
• 

• 

• 

Patterns in the Distribution and Abundance of Zebra 

Mussels (Dreissena polymorpha) in the St. Lawrence 

River in Relation to Substrate and Other 

Physico-Chemical Factors 

Eric Mellina 

Department of Biology 

McGili University, Montreal 

July, 1993 

A Thesis submitted to the Faculty of Graduate Studies and Research 

of McGi11 University in partial fulfillment of the requirements of the 

Degree of Master of Science 

© Eric Mellina, 1993 



Nome ERI C IlF-! __ L J N/J 
D/sserf;;t/on-Ahstr~lcts Infe/-;;~tlon;' Il a-r~~ed by-;b-r-o-a-'-d7",-g-e-n-e--ra"7l-s-u"7b-le-c-t-ca-t-e-g-o-r-,e-s--:7"Please select the one sublect whlCh most 
neorly devnbCl the content of your d'ls(!rtatlOn Enler the correspond mg four-digit code ln the spa ces pr0vlded 

[ ( ( ) c- C' (/- '/ 1"""""0 1-::-T)1-~~1~(11 U-M-I 
---------'-. SOBJKT TERM SU&JECT CODE 

Subject Categories 

'HI HUMANITIIS AND SOCIAL SCIENCIS 
COMMUNICATIONS AND THI ARTS Psyrhology 0525 
Arrlu'f>,rur.: Ol'i'i Rcouloy 0515 
A"II'II"r/ () ll/ Pel,glolJs 0527 
(1llfJIIlfJ 0900 SCIf'nrps 0714 
{..Hlnl fi o lIll Sccondory 0533 
l"lI·A,I', () l,)/ )0(101 SCIPnr(>"J 0'J14 
Inf()rrmlh,)" #r .. t\((, (Jill Samloqyof 03<10 
Jnurfloll<.fJl ()191 "pertol 0529 
Illml! 1 (~f ''''114 t' f) l'l9 JpochPr T rnlnlflg 0530 
Mrl~'> ( OlTlrT.IJfIIIIJl!rl/l", OIOB Torhnol';fX 0710 
M'J\lf 0411 T~s'\ cm v\l'<.J\Urfllllcnt5. 0288 
lj/",prh (IHrl,rll)rllf~lhfJll 04YI Vo<ollonol 0747 
JII·ol,·, 0465 

LANGUAGE, LlTERATURE AND 
IDUCATION LlNGUl5T1CS 
(J('nNn! 0)1 ~ 
Adnllrw.llfJ'I(,'1 0514 l(IIIC6ungp 

Jenf'rol 0679 "rluh und ( (" .hlllll/lq 0516 Anc.ICflf 0289 
AqllllJlhll'l1 (J'JI/ 

llflglJlst,~ ') 0790 
A,t Oïll 
HIII/II)IJlIl (J1l.J MlJh,(ullurol Ol07 

Mad, r(1 0291 
ll1PrCliurp 

1\1/\111(''1'. 0608 (,('n('llo' 0401 
(fi/lHIIUlllty f ()III'I]I' 0715 ClrMlcol 0294 
(IJllle ohlin {1 ld Irl' .. tf\J{ lIun 07 i7 

Curnpnrofl\lC 0295 
1<IIly' 1"ld!" ",,1 O'JIB M"J,eval 0297 
t 1"Jlu IIlmy 0',24 Modprn 0298 
1!lIWH f' 02/7 Alrl(Jn 0316 
(,IJIf!O!l{ (' 1 !rit f { ~Jlm·.(·IIIHJ 0~19 Amerlco!1 0591 
Il, "ht. 1}/,80 

A'lIC1fl 0305 
111'1 111" 0145 lontd Ion !En~ll\h) 0352 
Il,,101 Y (lI 0120 Cun"J,on Frr~ chi 0355 
Homp f ( nnOf!W " nUB [ n(lllSh 0593 
hJu\lrlol 0171 German l ( 0311 
IOllt'Ot)t. ond llll'rllhJ(1' 0779 l(llin Amerlfon 0312 
MIIIII'lJlIlh. " OlOn Morldle Emlt',n 0315 
Mmll 0127 Rornonce 0313 
l'llIk'llIl'llY "f 099B 510"( and Eml f uropean 0314 l'llyl\( ,,1 0123 

IHE SCIENCES AND ENGINEERING 
IIOlOGICAl SCIENCIS Gecxle-y 0370 
AqrulJlhllf. Geology OJ72 

("-1\1'1(11 0471 GcopliY\lcs 0373 
AU'OIII HH) 028~ Hydrolog,.. 0388 
AnHno! <. ullurt' und M,"eraloqy 0411 

NlthlhOfl 0475 Pal .. obatri ny 0345 
Â11II1101 Pc ltholoqy 11476 Paloœcolog} 0426 
1 (xxi "'( Il fKt ' tlnd Polconloloqy 0418 

