation. Since annufi accumulate ont0 pre-existing annuli, the annuli created 

by the white sucker after the event, might have just continued the deformed growth. The 

addition of trace elements into the deformed txystal structure might have caused further 

deformation. The luminescence in this white sucker is likely cause by Mn but may be 

influenced by the presence or absence of another element. For example, Fe is known to 

hinder luminescence while Sr is a sensitiuer. The Fe concentration in the otolith is 
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unknown but the Sr concentration, in cornparison to the other Eden Lake otoliais, is 

considerably lower- Altematively, as was observed in the clams, the wlour might be due 

to a different local structural environment within the carbonate. 

The walleye caught in P t  E also displayed bnght red luminescence in a few of 

the annuli. The luminescence has been found, by superimposing the Mn Iine-scan data 

on the CL image of the otolith, to correspond to the Mn content (though another 

unidentied element rnay also be present). PlXE analysis also detected, a Sr 

distribution pattern unlike that of the other Eden Lake otoliths anaiyzed- The Sr 

concentration is high (-500 ppm), but typical of the Sr levels observed in other Eden 

Lake walleye analyzed, in the primordium but drops off during the first few annuli to cl00 

ppm. No other otolith analyzed contains Sr concentrations less than -200 ppm. One 

possible explanation is that this walleye hatched in Eden Lake or another nearby 

waterbody with a similar Sr concentration (-500 ppm) and then migrated into an area 

with very low Sr in the water column and little to no input from sunounding rocks. That 

this walleye was caught in Eden Lake might indicate that the fish was migrating back into 

the lake. 

The similarity in luminescence color and Sr concentration observed in the white 

sucker and walleye suggest that both fish spent a good part of their life outside of the 

Eden Lake area in an environment with a very different elemental signature. 

6.5 Conclusion 

Many studies have focused on the concentration of various trace elements in 

otoliths. Most of these studies, however, have focused specifically on whether or not 

these bioaccumulations are a health risk due to anthropogenic activities andlor related to 

species, gender, temperature or age. 

It is useful to understand the baseline chemistry of a system of interest and its 
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normal background variation over time. Environmental legislation also, now more than 

ever, requires that we assess baseline chemicaf variations in aqueous environments 

prior to anthropogenic influences, such as mining, in order to detect and quantify the 

effect these activities will have on the environment. Additionally, the knowledge gained 

through realistic baseline studies can be used to monitor systems that have already 

been impacted. This study is the first baseline study undertaken at Eden Lake. It has 

examined the incorporation of a broad suite of trace elements by fish in their natural 

setting where the only source of these trace elements currently is the local geology. 

Fish are of key importance because of their involvement in the uptake of 

elements. Carbonate rninerals are important because they can retain a historical record 

of the chemistry of the fiuids from which they were precipitated. The use of otoliths, 

therefore, allows the examination of water chemistry changes over time (up to or >30 

years, depending on the species). That some efements can cause lurninescence in 

otoliths, even at the ppb level, further allows a prelirninary assessment of the finely 

resolved spatial distribution of the elements, as well as hint at what elements might be 

present (since only a limited number of elements cause luminescence in carbonates). 

Textural information can be gained through the use of cathodoluminescence microscopy 

that could not be obtained by other microswpic techniques. This is the fimt study to 

analyze otoliths using cathodolurninescence microscopy and detail the concentration 

and distribution of its cause, which is in this case Mn. 

The historical record of luminescence in the otoliths from Eden Lake and the 

surrounding waterbodies spans 29 years. Each fish species presents a record of 

seasonal environmental conditions in the lake as well as some indication of fish 

behaviour. Those fish exhibiting regular periodic cycles of luminescence have lived in 

relatively constant environments (e.g., ample food) while those that show aperiodic 

luminescence distribution in their otoliths have had their Iives affected by singular events 
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(e.g., dietary changes). The majonty of Eden Lake otoliths analyzeâ indicated that the 

latter is more common than the former. 

Other elements detected in the fish inciude Sr, Zn, Fe, Cu, Co and Ba. The 

source of al1 of these elements is the local geology, however, uptake of the elements by 

the fish is mediated by the environmental system. Both extnnsic and intrinsic factors are 

involved. Aperiodic events such as fires and ffoods do not appear to influence element 

uptake and distribution or, pafticularly for fires, they are a continual and, therefore, 

undetectable influence. 

No trends appear to exist overall between the element concentrations detected in 

each species and their capture locations within Eden Lake and the surrounding 

waterbodies. This indicates that the yellow-green luminescence (caused by Mn), high Sr 

and relatively constant Zn observecl in the majorÏty of the otoliths represents a more 

regional signature and are not strÏctly due to proxirnity to the Cornplex, The red 

luminescence and low Sr concentrations observed in one of the walleye and one of the 

white suckers suggests that these fish have had a different life history (Le., a migratory 

one). 

6-6 Considerations for Future Work 

Exploration into a number of additional areas, not covered in mis study, woufd 

lead to a more complete understanding of the nature of elernent uptake by the Eden 

Lake fauna and the normal background variation in Eden Lake and the sunounding 

water bodies- These are as follows: 

(i ) Systematic water chernistry analysis; 

(2) Analysis of otheï components of the food chain; 

(3) Assessrnent of the migrating behaviour and mixrng of various fish populations; and 
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(4) Systematic assessment of element content in the otdiths of fish specEes from other 

sumunding water & d e s  (both those connected and n& connected to Eden Lake). 

In addition, long-terni controlled experiments would allow a more direct assessrnent of 

element uptake by the fish fauna of Eden Lake. Controlling a nurnber of the conditions 

experienced by the fish (e.g., diet, water temperature. alkalinity, rnovernents, etc.), wouid 

aid in understanding the causative relationships underlying the otolith profiles observed 

in this study. 
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APPENDIX A: DATA TABLES 

Table 1. Summary of neutron adivation analyses for ashad (470'~) tissues collected 
adjacent to the allanite and britholite mineralized sunrey site. Eden Lake area. Analyses 
in ppm unless otherwise indicated- The values for RE€ recordeci as below the limits of 
determination (0 have been utilized for the calculation of total REE (after Fedikow et al., 
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3 

74 

7 

2 1 5 

(5 

(5 

11 

c3 

Trunkwood- 

Cones 

49 

<5 

9 

1 

<5 

5.6 

0.5 

Needles 

0.3 

(0.05 

~0 .05  

<O-5 

~ 0 . 5  

0.2 

0.2 

2 

Aldër 
(AI~US 
crispa) 

~wigs 

Leaves 

5 

1.3 

e0.02 

0.2 ~ 0 . 5  

~0 .01  

(0.03 

0.3 (5 

<O-02 

e0.05 

e0.05 

" - ;. ". - 
~ 0 . 0 2  

- - " - -. . 

_ .  - 

-- - 

0.6 

e0.5 

25.6 

9.8 

<O.OS 

270 

93 

Birch 
(8e&a 

pap-1 

TMgs 

Leaves 

< O S  

13.0 

1.2 

(0.05 

, " 

320 

120 

, I - .  

* - _1 . 