It'<.hllt.,lo<y 0359 P"leolOoloqy 0985 
ItHP\hy ,"1( w,ldlllf' (WH Pol)rlOloce - 0427 
Plonl (~\,.)Itll'" 0.\79 PhYIIC,,1 po~rophy 0368 
l'IlIl\ll\lt),,,I,,'IY 0480 f'hy\l(ol OC<'Œloqrophy 0415 
plonr Ph ... '.1(\lnq) 0017 
RtlllqP MllI1~1(lt'1l1t'nt 0117 HIALTH AND ENVIRONMENTAl 
W,x,,1 1,-, Im,'!..'Y 0746 S(IENCES 

IlJOlo,,) frl'.'Irolllllcntul Sr I('ncp~ 0768 (~I'tq(]1 0106 Hl'ollh <,( lenCPI 
Aoolnilly 0:'8l Gt'Ilprnl 0,66 
nlll~l~ 111 '.f.\. ... 0301l Audlolo~, 0300 
(\Olllll\ 0309 
("II 03!<) CIl(~rTll..lt f'f(.PY 0992 

1 \Oh])- OJ79 
l)pnl ",~r ..... 0567 
[ dtl((1fl~n 0350 

Inlnl1lt').!. .. '<l)' 0.153 Hù~p,tU! J\\OQOllf'rncnt 0769 
l~'nt'hl ... 0169 

Ilum(1 n [)PVt"'!opmpnl 0758 
IlIlIn~ll\ '1\ 1'" 0/91 
Mit 1\.,hH ,Illq~ (l41l1 111I1l 1U F1 Ü I(lUY 0987 

M"I,,, ul", ()l(l' Ml'd,(,ne (md C;urqcr\. 0564 

Nt',rr{l\I..'t.~nlt' Llll,' ~\Pl1lol H""llh 034 ' 

L\t'i..lIhXlfl,lf'11'Y l),llt> Nllf\lnQ 0569 
Nutrition 05;'0 

l'h\\r~lll'\(l''' l).jJ 1 
Obslpt"" olld Gyne< ol'JY 0380 R~hjlllth ..... ;\ 0821 

Vt'!t'lln .. l .... ~(Il'rhl' 07/8 Olcupullonal th.!ll, 0'1 

hX,k'X)" 0.1;' 2 Hlf.',n~)y 0354 
t\ll'ph\~" .., 

0l'l1lh" 111ok'\j) 0181 

lJt'I\PF\ll 0786 P",holo\clY 0571 

I\'t .... ~"ol 0"60 Pllll' rnocùloqy 0419 
Phorrnacv 0572 

IARTH SCIENCIS Phl"e111 tllr'''I'1 0382 
RI,lqt'''''- hl,p, t ,fr) 042-" 

Pli ,l" H,'Ollh 0573 

l.~",ht\ll'",tl" lW9t< R"d,olog> 0574 
Rl'lff'Ot,or\ 0575 

PHIL050PHY, RELIGION AND 
THEOLOGY 
Phdoloph y 
Rcll~on 

J'cncral 
B,bl,eal Stud,ol 
Clelgy 
Hlltory 01 
P~tlo',o[,hy of 

Theology 

SOCIAL SCIENCES 
Am('r,con Stud,es 
Anlhropology 

A,chaeorogy 
Culturol 
Physlcol 

BJs'PCSS Adrr:lnl'ltrollon 
General 
Aecountmg 
Banklng 
Manogerncnt 
Marketing 

(onod,an Stueltel 
Economie s 

General 
Agrteultural 
(omme-rc('l BV~IPe~,,> 
Fllloncc 
H,~tory 
labar 
T~eory 

Folklore 
Geog,ophv 
Geronlology 
Hillary 

General 

Spef.'c h POlhology 
Toxlcology 

Home EconomlCs 

PHYSICAl SCIENCES 
Pure ScIences 
Chrmlltry 

General 
Agr ,c ultural 
Analytlcol 
B,ochem' ~ 'ry 
Inor~anlc 
Nue ear 
OrgonlC 
Phorrnaceul,col 
Phr,\Icol 
Poymer 
Radiation 

Malhemallcs 
PhyslCI 

General 
AloustlCS 
All,onomyand 
Astro~hY\lcl 

Alma,p ellc SCience 
Alomle 
Eleclronlcs and Electnclj 
clomento,.y Parhcles anc 

H;ph Eneray 
Flui and Plalma 
Molpeulor 
Nutleor 
Ophc, 
Rod,atlo'1 
Sol,d Stote 

~Iallliles 

Applied Sciences 
Appllod MechanlCl 
CQlPpuler Sc 1 once 

042'2 

0318 
0321 
0319 
0320 
0322 
0469 

0':'] 