0.2 

45 

16 

0.19 

e0.05 

150 

66 

165.0 

16.2 

q0.05 

61 

26 

13.0 

13 

5.4 

30 

19 

3.3 

1.2 

3.2 

1.6 

1 

~ 0 . 5  

0.8 

0.4 

e0.05 

~0 .05  

e0.5 

~ 0 . 5  

~0.05 

~0.05 

757.5 

286.2 

e0.05 

~0.05 

~0.05 

~0.05 

140.6 

63.6 



Twnk Wood 

Needles 

Black 
Spruce 
(Pic* 

marfana) 

Cones 

1 Needles. 
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Table 7 continued, 

1 4  % l 

Black -. b _ _ V  

Spru* A I  7 l m  

(Pic* 
mariana) . . ,  - . A 

Oüter B.adc-- 14 34.5 5 9 1.6 0.48 1.5 1 -9 2 

InnerBark . 24 30.0 4 4 2.6 0.06 ~ 0 . 5  11.2 c2 

Tw~~s ,  - .  27 23.8 7 16 4.4 0.84 1.7 10.9 <2 

lrunk-~ô.od 190 33.9 8 50 2.7 0.07 ~ 0 . 5  7.4 <2 

Needles 38 29.9 2 3 1.2 0.06 ~ 0 . 5  5.6 <2 
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---- 

Twigs 55 15.2 5 3 

Trunkwood 32 27.1 4 3 

Cones 5î 2.0 6 4 

Needles 55 15.2 5 3 
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Alder 
(Aeus 
C S )  1 

. - 

*TGgs 

Leaves 
.- 

Biqch: 
(*la - . 

pap@&) . .  . 

- Twigs. - 

. Leaves 

. . 
- - -  

8 - -  ;:.. . ..: . . - ,  * .  , I .  L - 5 "  , -  A I -  . . 

12 

30 

26.1 

17.2 

10 

9 P r  . -. & ,  -. 
9 

3 7.0 

4 
* , .". * . - 4 -  . 

17 

0.15 14.3 ~ 0 . 5  

25.1 

6 

0.20 ~ 0 . 5  
1 4- ...,-. . 

<2 
' -  . - .  L 1  . . . * - .  ,. _ , - .  6 . . . -J ' 

. , . - .  . .< . . 
. - " - " - .  

- b : ,- .. . - - .  - .. . -  I - N P  . . 

23 

21 

21 -5 

_ 15.4 

(2 

(2 

17 

- 8 

8 

4 

1.9 

3.2 

22.3 

28.9 

0.23 

0.13 

e0.5 

e0.5 



Table 1 continu& 

lnner Barù 

Twigs 
1 

I - - *  
. 

Cr- - ,  , . 
. . ' .  - . . .  . ,  -- . - '. , ...,.* ...il.,'. I L  . . . i d .  . , . , . .  - 

1 I I 

401 

Trun k,Wood 
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2550 

<50 

296 

4 0  

200 

4 0  

0.1 

170 0.7 

220 0.5 



Table 1 continued. 

Leaves 253 1 <50 1 O00 1 0.4 
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Birch 
(Beai'a 

papy*rp)L 

Leaves 
Lichen 

(chdonia 

- -  .*"l I $ 1  - -" - - . 1 

* -  . 

- . " _  - 

I I 1 

1 84 

7310 

80 

~ 5 0  

530 

500 

CO. 1 

1.6 



Table 2. Select sample set Abbreviations are as follows: NP = northem pike; W = 
walleye; WS = white sucker; B = bu-; LNS = long-nose sucker; P = yellow perch; Wh 
= lake whitefish; C = cisco; LogP = log perch; MSc = mottled sculpin; ES = emerald 
shinec (TL) = total length; F = female; M = male; and ? = did not detemine. The terni 
"immaturen means the fish has not spawned yet and the tenn "spent" means the fish has 
spawned, 

~2 1 NP t 623 I 1440 I F i s k n t  i Yes Na 
I 

F3 W ] 459 1030 F &nt Yes Na 
F4 W 361 470 F Immature Yes Sec 
F5 W 493 1370 F Immature Yes Sec 
F6 1 WS 1 439 1 1180 I F I Smnt I Yes I E 
F9 W 333 404 ' M lmhature Yes Na 
F10 W 462 1 038 F Immature Yes Na 
F I  1 1 NP 580 1 264 F Smnt Yes Na 
F i2  W 438 917 M ~ b n t  Yes Na 
F13 WS 443 1254 M Spent Yes Na 
FI4 NP 589 1148 F Spent Yes Na 
F15 NP 516 917 M Smnt Yes Na 

TOWS 

r map 
! map 
:Dl 
TOWS 

TOWS 

TOWS 

TOWS 

TOWS 

TOWS 
TOWS 

F16 ws 439 1 274 M i &nt ' Yes ED2 
F17 WS 468 1437 F 1 Smnt Yes ED2 - 

1 L 

F18 LNS 518 1 2295 F s i n t  ' Yes KAP 
FI9 W 508 1424 F Spent Yes KAP 
F20 W 562 1 762 F S ~ n t  Yes KAP 
F21 B 1 495 1 819 1 F 1 lmmature 1 Yes 1 ED1 

1 
- - -  - - 

I 
- - 

F22 WS 482 1561 F Spent Yes ED2 
F23 WS 463 1645 F Spent Yes ED2 
Ç24 WS 464 1 528 Ç Smnt Yes 1 ED2 

I I I 1 1 

F44 1 W 1 340 1 427 1 F 1 Immature 1 Only one 1 Narrows 1 

w 
F25 
F26 
F27 
F28 
F29 
F30 
F31 
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F 
F 
F 
M 
F 
M 
F 

1122 
1468 
1 309 
1158 
1 308 
1 274 
1533 

WS 
WS 
WS 
WS 
WS 
WS 
WS 

423 
448 
441 
414 
432 
432 
474 

~ b n t  ' Yes 1 KAP 
Spent Yes KAP 

KAP 
KAP 
KAP 
KAP 

, ED1 

Spent 1 Yes 
Immature 

Spent 
Spent 

Yes 
Yes 
Yes 

Smnt Yes 



Table 2 continued. 

1 F47 1 W 1 335 1 376 1 M 1 Immature I Yes 1 ED1 1 
I 

F48 
F49 
F55 

I F59 I w I 350 I 471 I F i ~mmature i Yes I ED2 1 

C I 1 I 

F56 NP 520 1 024 M ' &nt ' Yes Adam Lake 

I 

1 F60 W 31 1 301 M lmma 
i F61 W 376 615 F lmma 

W 
W 
NP 

1 
- - -  

I - - - - - , - r -  

F65 1 NP 1 440 1 583 1 M 1 lmma 

F57 
F58 

I I 

F68 W 532 1578 F s b  
F69 W 51 3 1364 M s ~ e  
F70 W 382 708 F lmma 

1532 
1523 

F71 1 W 361 1 548 1 M 1 lmma 

BAKZ 
BAK2 

Adam Lake 

L I 

W 
W 

1 I r 

F72 1 NP 1 352 1 433 1 M 1 lmma 

493 
521 

F75 1 W 1 592 ' 1580 M 
' 

spe 
F82 W 1 345 448 M lmma 

558 
467 
568 

M 

Yes 
Yes 
Yes Narrows 

Spcnt 1 Yes 

Yes Spent 

- - 

:ure Yes Narrows 
nt Yes BAKI 

1723 
1 088 
1199 

Spent 
Swnt 

EDZ 

nt Yes BAKl 
nt Yes BAKI 

F 
M 
F 

Yes 
Broken 

ED2 F 

nt Yes KAP1 
:ure Yes KAP1 

Smnt 1 Yes 

:ure I Yes I KAPl 1 
Jackson L. 
Jackson L. 
Jackson L. 

Yes Pt. E 
ure Yes Pt. O 
~t Yes Pt. F 
~t Yes Pt. A 

I ~ 8 5  t NP I 540 I 1163 I M i &nt i Yes 1 PL A I 
~ 9 7  
F98 
F99 

1 FlO5 I P i removed from stomach of NP IFIM i Yes 1 KAP 1 

ws 
WS 
WS 

1 1 

FI03 
F1 04 

M 
M 
M 

F l  O0 
FA01 
FI02 

1 FIO~ I NP / 639 1 1913 1 M i s k n t  i Yes I EDI I 

378 
427 
438 

NP 
NP 
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s i n t  
Spent 
S tmt  

WS 
WS 
WS 

L 1 

- - 

949 
1 076 
1424 

607 
574 

F1 06 
F i  07 

416 
431 
41 9 

I 

Yes 1 KAPl 

ED1 
ED1 

NP 
NP 

- - 

577 1292 M spentC ' Yes 

M i +nt 
F 1 Spent 
M 1 Soent 

1016 
1228 
1066 

Yes 
Yes 

1 344 
1351 

678 

KAPI 
KAP 

Yes 
Yes 
Yes 

M ' &nt ' Yes KAP 

K A P ~  
KAP1 
KAP1 

F 

2256 Smnt F 

Smnt 

Yes 

Yes KAP 



Table 2 continueci, 

I 1 

FI31 1 P 1 rei 

i9 I 1197 I F i ~ W n t  i Yes I KAP 
i3 1198 M j &nt j Yes KAP 
17 1822 F 1 Smnt 1 Yes KAP 
i l  I 1233 I F i ~ A n t  i Yes I K A P ~  
5 971 M j s i n t  j 1 broken KAPI 
18 2046 F 1 Smnt 1 Yes KAPI 
'2 I 149 i M i ~mmature i Yes I K A P ~  - 

1 I I 

i3 1 24 F Immature 1 Yes KAPl 
;7 1109 F Spent Yes KAPl 
15 1 037 M Smnt Yes KAP1 

I 

15 I 848 I F i ~ m k t u r e  i Yes I BAKA - - 1 I 

;2 1280 F Spent Yes BAKI 
12 1414 F Smnt Yes BAKI 
1 I 106s I M i sixnt i Yes I BAW - r  - 

i6 3209 M Spent Yes BAUî 
;6 1790 F Spent Yes B A D  
;O 2095 M Smnt Yes BAK2 
5 I 1493 I F i &nt i Yes I B A K ~  
2 4471 F ' s i n t  Yes 1 BAKl 
i l  1156 F Spent Yes ED2 
11 1127 M Swnt Yes ED2 
ioved from stomach of NP (Fi 301 i Yes I ED2 
'1 1232 F spe"t' Yes 1 ED2 
15 1271 M Spent Yes ED2 
:3 1075 M Smnt Yes 1 ED2 

I 

#s 1 1035 1 F i ~nknown i Yes 1 KAPI - 
I 

Ne 68? F Unknown Yes KAPl 
O 34 ? ? Yes ED2 
'2 1 33 1 ? I ? 1 Yes 1 ED2 - - 

1 

4 26 ? ? Yes ED2 
#5 34 ? ? Yes BAK2 
'8 1 31 I ? I ? I Yes BAK2 

I 1 

'O 64 ? ? Yes KAP 
4 49 ? ? Yes KAP 
#7 1 48 1 ? 1 ? I Yes 1 KAP 

1 

9 1 39 ? ? Yes UAP 
O 1 43 ? ? Yes KAP 

I I r 

1 I 67 I ? I ? 1 Yes 1 BAKl 
1 - .  - - -  

4 [ 43 ? ? Yes BAKl 
3 1 578 F Unknown Yes KAP1 
3 i s i  i M j Ünknown j Yes I K A P ~  
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Table 2 continued. 

1. I 

FI67 Wh 410 1 1169 M Immature Yes KAPl 
FI68 Wh 458 1664 F Spent Yes KAP1 
Fi 69 W 102 8.6 ? ? Yes KAP 
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I 

t0.1 
9.5 
7.2 

FI 70 
FI71 
FI76 

W 
W 
Wh 

? 
? 
? 

1 05 
106 
92 

Yes 
Yes 
Yes 

? 
? 
? 

a 
KAP 
KAP 
BAKI 



smoueN 
h 

SMOJJeN 
dW 
dW 
dW 
dm 

, 3 'M 
, 3 'M 
, 3 'M 
, 3 'M 
3 'M 

, 3 'M 
3 'M 
3 'M 

i 3 'M 

SaA 
sa), 
S U  

SaA 

, 3 'M 
, 3 'M 
, 3 'M 
3 'M 
3 'M 

, 3 'M 
3 'M 
8 'M 

SaA 
SaA 
SaA 
SaA 
SaA 
SaA 
O N  
-A 
SaA 
SaA 
SaA 
=A 

hluo speaq p e ~  
@JO speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  

SaA 
SaA 
SaA 
S U  
SaA 
SaA 
sa), 
S M  

8 'M 1 SaA 

Aluo speaq p e ~  
-- Aluo speaq p e ~  a 

A~UO speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  

8 'M 1 SaA 
8 'Id 1 SaA 

8 'ad 
SMOJJeN 
smoue~ 
W e N  i 

M 
M 
M 
M 

A(UO speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo speaq p e ~  

1Ç3 
OS3 
LVd 
OPd 

A~UO speaq p e ~  1 M 
SaA 
s u  
SaA 
-A 

OP 13 
6t  Ld 
8t  13 
LE Cd , 

M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 

9E3 

Aluo speaq p e ~  
A~UO speaq p e ~  
Aluo speay p e ~  
Aluo speaq p e ~  

9C 13 
SC 13 
963 A 
S63 
P6j 
E63 
263 
163 
063 
683 
88d 
L83 

S d  
253 

M 
M 
M 
M 
M 

Aluo speaq p e ~  
Aluo speaq p e ~  

M 
M 
M 
M 
M 
M 
M 

smoueN 
SMOlJeN 
SMoUeN 

983 
183 
083 
6id - 
8id, 

M 
M 

LLJ 
~ L J  
N d  

Aluo speaq p e ~  
Aluo speaq p e ~  
Aluo spesq p e ~  

-A f Aluo SPeW WH 

M 
M 
M 

UayOJg 
SaA 

A~UO speaq p e ~  
A~UO Spsaq peH 



' C U  '89 13 

ZÇ 1d Pue 
'LÇld 'LSLJ 
'OS 13 'GPcJ 
'8PLJ 'SOCJ 1 9 

69t.d 
Pue ' O L ~  

'1Lfd '19Cd P 
9014 

Pue 'PO 14 
'€0 LJ '2 1 Cd 
111d 'OLLJ 9 
8tJ ilNV 

'OC4 '6ZJ '8Zd 
'LZ4 '924 'SZ j  L 
023 Pue '6 1 j  
'8C LA 'LC Cd 

aAajle~ pue 
PaWN 4sUa1!W q e l  V- LdW Cd W 



Table 4 contînued. 

ED2-B White suckers 

suckers, and 
Northern Pike 

and one Bubot 

Walleye, White 
suckers, and 
Northem Pike 

1 BAK2-B 1 Lakewhitefish 
I 

and Yeliow 
Perch 

Walleye 

White sucker 

N-B 

cunp.iu.1 
Adam. Lake, 

Walleye 

and 
Jacmon 
Lake 
Pt; A and 
R B  

Northern Pike 

Northem Pike 

Walleye and 
Northern Pike 

1 1 F60. and F61 
1 

Netted I 5 i ~ 1 7 . ~ ~ 1 6 .  ~ 2 4 .  