0324 
0326 
0327 

0310 
0272 
0770 
0454 
0338 
0385 

0501 
0503 
050'5 
0508 
0509 
0510 
0511 
0358 
0366 
0351 

0578 

0460 
0383 
')386 

0485 
0749 
0486 
0487 
0488 
0738 
0490 
0491 
0494 
0495 
0754 
0405 

0605 
0986 

0606 
0608 
0748 
0607 

0798 
0759 
0609 
0610 
0752 
0756 
0611 
0463 

0346 
0984 

Anclent 0579 
Medieval 0581 
Modern 0582 
Black 0328 
Alnean 0331 
ASla, AUltralta and Oceanta 0332 
Canadlan 
Europ",an 
Lal1r> Amerlcan 
Middle Easlern 
Unlled Stales 

Hlslory of SClenœ 
Law 
Pollilcoi SeIQ",o 

General 
InlernolianalLaw and 

Relallonl 
PubliC Adnllnlliration 

RccrCClhon 
SOCIal Work 
Soclology 

General 
Cnrnlnola;\; and Penolagy 
Dernografl~ 
Elhnlc and aetOl :'tudlel 
Indlvldual and Fam.!y 

Studles 
Induslnal and L"bar 

Relollool 
PublIC and Socd Wei fore 
Socioi Siructure ond 

Devclopmenl 
Theo,y and Methads 

Tranlportallan 
Urban and RdliOnol Plannmg 
Women S Stu ICI 

Engtneenng 
General 
Aero~paee 
AgrICulturel 
Automolive 
BiOrnedical 
Chemlcal 
C'V.! 
Eleetrenles and Electncol 
Heat and Thermodynom'CI 
HydraullC 
Industnal 
Manne 
Matenals SCience 
Meehanlcol 
Metallurgy 
Mmmg 
Nuclear 
Packaglng 
Petroleum 
San,tary and MuniCipal 
Systern SCience 

Goolechnology 
Operations RelcOi ch 
Plostlcs Technology 
Tcxlde Teehnology 

PSYCHOlOGY 
General 
Behavloral 
Cltnlcol 
Develaprnenlal 
ExpPrJrnenlal 
Industrlol 
PCr\onallty 
Phyllologleal 
Plychob.ology 
Psychometrlcl 
Social 

0334 
0335 
0336 
0333 
0337 
0585 
0398 

0615 

0616 
0617 
0814 
0452 

0626 
0627 
0938 
0631 

0628 

0629 
0630 

0700 
0344 
0709 
0999 
0453 

0537 
0538 
0539 
0540 
0541 
0542 
0543 
0544 
0348 
0545 
0546 
0547 
0794 
0548 
0743 
0551 
0552 
0549 
0765 
0554 
0790 
0428 
0796 
0795 
0994 

0621 
0384 
0622 
0620 
0623 
0624 
0625 
0989 
0349 
0632 
0451 



• 

Short titlc rupy for Mastcr's thcsis for Erk Mcllina (8610037) 

{)ri~inal tille (16H l'hanH'tcrs): 

Patterns in the Distribution and Abundance of Zebra Mussels 
(Dreissena polymorpha) in the St. Lawrence River in Relation 
to Substrate and Other Physico-Chemical Factors 

Sluu"' 'itlc (65 l'haructers): 

Zebra mussel distribution and abundance in the St. Lawrence 
River 



• 

• 

• 

Abst ract 

Using SCUBA and an ln. situ method of quantifying substrate 

characteristics, 1 describe patterns of zebra mussel (Drelssena 

polymorpha) distribution along the St. Lawrence and Hudson Rivers 

and in Oneida Lake, New York, and dev€~lop emplncal models for t11elr 

abundance. Calcium-poor waters onginating from rivers drainlnQ the 

Canadian Shield resulted ln a lack of zebra mussel along thH north 

shore of the St. Lawrence River east of Montreal untll Portneuf 

despite an abundance of suitable substrats. CalCium concentrations 

of 15 mg/L or less were found to limit the dlstnbution of zebra 

mussel. The entlre south shore from Cornwall, Ontar 10 to Ile 

d'Orléans, Quebec was colonized by zebra mussel wherever sLiltable 

substrate was found. In the Hudson River, along the south shore of 

the St. Lawrence River and in Oneida Lake vanabllitv ln dEmslty was 

primarily related ta substrate type whlch explained betweHn 38% 

and 91% of the variance. Other factors such as Secchi depth, calCium 

concentration of the water, the presence of crayfish, native unlonld 

abundance and the maximum width of the river at the site increased 

the amount of explained variance across the diffemnt systems The 

influence of substrate type on zebra mussel density and the 

predictions of the model were also tested using data fram the 

literature, where substrate type explalned 75% of the vanability ln 

density. The scatter of the literature data above the predictions of 

the empirical model suggests that North American zebra mussel 

populations may continue to grow before reachin!J equllibrium levels. 

While water chemistry parameters may be useful predictors of the 

11 
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presence or absence of zebra mussel in a given water body, physical 

factors play a far greater role in determining local abundanc9. 