Netted 

Netted 

Netted 

Netted 

5 

Netted 

~23.  and F22 
F134, F129, 

3 

7 

3 

Netted 

Netted 

Angled 

F130, F132, 
and Fi33 

F143, F144, 
and Fi45 

F66, F67, F68, 
F121, F i  22, 
F127, and 

F i  28 
F163. F162, 

2 
and-~120 
Fi53 and 

6 

4 

5 

F3, ~ 3 9 ,  F38, 
F40, and F41 
F140, F13, 

t 

- 

Ang ted 

Angled 
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F i  54 
F48, F49, 

fl23, F I  24, 
F125, and 

F i  26 
F164, F146, 
F147, and 

F i  65 
F12, F10, F9, 
Ç37. and F36 

Ang l ed 

Angled 

Angled 

5 

5 

6 

6 

F43, F44, and 
F139 

F15, F14, F11, 
F65, F64, and 

F2 
F74, F73, F72, 
F42, F55, and 

t 

7 F54, F53, F85, 
FW, F51, FSO, 

and F52 



Table 4 continued. 
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1 

. t ' P~-'F+.: . , 
Pt.-- Do;-- 
'Pt-E . . 
- - - - -  - -  

Pt. F and 
'aSee Mapn 

C+D 

E 

F+MAP 

Walleye 

Walleye 

Walleye and 
Northem Pike 

Ang led 

Angled 

Ang led 

5 

7 

6 

F88, F89, and 
F90 

F93, FM, F95, 
F96, and F82 
F75, F76, F78, 
F77, F79, F80, 

and F81 
F5, F43, FI, 
F7, F83, and 

Fa 



Table 5. Ages of the Eden Lake fish. Abbreviations are as follows: RM = refledion 
microscopy; CL = cathodoluminescence microscopy; BB = 'break and bum" method; 
and ND = no data (i.e. otolith damaged, fish could not be aged). 

KAP* - ' White sucker 
2 f26 White sucker KAP BB 18 
3 F27 White sucker KAP BB 17 
4 F28 White sucker KAP BB 14 
5 F29 White sucker KAP BB 15 
6 F30 White sucker KAP BB 19 

1 7 1 F I  8 1 White sucker 1 KAP 1 RF 1 >15 

KAP-C 1 F l  10 N. pike KAP CL 13 
2 F111 N. pike KAP CL 11 
3 F1 12 N. pike KAP CL 9 
4 F l  03 N. ~ i k e  KAP CL 13 

I 

1 5 1 FA04 I N. Dike 1 KAP I CL I 8 
1 I I L 1 6 I FA06 1 N. Dike 1 KAP I CL I 15 

I 

3 FI70 walleie KAP RM 3 
4 F169 Walleve KAP RM 4 

I 1 I I 1 
- - I 

- - 

KAPAE 1 f105 Yellow perch KAP RM 5 
2 Fi48 Yellow perch KAP RM 7 
3 F 149 Yellow perch KAP RM 9 
4 FA50 Yellow perch KAP RM 6 
5 FI51 Yellow perch KAP RM 8 
6 Fi52 Yellow mrch KAP RM 5 

I I 
- - - - . - 

KAPla '  * 1 F166 Whitefis h KAPl RM 11 
2 FI67 Whitefish KAP? RM 18 
3 F168 Whitefish KAP1 RM 29 
4 F71 Walleye KAPl RM 13 
5 F70 Walleve KAP1 RM 11 



Table 5 ccntinuect 

- - - - - - - . " : ~ ~ , - - . 4 , - -  - , - . ' . .  - - a  4 '6 . y  

. , > , -  . 

. ! - -  ï *  - 
2 F99 White sucker KAP1 BB 15 

_- 1 .  
3 F i  00 White sucker KAP1 BB 11 

. .  - - 4 FI O1 White sucker KAP1 BB 10 

1 4 I FI19 I N. oike I KAPl I SB I 7 1 

1 

KAPI*: 1 F1 60 Cisco KAPl RM 4 
2 

1 

F I  57 Cisco KAPl RM 5 
3 F i  58 Cisco KAPl RM 6 

5 
6 
7 

1 1 2 1 F46 1 ~ a i l e i e  I EDl 1 RM 1 11 1 

1 

2 F6 White sucker ED1 BB 1 12 
3 F32 White sucker ED1 ND ND 
4 F35 White sucker ED1 BB i 23 

FI 16 
F i  14 
F I  15 

L 

5 F33 White sucker €Dl SB 22 
6 F34 White sucker ED1 SB 24 

EDI;~  '.. A - 1 F62 N. pike ED1 CL 19 
2 F i  09 N. ~ i k e  ED1 CL 14 

N. iike 
N. pike 
N. ~ i k e  
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KAP1 
KAPl 
KAPl 

I 
r -  

N. pike 
N. ~ i k e  

BB 
BB 
CL 

1 1 

4 
8 
10 

- - 

€Dl 
ED1 

4 
5 

F i  07 
F63 

CL 
CL 

12 
18 



Table 5 continued- 1 

1 F I  34 N. pike ED2 CL 15 
2 FI29 N. ~ i k e  ED2 BB 11 

, 5 a z , t . . + ' ~ b 3 . - .  

4 
5 

3 
4 
5 

-ED~- :a O Y 

- -  - - --eu-- -- 

ED2;D 

F60 
F61 

FI  30 
FI32 
F I  33 

3 
4 
5 

1 l 

2 FI62 Whitefish BAK1 RM 24 
3 FI20 Burbot BAKI RM 9 

1 

1 
2 

I --'--- I 
a  I W  W Y I I V  JY I . \ m 1 a  I 

2 1 F49 1 Walleve BA= 1 RM 1 17 1 

N. pike 
N. pike 
N. ~ i k e  

m 

walleie ED2 

FI7 1 White sucker 
- 7  - - 2 b F16 1 White sudcet 

FI43 
FI44 

F68 walle~e 

CL 
CL 

6 1 Fi27 1 N. pike 
7 1 FI28 1 N. ~ i k e  
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RM 
RM Walleye 

t . -1  5 I F22 1 White sucker I EDZ I BB 21 -1 

ED2 
3 
4 

BAKl 
BAKI 
BAKI 

F121 
? 

9 
11 

BAKl 
BAKI 

3 
4 
5 
6 

10 
14 ED2 

ED2 

8 
10 
11 

ED2 
ED2 
ED2 

Yellow perch 
Yellow mrch 

Whitesucker 

BB 
F24 
F23 

BB 
CL 
CL 

RM 
RM 
BB F122 1 White sucker 

F i  23 
F i  24 
Fi25 
Fi26 

25 
BB 

White sucker 
White sucker 

ED2 
ED2 

18 
10 
17 

20 
17 

16 

ED2 
ED2 

RM 1 8 
RM 7 

N. 
N. pike 

White sucker 
Whitesucker 

BB 
BB 

- - 

BAU2 
BAU2 
BAU2 
BAK2 

I 

CL 1 11 
CL 13 
BB 
BB 

21 
16 



Table 5 continued- 

. - i 
I 

' 

, , 
- 

A + $ 
3 <G. ,., 3 ~ 1 4 7  Yellow perch B A D  RM 5 . * 

* , .~-&;;&y~lmr: 4 Fi65 Whitefish BAKZ RM 17 

4 N*; *. :--:; 1 :-q 1 FI2 Walleye Nanows RM 16 
- ,. A 2 FI  O Walleve Nanows RM 12 

-. . -  - . 
..* 1 1 ,  - - - - - -- - , - - . - - --- .r -- - - - -  

3 
- - -- 4 
. 1 

* .Lî :$, 5 F36 Walleye Nanows - RM 17 
I 

N a '  *-: 1 1 F3 Walleye Nammrs RM 12 
2 F39 Walleye Nanows RM 10 
3 1 F38 Walleye Nanows RM 12 
4 F40 Walleve Nanows RM 11 - 

1 5 1 F41 1 Walleve I Narrows 1 RM 1 18 1 
I I - I 1 

N-C 1 FI40 Walleye Nanows RM 16 
2 F I  3 White sucker Nanows BB 19 
3 F43 Walleye 1 Nanows RM 12 
4 F44 Walleye Nanows RM 11 
5 FI 39 Walleve Nanows RM 22 