111 
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Résumé 

Cette étude décrit la distribution des moules zébrées (Drelssena 

polymorpha) du fleuve St. Laurent. de la rivière Hudson et du Inc 

Oneida de l'état de New York ainsi que les charactéristlques des 

substrats sur lesquels elles adhèrent. Des modèles empiriques ont 

aussi été développés pour évaluer leur densité. La nve- nord du 

fleuve St-Laurent, de Montréal à Portneuf (Québec) ne contenait 

aucune moule à cause d'une faible teneur en calcium dissous de l'eau 

provenant des rivières drainant le Bouclier Canadien, cecI même avec 

une abondance de substrats convenables. Une concentration de 

calcium dissous de 15 mg/l ou moins semble limiter la distribution 

des moules zébrées. Par contre, la rive-sud du fleuve, de Cornwall 

(Ontario) à l'Ile d'Orléans (Québec) est colonisée par des moules 

zébrées, là ou il y a présence de substrat adéquat. Le long de la nve­

sud du fleuve St- Laurent, dans la rivière Hudson et dans le lac 

Oneida, la variabilité de l'abondance des moules est rel iée 

principalement au type de substrat. Entre 38% et 91 % de la variance 

s'explique par la qualité de celui-ci. D'autres facteurs, comme la 

profondeur visible à l'aide d'un Secchi, la concentration de calcium 

dissous, la présence d'écrevisses, l'abondance de moules Unlonides 

et la largeur maximale de la rivière à chaque site ont tous aidé à 

expliquer une portion de la vanabilité de la densité des moules 

zébrées de ces trois systèmes. L'influence du substrat sur les 

densités des moules et les prédictions des modèles développés ont 

aussi été vérifiées par des données provenant de la littérature, où le 

type de substrat explique 75% de la variabilité de la densité de 

] v 
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moules. Une dispersion des données provenant de la littérature au­

dessus du modèle empinque semble suggérer que les populations de 

moules zébrées de l'Aménque du Nord vont probablement augn lenter 

avant de s'établir à des nIveaux plus stables. Bien que certains 

paramètres de la chimie de l'eau peuvent être utiles afin de prédir la 

présence ou l'absence de moules zébrées dans un cours d'eau, les 

facteurs physiques tels que les substrats jouent un plus grand rôle 

dans la détermination de la densité locale . 

v 
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Preface 

The Faculty of Graduate Studies and Research of McGill University 

requires the following to be cited in theses that include manuscripts 

as part of the thesis in order to inform the external reader of 

Faculty regulations: 

"Candidates have the option, subject to the approval of their 
department, of including, as part of their thesis, copies of the text 
of a paper(s) submitted for publication, or the clearly dupllcated 
text of a published paper(s), provided that these copies are bound as 
an integral part of the thesis 
- If this option is chosen, connecting texts, providing logical 
bridges between the different papers, are mandatory. 
- The thesis must still conform to ail other requirements of the 
"Guidelines Concerning Thesis Preparation" and should be ln a 
literary form that is more than a mere collection of manuscripts 
published or to be published. The thesis must include, as 
separate chapters or sections: (1) a Table of Contents. (2) a 
general abstract in English and French, (3) an introduction which 
clearly states the rationale and objectives of the study, (4) a 
comprehensive general review of the background literature to the 
subject of the thesis, when this raview is appropriate, and (5) a 
final overall conclusion and/or summary. 
- Additional material (procedural and design data, as weil as 
descriptions of equipment used) must be provided where appropnate 
and in sufficient detail (eg. in appendices) to allow a clear and 
precise judgement to be made of the importance and origlnality of 
the research reported in the thesis. 
- ln the case of manuscripts co·authored by the candidate and 
others, the candidate is required to make an explicit 
statement in the thesis of who contributed to such work 
and to what extent; supervisors must attest to the accuracy of 
such claims at the Ph.D. Oral Defense. Since the task of the 
examiners is made more difficult in these cases, it is in the 
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candidate's interest to make perfectly clear the responsibilities of 
the dlfferent authors of co-authored papers." 

This thesis has been prepared in the format of one manuscript 

which has been submitted to the Canadian Journal of Fisheries and 

Aquatic Sciences. The supervisor of my thesis, Dr. J.B. Rasmussen, 

appears as the sole co-author. With respect to the allocation of 

different responsibilities, ail the data collection (including ail 

the SCUBA diving, water chemistry analyses and literature 

searches) was conducted by myself. also analyzed ail the 

data and wrote in full both the thesis and manuscript. 0 r. 

Rasmussen provided constructive discussions and editorial 

criticisms ln addition to the normal supervision and advice given by 

the thesis supervisor. 

The originality of this research is first believed to lie in the 

documentation of previously unknown distribution al and abundance 

patterns of zebra mussels in the St. Lawrence River. In addition, this 

study describes a novel i n ~ method of quantifying different 

substrate types allowing for the development of empirical zebra 

mussel abundance models for both rivers and lakes, and allows for 

direct density comparisons to be made between different sites or 

across different water bodies. Finally, this study proposes a calcium 

threshold level that is believed to limit the distribution of zebra 

mussels based on data gathered across a naturally occurring calcium 

gradient along the St. Lawrence River. 
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Introduction 

The zebra mussel (Dreissena polymorpha) has spread rapldly since 

its introduction and subsequent dlscovery in Lake St. Clair in 1988 

(Hebert et al. 1989) and is now firmly established in ail the Great 

Lakes and in waterways along much of north-eastern North America 

(Neary and Leach 1992; New York Sea Grant Extension 1993). 

Considering the mussel's potential economlc and ecologlcal Impacts 

(Cooley 1991; Griffiths 1993), identifying factors affectlng thelr 

abundance and distribution would be invaluable for the design and 

implementation of control programs. 

To date there are no powerful predictive models for zebra mussel 

abundance. Attempts at modelling abundance have focussed on water 

chemistry variables as the primary predictors of zebra mussel 

density. Stanczykowska (1964) found no direct correlation between 

mussel densities and limnological vanables su ch as pH, Secchi depth 

and calcium concentrations of the water. Strayer (1991) 111 hls 

literature review was only able to find a weak, statistically 

significant correlation between density and mean annual air 

temperature, and concluded that it was not possible to predlct zebra 

mussel abundance from published sources based on avallable 

environmental data. More recently, Ramcharan et al. (1992a) had 

better success in predicting zebra mussel occurrence and density 

using calcium, phosphate, nitrate and pH as predictors . 
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AlttlOUgh the availability of suitable substrate is essential for the 

survival of post veliger zebra mussel (Stanczykowska 1977; 

Lewandowskl 1982; Mackie et al. 1989), no published models have 

used substrate variables predictively. Physical factors are 

important determmants of zoobenthic biomass (Rasmussen 1988), 

and Harman (1972), Horne and Mclntosh (1979) and Stern (1983) have 

shown qualltatively how different substrate types influence 

freshwater unlonid abundance and distribution. A quantitative 

evaluation of substrate in combination with important water 

chemistry parameters may therefore improve the predictions of 

zebra mussel abundance models. 

Zebra mussel settlement and colonization along the St. Lawrence 

River was expected given the potential for rapid downstream 

dispersal of larvae from the Great Lakes and the influence of human 

activities (Griffiths et al. 1991). While there have been qualitative 

studies on the abundance of freshwater mussels in large rivers (e.g. 

Wolff 1969; Thiel 1981; Miller 1988), their habitat requirements 

remain largely unquantified due to sampling difficulties imposed by 

deep, fast flowing waters (Stern 1983; Holland-Bartels 1990). The 

purpose of this study was to determine the physical and chemical 

factors that influence zebra mussel abundance and distribution along 

the St. Lawrence River across a naturally occurring gradient of 

calciu m concentration between the north and south shores. 1 

hypothesize that along the north shore in areas draining the Canadian 

Shield low calcium concentrations would make mussels rare or 

absent. By contrast, high calcium levels and a good supply of larvae 
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from the Great Lakes along the south shore would probably result ln 

the potential for a high degree of substrate related variabliity ln 

zebra mussel density. An iD. ~ method for quantitative substrate 

characterization was developed that enabled me to determlne the 

influence of substrate type on zebra mussel density and ta develop 

empirical models using linear regression analysis. The appllcabllity 

of the method was also tested in the Hudson River and in Onelda 

Lake, New York. Finally, the robustness of the empirical models was 

tested with data from literature studies that reported both zebra 

mussel densities as weil as general descriptions of assoclated 

substrates. 
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Materials and Methods 

Study Areas 

The St. Lawrence study area comprised 57 freshwater sites along 

the St. Lawrence River between Cornwall, Ontario and Ile d'Orléans, 

Quebec, including 4 sites in the Lake of Two Mountains, Ouebec (Fig. 

1). This po rtlon of the river was chosen for the variability in the 

underlying geology of the drainage basins that gave me the 

opportunity to study the effect of water chemistry on zebra mussel 

distribution. Ile d'Orléans represents the limit of salt water coming 

tram the Gulf of St. Lawrence, and tides are felt upstream until Lac 

St. Pierre (Couillard 1982). 

Almost the entire water mass along the St. Lawrence River 

between Cornwall and Montreal originates from the Great Lakes and 

is characterized by a greenish hue and relatively high calcium 

concentrations (Lamarche et al. 1982; Vincent et al. 1991). Along 

thls section of the river the drainage basin is composed primarily of 

calcareous sedimentary rock (Clark and Stearn 1968; Bobée et al. 