N-D 
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2 
3 
4 

1 
2 
3 
4 
5 
6 

F73 
F72 
F42 

F i  5 
FI4 
FI1 
F65 
F64 
F2 

5 1 F55 
6 F56 

N. pike 
N. pike 
N- pike 

N. pike 
N, pike 
N. pike 
N. pike 
N. pike 
N- ~ i k e  

N. pike 
N. ~ i k e  

Jackson 1. 
Jackson L. 
Cômpsite 

Nanows 
Nanows 
Nanows 
Nanows 
Nanows 
Nanows 

Adam Lake 
Adam Lake 

CL 
CL 
GB 

CL 
CL 
CL 
BB 
CL 
CL 

70 
13 
7 

CL 
CL 

12 
10 
13 
6 
10 
13 

13 
8 



Table 5 continued- 

2 
3 
4 

3 
4 
5 

3ye See Map RM 1 11 
sye See Map RM 10 
i ke See Map CL 12 
ike See Map CL 22 
i ke Pt- F BB 8 
i ke See M ~ D  CL 16 

F86 
F87 
F88 
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5 1 F89 

F95 
F96 
F82 

L 

5 1 F79 

wall&e 
Walleye 
Walleye 

E 

walleie 
Walleye 
Walleye 

6 
7 

Walleve 

~ a l l e i e  
Walleye 
Walleye 

F80 
F81 

Pt. C 
Pt. C 
Pt. C 

1 
2 
3 
4 

Pt. E 
Pt, E 
Pt. E 

Pt, C 

Pt. C 
Pt. C 
Pt- D 

RM 
RM 
RM 

RM 
RM 
RM 

10 
8 
9 

RM 

RM 
RM 
RM 

F75 1 Walleye 

12 
19 
14 

10 

12 
10 
11 

Pt- E 
Pt- E 
Pt. E 
Pt- E 

F76 
F78 
F77 

Walleye 
Walleye 
Walleve 

RM 
RM 
RM 
RM 

13 
17 
9 
9 



Table 6. Qualitatively determined cathodoluminesœnce ratings (on a scale from O to 10) 
of al1 of the Eden Lake fish. E.g., "O' indicates no luminescence was observed; '5" 
indicates moderate luminescence overall was observed; and '10" indicates a very strong 
luminescence overall was obsenred- 

* .  
- -:- . 
. - .." - ,  L ' b  ,+' 

3 F i  37 wa11ai.e KAP 15 O 
8 "  _ .  

I -- - .  
* - 

4 FI38 Walle ye KAP 15 1 
.. . 5 Fi9 Walleve KAP f 14 O 

-- White sucker KAP 18 O 
3 F2t White sucker KAP 17 1 
4 F28 White sucker KAP 14 O 
5 F29 White sucker KAP 15 O 
6 F30 White sucker KAP 19 O 

1 2 1 FI11 1 N. ~ i k e  1 KAP 1 11 1 5 1 
3 FI12 N. pike KAP 9 5 

7 

4 FI  03 N. pike KAP 13 5 
5 FI  04 N. ~ i k e  KAP 8 5 

I I I 

1 6 FI06 1 N. kke 1 KAP 1 15 1 5 1 

L 

2 FI71 Walle ye KAP 3 O 
3 F1 70 Walleye KAP 3 O 
4 Walleve KAP 4 O 

2 FI48 ' Yellow h rch  ' KAP 7 5 
3 F149 Yellow perch KAP 9 10 
4 FI50 Yellow wrch KAP 6 6 

I 5 I FI SI i yeiiow krch i KAP I 8 I 5 I 
. .L . . - ,  1 1 1 I 

KAPlzA - 1 FI 66 Whitefish KAP1 11 10 
2 FI67 Wh itefis h KAP1 18 7 
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3 
4 
5 
6 

FI 68 
F71 
F70 
F69 

Whitefish 
Walleye 
Walleye 
Walleye 

29 
13 
11 
18 

KAP1 
KAP1 
KAP1 
KAP1 

10 
1 
1 
1 



Table 6 continued. 

.mpqve;--- t -  

*, F e . " - - -  1 FI18 N. pike KAP1 12 6 
- * 2 FI13 N. pike KAP1 9 6 

1 - - 
3 FI17 N. pike KAP1 4 4 

- - -- - ---- 4 F119 N- pike KAPl 7 4 
5 F116 N. pike KAPl 4 5 
6 F I  14 N- pike KAP1 8 8 

. r > _ _  7 FI15 N. pike KAP1 10 4 
- - 

, 4 -  -. - i L . - L - .  

' , 

- "  -, . _ 
I I  * -  . a- , J,, ,-d P x - .  

KAP1;O. . 1 FI42 Cisco KAPl 1 22 8 
2 F i  55 Cisco KAP1 10 7 

I I 

3 FI56 Cisco KAP1 9 7 
4 F141 Cisco KAP1 20 6 

1 F I  60 Cisco KAP1 4 8 
2 F I  57 Cisco KAPl 5 6 
3 F i  58 Cisco KAPl 6 5 

3 
4 
5 

1 

ED1:8 - 1 f F31 White sucker ED1 17 O 
2 F6 White sucker ED1 12 10 

Il 
10 
16 

3 F32 White sucker ED1 ND O 
4 F35 White sucker €Dl 23 O 
5 F33 White sucker €Dl 22 O 

1 
1 
1 

I r I 

. . 1 6 1 F34 1 White sucker 1 ED1 I 24 O 1 

KAP1 
KAP1 
KAP1 

FI00 1 Whitesucker 

'ED1;C . '  1 F62 N. pike ED1 19 6 
2 F i  09 N. pike ED1 14 7 
3 F I  08 N. pike ED1 10 7 
4 FI07 N. pike ED1 12 1 7 
5 F63 N. ~ i k e  EDI 18 7 

Fi01 
F i  02 
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White sucker 
White sucker 



1 

4 F i  32 N. pike 1 ED2 10 8 
._ 5 FI 33 N. pike ED2 11 10 

I 
EDZ-D- " 1 F143 Yellow perch ED2 8 7 

l 2 FI44 Yellow perch ED2 7 6 
, , 3 FI45 Yellow perch ED2 10 8 

- - - - - -  -- a I 
BAKI-A: " 

li . , 

1 F48 waiie ye SAKZ 17 
2 F49 Walleye BAK2 17 1 
3 FI23 N. pike BAK2 11 8 
4 F I  24 N. ~ i k e  BAK2 13 7 

- - -- - -,- *- 

d i .  4 . k w v + b - -  

BAKI=: -- -11 1 I FI63 1 Whitefish I BAKI I 25 1 8 1 

1 
2 
3 
4 
5 
6 
7 
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-BAKI 1 - - 1 1 F i  53 1 Yellow perch 1 BAKI 1 8 8 