1981). East of Montreal the existence of different hydrological 

corndors results ln a distinct calcium gradient between the two 

shores of the river. Water along the south shore with its ul1derlying 

calcareoL!s geology is fed by the Great Lakes and continues to contain 

high calcium concentrations. Along the north shore, however, the 

main sources of water are the Ottawa and St. Maurice Rivers, both of 

which drain parts of the erosion-resistant Canadian Shield (Frenette 
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and Verrette 1976; Lamarche et al. 1982). The result is a thln band 

of brownish, calcium-poor water running along the north shore of the 

St. Lawrence River (east of the point of confluence with the Ottawa 

River) joined to a large band of green, calcium rich water along the 

south shore originating from the Great Lakes (Lamarche et al. 1982; 

Vincent et al. 1991). This distinct calcium gradient remains stable 

until the vicinity of Portneuf (Fig. 1), where the tidal influence is 

sufficient to ensure complete mixing of the water mass obliterating 

the water chemistry gradient (Couillard 1982). 

Sampling along the St. Lawrence River was conducted between 

mid-July and the end of August, 1992. Sites were chosen using 

navigational charts published by Fisheries and Oceans Canada which 

give approximate substrate compositions. Between Montreal and Lac 

St. Pierre the river bed is primarily sandy and was therefore 

sampled less intensively than the rest of the river. Sites were also 

chosen to maximize the variability in calcium, depth, and Secchi 

visibility. In addition to natural substrates, 2 sites were chosen 

along the river representing artificial structures: the walls 1) at the 

port of Becancour, Quebec and 2) within Bassin Louise, Quebec, which 

is a completely enclosed basin with access to the main river IImited 

by locks and protected from some of the physical factors affecting 

the rest of the river (Le. wind, waves, and current). 

Sampling was also conducted at 11 sites along a freshwater tidal 

section of the Hudson River trom Catskill to New Hamburg during the 

first week of July, and at 5 sites in the hardwater, moderately 
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eutrophie Oneida Lake in upper New York State during mid-June 1992 

(Fig. 1). These two systems were investigated to assess whether 

zebra mussel distnbution in relation ta substrate was similar 

across different systems and to test the applicability of the method 

of substrate quantification in a second river system and in a lake. In 

addition, these 2 systems were also characterized by early stages of 

zebra mussel colonization making them ideal for comparisons with 

the St. Lawrence River. 

Sampling techniques 

SCUBA diving was employed at ail sites to determine zebra mussel 

densities. Under certain conditions SCUBA gives more accurate 

estimates of density than bottom samplers (Wisniewski 1974; 

Stanczykowska 1977) and also allows for substrate observations 

(Stern 1983). In addition, the close proximity of the diver to the 

substrate meant that zebra mussel as small as 2-3 mm in length 

were clearly discernible. 

A 1 m2 aluminum quadrat was randomly placed on the river/lake 

bottom and ail visible zebra mussel within it were counted in~. 

Due to safety problems encountered with fast currents along the St. 

Lawrence River, subsequent quadrats within a site could only be 

placed by blindly throwing the quadrat away from the diver (thus 

minimizing bias) and repeating the counts. While this sampling 

protocol was not strictly random, biases have further been reduced 

by averaging estimates over each site when performing the analyses. 

6 



• 

• 

• 

The quadrat had a measuring tape attached to it to allow for 

measurements of mussel and rocks and was adjustable so that 

smaller areas could be counted when densitles exceeded 

approximately 100/m2. The number of replicate quadrats that were 

counted (and their areal coverage) were determined according to 

Downing and Downing (1992), who predicted that wlth a density of 

100 mussels 2 replicate 1 m2 quadrats were reqUired to obtain a 

precision of 20%. Since 1 attempted to count appraximately 100 

mussels for each quadrat (this being the optimum number based on 

experience to preserve reliability, efficiency and safety), the 

quadrat size varied fram 0.01 m2 to 1 m2 and the number of quadrats 

counted at each site varied accordingly (fram 3 to 20). Replicate 

quadrats were counted at each site where zebra mussel were present 

with the exception of 5 sites in the St. Lawrence where only 1 

quadrat was counted per site due to difflculties encountered with 

fast currents. An underwater light was used to ald ln the detectlon 

of mussel in areas of low visibility. Size distributions and biomass 

of zebra mussel were not recorded due to fast currents whlch did not 

allow me time to remove ail the mussels fram the substrate. 

However, biomass of zebra mussel IS usually related to density 

within a given water body (Stanczykowska 1976) 

ln. §.lli.L counting proved the most efficient method for estimating 

zebra mussel density, enabling the diver ta descend ta the river/lake 

bottom unencumbered with collecting bags and allowing for a 

greater number of quadrats ta be counted. The accuracy of the in .sl1.t.! 

density estimates was tested by removing zebra mussel fram wlthin 

7 



• 

• 

• 

10 quadrats and bringing them to the surface for counting. These 

counts were then compared to the in ~ counts for the sa me 

quadrats. Differences between the 2 methods did not exceed 5%. 

Densities from test counts ranged from approximately 10 mussels to 

150 mussels, which was within the range of mussels counted in each 

quadrat during sampling. 

Substrate composition was also determined in ~ by measuring 

the lengths of the different rocks within a quadrat and then visually 

estimating the percent areal coverage of each type of substrate of a 

given size (e.g. a quadrat could be covered by 25% sand, 25% gravel of 

3 cm diameter, 50% boulders of 30 cm diameter). The different 

substrate types were converted to the phi scale by transforming 

them to the negative log base 2 of the particle size in millimeters 

(Hakanson and Jansson 1983). Each substrate's phi value was 

multiplied by its percent contribution to the total coverage and then 

summed to give a mean weighted particle size (henceforth referred 

to as substrate size) for each quadrat. The more negative the 

substrate Slze, the larger the particle. Thus, for each quadrat an 

estimate of zebra mussel density (which included ail zebra mussel 

counted within a quadrat) and an associated measure of substrate 

size was obtained. Artificial walls were dealt with by assuming 

they represented a particle with a length of 1 m and were assigned a 

phi value of -9.967 (100% coyer with a 1 000 mm particle). Sampling 

methods remalned constant across the 3 systems (the St. Lawrence 

and Hudson Rivers and Oneida Lake) and ail measurements were 
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made by the same diver 50 as to minimize bias when assessing 

mussel density and substrate size. 

The presence or absence of crayfish was determlned by uncovenng 

rocks around an area of approximately 100 m2 at each site and was 

accounted for in the regression models with a dummy variable 

Native unionid abundance was estimated semi-quantltatively by 

grouping them into 3 categories based on their areal coverage wlthin 

a quadrat: low (0~25%), medium (26-50%) and high (>50%), and was 

accounted for in the multiple regresslon model with a dummy 

variable. Because sites along the St. Lawrence River downstream 

from Lac St. Pierre, Quebec as weil as sites along the Hudson Hiver 

eXlJerience daily fluctuations in water levels due to tldes, ail depth 

estimates were taken from navigational charts on whlch depths 

were reduced to the lowest normal tide. The maximum wldth of the 

river as weil as the distance fram site to shore at each site were 

also measured from these charts. Sites wlthin Bassin Louise were 

included in the multiple regressions for the St. Lawrence River and 

were accounted for with a separate lentlc/lotlc dummy variable due 

to their isolation fram the main river channel. 

A water sample was taken at each site in clean, plastic bottles 

and refrigerated for future analysis. In the laboratory, samples were 

analyzed for water chemistry according to the followlng methods 

modified from Clesceri et al. (1989) by Hach, Inc. for use on a Hach 

portable colorimeter: Calcium (titration usmg CalVerR indicator), 

true and apparent col or (platinum-cobalt colorimetric method) and 
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total phosphorus (ascorbic acid method according to Griesbach and 

Peters 1991). 

Linear Regression Analysis 

Ali statistical analysos were performed using SYSTAT 5.1 

(Wilkinson 1989) Any variable spanning more than 1 order of 

magnitude was log base 10 transformed while zebra mussel 

densities were 10910 (X+ 1) transformed ta reduce undue influences 

of large values and to stabilize the variance of the dependent 

variable (Kleinbaum et al. 1988). In addition, estimates of ail the 

variables were averaged over each site before performing the 

analyses. 1 searched for statistical relationships between zebra 

mussel density and the physical and chemical variables gathered at 

eac!' site. Significant differences in calcium levels between shores 

along the St. Lawrence River led me to analyze the entire data set 

for the St. Lawrence using 2 approaches: 1) by grouping the variables 

a posterio ri according to shore (to remove the affect of substrate 

size on denslty along the calcium-poor north shore) and 2) by 

analyzing the entire data set irrespective of shore. 

Linear regression analysis was first attempted between mussel 

denslty and the quantitative characterization of substrate for each 

system separately to determine the amount of variability in density 

that could be explained using substrate size alone. Multiple 

regressions were run using the entire data set for each system to 

generate the mest powerful predictive models. Regression 
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diagnostics analysis (including residual analysis, normal probabllity 

plots and tests for multicollinearity between predictars) were run 

for ail the regression models to ensure the appropnateness of a 

linear model, that the assumptions underlying the models were nat 

violated, and that spurious correlations were not generated 

(Kleinbaum et al. 1988). 

The extent (if any) of the increase in zebra mussel abundance alang 

the St. Lawrence River between 1991 and 1992 was also determined 

using density and substrate size estimates (gathered using a similar 

protocol) from an additional 11 sites sampled dunng a preitminary 

study conducted in 1991 (Fig. 1). These density estimates were 

compared, using an ANCOVA, to estimates fram 11 sites ln the 

present study that had comparable substrate size values. The 

regression coefficient for the year factor was used as an estimate 

of the average increase in density along the river between the 2 

years. 