2 
3 

1 

5 
6 

F66 
F67 
F68 
FI21 
F i  22 

- - 

F162 
F i  20 

FI 25 
F I  26 

Walleye 
Walleye 
Walleye 

White sucker 
White sucker 

FI27 1 N. pike 
Fi28 f N. pike 

Whitefish 
Burbot 

White'sucker 
White sucker 

BAKl 
BAKI 
BAKI 
BAKl 
BAKl 
BAKl 
BAKI 

BAKI 
6AK1 

BAK2 
BAU2 

23 
19 
18 
10 
17 

O 
1 
1 
O 
O 

9 
11 

24 
9 

21 
16 

6 
8 

8 
8 

1 
2 



Table 6 continued, 

L 

2 F39 waileye Nanows 10 1 
3 F38 Wa l leye Nanows 12 1 
4 F40 Wal leye Narrows 11 O 
5 F41 Walleve Nanows 18 O 

1 I FI5 1 N - ~ i k e  I Narrows 1 12 1 7 1 

N;ç' - - -  

1 

. - 1 6 1 F2 1 N. kke 1 Narrows 1 13 1 8 1 

1 
2 

N. pike 
N. pike 

N. pike 
F56 N, bike 

I 

2 F14 N. pike Narrows 10 6 
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FI40 
FI 3 

3 
4 
5 

Walleye 
White sucker 

3 
4 
5 

FI 1 

Walleye 
Walleye 

F43 
F44 
Fi 39 

Narrows 
Nanows 
Narrows 
Narrows 

N. pike 

Walleve Nanows 

16 
19 

13 Nanows 

22 O 

1 
O 

12 

6 
6 
10 

Narrows 
Narrows 

F65 
F64 

1 

7 
8 

N. pike 
N. ~ i k e  

11 1 1 
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illaty 8 ------ f ~.et&al Rn -Fr Caudal Pedunck Fin 
~ranchiœt*g.b i (Abdominal) i 

peivi: Axillay ~ n a l  
Proces8 Fin 

Fimt or Spiny 00-1 

Second or Soft-Rayed 
Dorsal 

Anal Fin 
pelvic ~iri 
(Thomcic) 

Fin 

Figure 1. General anatomical features of two fish iflustrating difterent possibilities of 
dorsal fins and different locations of the pelvic fin to aid with the following descriptions 
(after Scott andcrossman, 1973). 
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Figure 2. General anatomical features of a freshwater clam to aid with the following des- 
criptions (after Cladce, 1981 ). 

Appendix - 29 



The variabilii of meristics and proportions within walleye populations is possibly 

as great as that between populations. In general, the aduk walleye from Eden Lake 

have an elongate body, ranging in length from 333 to 592 millirnetres with the length of 

the head ranging fram 23.8 to 28.4% of the total length (Figure 3a). The gill membranes 

extend forward and are not broadly joined. The preoperde bone is strongly senate with 

the serrae cunring forward. The eyes are large, having a diameter approxirnately 16.1 to 

26.7% of the head length, and silvery; hence the genus name vitreum which means 

glassy. Eden Lake walleye have a long snout, bluntly pointed, and a large, almost 

horizontal mouth. Walleye characteristically have 8 fins in total: 2 dorsal, 1 caudal, 1 

anal, 2 pelvic (thoracic), and 2 pectoral. The two dorsal fins are obviously separated. 

The first dorsal fin is spiny (12 to 16 strong spines), high, long, and rounded. The 

second dorsal fin is square to slightly emarginate and as high or higher than the first, 

with 1 fine spine and 18 to 22 rays. The caudal fin is not very broad but long and weli 

forked with well rounded tips. The anal fin has 2 spines and 11 to 14 rays and its base is 

shorter than its height This fin is square, like the second dorsal fin, but not as long. The 

pelvic (thoracic) fins are the same Iength as the pectoral fins, have 1 spine and 5 rays. 

and the tips are rounded. the pectoral fins are only moderately broad, have 13 to 16 

rays, and also have rounded tips. Walleye have strongly ctenoid scates. 

Walleye cofoiing is iiighly variable with habitat and to a lesser extent with sire 

(Scott and Crossman, 1973). The walleye found in turbid water, such as that of Eden 

Lake, are paler and less marked with obvious black pattern than those found in clear 

water. Their background color ranges from olive-brown to yellow with darlcer patches on 

the donal suiface of the head and back. Some young Eden Lake walleye, (102-356 

millimetres) in contrast to the adults, exhiba darù vertical bands across their back and 
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down their sides. 

Northern pike charaderistically have a very long body that is laterally 

compressed and only moderately deep (1 1 .O to 167% of its total iength; Figure 3b). 

Eden Lake individuals that were caugM during sample collection ranged in length from 

253 to 812 millimetres. They have a long head, 25.2 to 30-4% of their total length, which 

is fiat and very broad on top. They have large, bright yellow eyes (diameter 10.7 to 

20.6% of their head length) located high and at the center of the head and a very long 

snout (42.5 to 46.8% of their head length) that is moderately broad and rounded on top. 

The mouth of a northem pike is large and horizontal, with the maxillary usually reaching 

at least to midpupil. Their teeth are short, very sharp, and recurved, which are located 

along the prernaxillary and in patches along the tongue- The lower jaw often extends 

well beyond the snout and 10 pores (5 on each side) usually pierce the underside of the 

lower jaw. Northem pike characteristically have 7 fins: 1 dorsal, 1 caudal, 1 anal, 2 

pelvic (abdominal), and 2 pectoral. The dorsal fin is soft rayed (15 to 19 principal rays) 

and far back on the body. This fin has a rounded upper edge and the base is shorter 

than the height, about equal to the snout length. The caudal fin is long and moderately 

forked. The anal fin has 12 to 15 principal rays and is located slightly behind that of the 

dorsal fin. This fin's base length is less than its height and less than that of the dorsal 

fin. The pelvic (abdominal) fins are low, long, and paddle-like with 10 or 11 rays. The 

pectoral fins are also low, ansing under the edge of the opercular flap. These fins are 

rounded and also paddle-like with 14 to 17 rays. Northern pike have moderately small 

cycloid scales- 

The basic color arrangement of the northem pike is a pattern of Iight spots on a 

da& ground mat (Scott and Crossman. 1973). The dorsal surface, upper sides, and the 
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Figure 3. (A) l llu-on of a wal:eye and (6) Illustration d a northem pike (after Scott 
and Crossman, 1973). 



top and upper parts of the head range in color from brilliant green to almost knm?. The 

ground color of the Ranh is lighter, and in pike over 381 rnillimetres long. conspicuously 

marked with 7 to 9 imgular longitudinal rows of yellow to whitish, ban-shaped spots, 

some as long as the eye diameter. The body has the appearanœ of k i n g  flecked with 

gold, resulong from a tiny gold spot on the tip of the exposed edge of most scales. The 

ventral surface of the body and head is cream to white in color with fingers projeding up 

into the ground wat  of the flanks- These fingers are al1 that remain of the characteristic 

jwenile pattern of this specks. Duc to the striped, rather than spotted, nature of juvenile 

northem pike, they are often misidentified. 

White suckers (Catostomus commemon@ 

Adult Eden Lake white suckers are robust. cylindrical, torpedo-shaped fish, 

ranging in length between 378-501 rnillimetres (Figum 4a). They are oval to round in 

cross-sedion and slightly compressed laterally, with their greatest depth at the origin of 

their dorsal fin (14.1 to 20.0% of their total length). The head of a white sucker is 

moderately long (about 20% of the total kngth), bluntly pointad. roundeâ on top, and 

modentely wide They have small eyes, 41.3 to 88.6% of the snout length, which are 

located high but at the œnter of the head length. White suckers also have a rounded 

snout and a ventrally located mouth that is twthless, suctorial and relatively small. 

White suckers characteristically have 7 fins: 1 dorsal, 1 caudal, 1 anal, 2 palvic 

(abdominal), and 2 pectoral. The dorsal fin is soft-rayed ( I O  to 13 principal rays) and 

located almost at the midpoint of the total length. This fin is slightly emarginate and has 

a short base, 10.7 to 15% of the total length. The caudal fin is deeply forked, its tips are 

roundly pointed, and it usually has 18 rays. The anal fin is long with a height at least two 

times the base, is more or less pointed. and has 6 to 8 large principal rays. The pelvic 

(abdominal) fins are low, located under Me middle of the dorsal fin. and are short and 
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square, with a moderateV broad base. Ttiese fins have 10 or 11 rays. The pectoral fins 

are also low and long (almost equal to the head imgth). These fins are pointed and 

have 16 to 18 prominent rays. White suckers have moderately small scales, larger on 

peduncle than near operculum. 

In adults, the back, top of the head, upper sides, and sides of the head to below 

the eyes are gray through to almost black (Scott and Crossman, 1973)- The lower sides 

and ventral surface of the head and body are cream to white. Young white suckers, 51 

to 152 mm long, usually have 3 prominent black spots on their sides, The lower body of 

spawning white suckers turns a more golden mlor while the da* patches on the upper 

body and head becorne more intense. 

Lonanose suckers (Cstostomus catostomusl 

Longnose suckers characteristically have an elongate, cylindrical, torpedo- 

shaped body that is almost round in cross-sedion, but not deep (the maximum is only 

14.2 to 18.3% of the total length; Figure 4b). They generally range from 305 to 356 

millirnetres in length, though the Eden Lake individual was 518 millimetres long. Their 

head is moderately long, about 20% of their total length, moderately broad, and rounded 

on top. Their snout is long, about 38.4 to 48.2% of their head length and is bulbous, 

ending in a rounded point, Their eyes, located high and beyond the midpoint of the 

head, have a diameter that is 38.4 to 66.6% of the snout iength. The mouth of a 

longnose sucker is pratmsible, suctonal, toothless, and rather small. It is located 

ventrally, well behind the tip of the snout. Their lips are very large with coarse. long, oval 

papillae. Longnose suckers characteristically have 7 fins: 1 dorsal, 1 caudal, 1 anal, 2 

pelvic (abdominal), and 2 pectoral, The dorsal fin is soft-rayed (9 to 11 principal rays) 

and originates slightly ahead of the midpoint of the body. Its height is sfightly greater 

than the base and its edges are somewhat emarginate. The caudal fin is only 



Figure 4. (A) Illustration of a white sucker and (B) Illustration of a longnose sucker (after 
Scott and Crossman, 1973). 



rnoderately long, moderately forked, with rounded tips. The anal fin is long, its height 

about 2.5 times the length of the base and it has 7 Wncipal rays, The pelvic 

(abdominal) fins are only moderate in length and h i r  base is fairfy i d e ,  These fins are 

square to rounded and have 9 to 11 principal rays. The pectoral fins are low, horizontal, 

and somewhat tii. They have 16 to 18 pn'ncipal rays and their tips are broadiy pointed. 

The scales on the longnose sucker are small, cydoid, and crowded towards the head. 

The coloring of adult longnose suckers is generally dark, with strong 

countershading (Scott and Crossman, 1973). Their back, upper sides, and head to 

below the eyes are gray to almost black while the lower sides and ventral surface of the 

head and body are crearn to white. The males for the most part are darker in color than 

the females. At the time of spawning, both the males and females have a broad, 

horizontal, midlateral band of vivid pink to dark red that continues on to the snout. This 

band is also darker and more vivid on the males than the females. The young are very 

dark in color and sornewhat mottled on the back 

Lake whitefsh (Coreaonus clu~esfonnisI 

Eden Lake adult whitefish have an elongate body, ranging ,in length frorn 373 to 

484 milfimetres (Figure 5a). The smaller lake whitefish are usually slender, however, the 

large ones are somewhat ovate in lateral view. Body depth varies greatly but is 

generally greatest in females and increases with increasing weight The head of a lake 

whitefish is short, only 20-23Oh of their total length. Their eyes are small, with a diameter 

19.5 to 2S0h of the head length, and they have a snout (27 to 35% of the head length) 

that projects beyond their inferior and weak-toothed mouth. Lake whitefish 

characteristically have 8 fins: 1 dorsal, 1 dorsal adiopse, 1 caudal, 1 anal, 2 pelvic 

(abdominal), and 2 pectoral. The dorsal fin is roughly tn'angular, has 11 to 13 prominent 

rays, and is located near the midpoint of the total length. The dorsal adiopse fin is small 
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and located near aie caudal fin, across and slightiy badc from the anal fin, nie caudal 

fin is distindy forked with @nted tips. 

The anal fin is slightly triangular and has 10 to 14 rays. The pehric (abdominal) fins 

usually have 11 rays and a pelvic axillary proœss located at the front of each fin. The 

pectoral fins are long and paddle-like and have 14 to 17 rays. The scales on the lake 

whitefish are large and cycloid. 

The overall coloration of lake whitefish is silvery (Scott and Crossman, 1973). At 

Eden Lake, the lake whiiefish exhibit darkened scale margins that result in an overall 

crosshatch pattern overlaying the silvery background. The fins are often dark colored or 

black-tipped. 

Cisco (Corwuonus attedia 

Eden Lake Ciscoes have an elongate body, ranging in length from 147 to 353 

millimetres (Figure 5b). The body is compressed laterally and its greatest body depth (in 

front of dorsal fin) is variable, usually 20 to W h  of its total length. The head length of a 

cisco is about 20 to 24% of the total length. The eye diameter is 21 to 26Oh of the head 

length m i le  the snout is even longer. Ciscoes have a terminal mouth and the lower jaw 

often projects slightly beyond the upper jaw. Ciscoes charaderistically have 8 fins: 1 

dorsal, 1 dorsal adipose, 1 caudal, 1 anal, 2 pelvic (abdominal), and 2 pectoral. The 

dorsal fin is moderately long, with the front height being much larger than the back, and 

has 1 O to 15 rays. The dorsal adipose is small and located near the back of the fish, by 

the caudal fin, which is distindy forked. The anal fin has 11 to 15 rays and is a similar 

shape to the dorsal fin but considerably smafler. The pelvic (abdominal) fins are 

moderately long, have a pelvic axillary proœss, and 11 or 12 rays each. The pectoral 

fins are long, paddle-like, and have 14 to 18 rays each. the scales on a cisco are large 

and cycloid. 
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Figure 5. (A) Illustration of a lake whitefish and (B) Illustration of a cisco (after Scott and 
Crossman, 1973). 
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The overall coloration is siivery with pink to purple iridesœnce (Scott and 

Crossman, 1973). The color of the cisco's back varies greatly from lake to fake (or 

population to population in large lakes), from almost Ma& to neady any shade of blue- 

green to gray or light tan. The sides and ventral side of the cisco are silvery and white, 

respectively- All of the fins are more or less transparent but pelvic and anal fins can be 

milky to opaque in adults and usually Iightly speckied with Mack pigment. The dorsal 

and caudal fins in adults are also sometimes bfack-tipped. 

Burbof (Lofa lotad 

Burbot have an elongate and robust body with an average length of about 381 

millirnetres (Figure 6a). T h y  have a nearly round cross section from anterior to anus 

and the body width to body depth ratio is about 1:i.  Burbot have a broad, depressecl, 

triangular head that totals about 19.2 to 19.9% of its length. They have a relatively large 

mouth; small eyes, with a diameter that is 11.2 to 16.4% of the head length; and a 

projecting snout, approximately 27.5 to 32.5% of head length. Burbot also have a long 

chin barbel and srnaller barbel-like extensions from each nostril (each about a 114 the 

length of the chin barbel). Burbot have 8 fins: 2 dorsal, 1 caudal. 1 anal, 2 pelvic 

(thoracic), and 2 pectoral. The first dorsal fin is low and short, with 8 to 16 rays. The 

second dorsal fin is low, with a long base that extends onto the caudal peduncie and is 

joined to the caudal fin. This dorsal fin has 60 to 79 rays. The height of the first and 

second dorsal fins is about 25Oh of the head length. 

The caudal fin is very rounded. It is joined to the second dorsal and anal fins, but 

separated by a deep notch. The anal fin is long and low. Iike the second dorsal fin, and 

has 59 to 76 rays. The pelvic (thoracic) fins are jugular, inoertéd in advance to the 

pectoral fins, and have 5 to 8 rays (the 2nd ray is prolonged). The pectoral fins are 

short, rounded, and paddle-like. with 17 to 21 nys. The sales on the burbot are cydoid. 

Appendix - 39 



small, and embedded. 

Their color ranges fiom yellow to lïght kown, becoming darker northwarâ (Scott 

and Crossman, 1973). This background color is overiaid by a lace-like pattern of dark 

brown or black. The two burbot caught in Eden Lake were adults and very da& in color. 

Yellow ~ e r c h  (Perca flavescensl 

Eden Lake yellow perch have an elongate body that is oval, rather than 

subcylindn'cal, and taterally compresseci (greatest body depth 16-3 to 28.3% of the total 

length; Figure 6b). They range in length, on average, from 102 to 254 millimetres. Their 

head constitutes 23.1 to 29.3% of their total length and is moderately deep and rounded 

at the tip. The yellow-green eyes of the yellow perch have a diameter that is 15.8 to 

30.4% of the head length (greatest in the young), while their snout is 23.4 to 34.2Oh of 

the head length and is moderately long and blunt. The upper jaw does not extend past 

the lower jaw and the mouth is moderately large, terminal, and slightly oblique. The 

teeth of the yelfow perch are in bnish-like bands on the jaws, palatines, and vorner. 

They are small and decrease in size posteriorly. Yellow perch have 8 fins: 2 dorsal, 1 

caudal, 1 anal, 2 pelvis (thoraac), and 2 pectoral. The two dorsal fins are obviously 

separated. The first is spiny (13 to 15 strong spines), high, and rounded, wtiile the 

second is srnaller, but about the same height, with 1 or 2 spines and 12 to 15 rays. The 

caudal fin is long, narrow, and shallowly forked, with rounded tips. The anal fin has 2 

spines and 6 to 8 rays. This fin is square to rounded and about half the size of the 

second dorsal, The pelvic (thoracic) fins have a spaœ between them that is less than 

half of the base of one fin. These fins are moderate in length (a little longer than the 

pectoral fins), square, and have 1 spine and 5 rays each. The pectoral fins are broad, 

rounded, and have 13 to 15 rays. Yellow perch have smal ctenoid scales. 



Figure 6. (A) Illustration of a burbot and (B) Jllustration of a yellow perch (after Swtt and 
Crossman, 1 973). 
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In general, the color of yellow perch is variable with size and habitat (Scott and 

Crossman, 1973). The Eden Lake yellow perdi are olivegreen to golden brown on the 

dorsal surface of the back and head Mi le their sides, to below the pectoral fins, are 

yellow-green. The color on their back extends dom their sides in about 7 tapering bars- 

The ventral side of a yellow perch is milky-Wite to cream, their dorsal and caudal fins 

are yellow, and their pectoral fins are amber and translucent The tips of al1 their fins are 

often black- The coloration of spawning males is often more intense than that of the 

females and the lower fins of a spawning male tum orange to bnght red. 

CLAM DESCRtPTlONS 

muanodon mandis (nomem tloater) 

P. grandis shells can be up to about 125 millimetres long, 55 millimetres high, 

and 45 millimetres wide (Figure 7a). The shell wall is thin and fragile, only 2 millimetres 

thick at mid-anterior. The shape of the shell is commonly elliptical, as was observed in 

al1 the specimens wllected, and is roundly pointed posteriorly. The surface of each 

valve is roughened by fine mncentric wrinkles and prominent growth rests. The 

periostracum on the Eden Lake specimens was brown, with concentrïc darker and paler 

bands, and the nacre was silvery-white. Northem floaters characteristically have beaks 

which are located doser to the anterior than posterior, anci that are low, but clearly 

project above the hinge line. The beak sculpture is composed of 4 to 6 singlelooped or 

faintly double-looped curved bars that are not nodulous. Hinge teeth are absent in this 

species. 

Lampsilis radiafa siliuuoidea (fat muckeq 

L. radiata siliquoidea shells can be up to 140 millimetres long, 70 millimetres 
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high, and 45 millirnetms mde, though most are much smaller (Figure 7b). fhe anterior 

ventral shell wall can be extremely thidc, up to 12 millimetres, near the palial Iine- They 

have an heavy. strong, ellipücal sheII that is Qosteriorly expanded at the ventral margin 

only in fernales. The sexual dimorphism of the Eden Lake specirnens was easily 

distinguishable (cf- Table 4.1). The surface of this species' shell is also roughened by 

concentric wrinkles and growth Iims. The periostracum on the Eden Lake specimens 

was yellow-brown and most specimens were covered by extensive, sharply defined, 

narrow rays. The nacre on aie Eden Lake specimens was iridescent at the posterior and 

white at the anterior. Fat muckets chara~ten~cally have low beaks that projed only 

slightiy above the hinge line and their beak cavities are shallow. The beak sculpture is 

coarse, consisting of nurnerous bars that have a shallow central sinuation or are 

centrally broken. Hinge teeth are well developed and fairiy strong. There are two 

pseudocardinal teeth in each valve and these are medium-sïzed, erect, serrated, 

compressed, and directed forward. There is one lateral tooth in the right valve and two 

lateral teeth in the left and these are narrow, prominent, and straight to slightly cuwed. 
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Figure 7. (A) Illustrations of Pyganodon grandis- (A) is a specimen from Lake St. Joseph 
near Rat Rapids, Ontario and (6) is from Lake Cache near Chibougamau, Quebec and 
(8) Illustrations of Lampsilis radiate silquoides. (A) and (0) are specimens from the 
Assiniboine River, Manitoba and (B) and (C) are from the mouth of Hay River, Northwest 
Territories (after Clarke, 1981)- 
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KAPI-A #1 LAKE WHITEFISH 
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KAPI-A #2 CAKE WHITEFISH SCAN A 
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KAP1 -A #2 LAKE WHlTEFlSH SCAN 6 

O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 

Distance (microns) 

O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 

Distance (microns) 

Distance (microns) 



KAPl-A #3 LAKE WHlTEFlSH 

Distance (microns) 

I 

Distance (microns) 

O 200 400 600 800 IO00 1200 1400 1600 1800 

Distance (microns) 

wpendix - 62 



Distance (microns) 

O 200 400 600 800 1000 1200 1400 16ûO 1800 2000 

Distonca (microns) 

O 200 400 600 800 10 IZOO 1400 1600 1800 2000 

Distance (microns) 

Appendix - 63 



600 800 

Distance (microns) 

600 800 

Distance (microns) 

Distance Imicronsl 

Appendix - 64 



Distance (microns) 

Distance (microns) 

O 200 400 600 800 1OOO 1200 1400 1600 1800 2000 

Distance (microns) 

Appendix - 65 



Distance (microns) 

Distance (microns) 

Distance (microns) 

Appendix - 66 



KAP1 -û #3 CISCO SCAN 8 
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€01-A #4 BURBOT 

Distance (microns) 

O 200 400 ô00 800 1000 1200 1400 1600 1800 2000 2200 2 4 0  2600 2800 3ûûû 

Distance (microns) 



ED2-D #1 YELLOW PERCH 

O 200 400 600 800 1000 1200 

Distance (microns) 

O 200 400 600 800 1000 1200 

Distance (microns) 

O 200 400 600 800 1200 

Distance (microns) 



N-6 #1 WALLEYE SCAN A 

Distance (microns) 

Distance (microns) 

Distance (microns) 

Appendix - 76 



N-6 Il WALLEYE SCAN 6 

120 , 

200 400 600 800 1000 

Distance (microns) 

Distance (microns) 

Distance (microns) 

Appendix - 77 