Literature studies 

To test the robustness of the method of quantifying substrate and 

to support the importance of substrate size in determining zebra 

mussel density, a composite model was formed relating density ta 

substrate size using the data gathered in Oneida Lake and along the 

Hudson River and the south shore of the St. Lawrence River. The 

model included a categorical variable to distingJish between lakes 

and rivers and also included Bassin Louise (which was classified as 
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a lake given the protected nature of the enclosure). The predictions 

of this composite model were then tested with a literature data set 

compiled trom mostly European studies of lakes and rivers that 

jointly reported a general description of substrate type and zebra 

mussel abundance. The literature studies were chosen regardless of 

the methods used to gather density estimates. A total of 38 studies 

were found, including 5 recent studies of zebra mussel in the Great 

Lakes and a preliminary study carried out in the Great Lakes in 1991 

by myself which yielded 6 additional sites. These 6 sites were not 

combined with the sampling data set since quantitative density 

estimates were coupled to qualitative substrate descriptions. 

Substrate descriptions were converted ta the phi scale according 

ta Hakanson and Jansson (1983) and to the Wentworth classification 

as follows: mud/clay=9. silt=6.5, sand=2, gravel=-3.5 and boulders=-

8. Stones were arbitrarily assigned a length of 10 cm and a phi value 

of -6.644. Where densities were reported tor hydrotechnical 

installations it was assumed these were taken from walls and were 

therefore assigned a phi value of -9.967 as the corresponding 

substrate size. Sorne studies (e.g. Lundbeck 1926; Stankovic 1951) 

reported mussel densities on a bed of empty shells (a "shel! zone"). 

ln these cases the substrate was assumed to be completely covered 

with shells averaging 2 cm in length and was assigned a phi value of 

-4.322 (100% cover with 2 cm shells). 

When a combination of different substrates was reported, their 

respective contributions to the weighted ph i value were equally 
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divided. For example, if sand and 9 ravel were reported as the 

substrate for a particular site, then 50% of the final phi value was 

composed of sand and 50% was composed of gravel. Whenever a study 

reported different mussel densities for a particular substrate type, 

the densities wer9 averaged for that substrate within the study. 

Sites with macrophytes were avoided since macrophytes were rare 

in the present study and were not accounted for in the models . 
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Resu Its 

St. Lawrence River 

When the calcium and density data were pooled for ail 3 systems, 

there appeared to be a calcium threshold level of 15 mg/L below 

which no zebra mussel were found (Fig. 2). For the St. Lawrence 

River, with its natural calcium gradient between the north and south 

shores, sites were classified according to shore based on this 

calcium threshold level of 15 mg/L. Calcium levels in the water 

were significantly different between shores (t-test, p<O.001) and 

ranged from 8-14 mg/L for the north sho re of the St. Lawrence and 

16-38 mg/L for the south shore (Table 1). North shore sites were 

localized along the section of the river between Montreal and 

Portneuf while south shore sites were located along the entire 

section of the river between Cornwall and Ile d'Orléans. 

The north shore was devoid of zebra mussel despite an abundance 

of large rocks while the entire south shore was colonized where ever 

suitable substrate (defined as having a substrate size value less 

than 2 which corresponds to 100% sand) was found (Table 1). 1 did 

not find settled zebra mussel directly on sand or on smaller grain 

sizes. At sites where the substrate was composed of sand or silt, 

native unionids often provided the only available hard substrate. The 

highest zebra mussel densities were found in Bassin Louise, at the 

port of Becancourt and off the island of Montreal. In general 

densities were higher on artificial substrates than on natural 
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substrates. No settled zebra mussel were found in the Lake of Two 

Mountains. In addition, the comparison between densilies at the 11 

sites from 1991 with comparable sites from this study revealed an 

average 6-fold increase in zebra mussel abundance along the St. 

Lawrence River between 1991 and 1992. 

Using linear regression, average substrate size by Itselt was able 

to explain 38% of the variability in zebra mussel denslty for south 

shore sites (Fig. 3). In the protected site of Bassin Louise, densitles 

were over an order of magnitude higher than in the main river 

channel (Fig 3). The best overall abundance model for the south 

shore (r2=0.83) had zebra mussel density negatively correlated ta 

substrate size, Secchi depth and the presence of crayflsh and 

positively correlated ta the categorical classification of unlonid 

abundance, to the lotic/lentic dummy variable and ta calcium 

concentrations in the water (Table 2). The addition of north shore 

sites resulted in a slight decrease in the predictive power of the 

multiple regression model, and the presence of crayfish no longer 

became a significant predictor at the 0.05 level (Table 2). Sampllng 

was not biased by the date on which it took place as calendar day 

was an insignificant predictor ln the model. There was no 

multicollinearity between predictors and none of the assumptions 

underlying linear regression models (Kleinbaum et al. 1988) were 

via 1 ated . 
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Hudson River and Oneida Lake 

When the density and substrate size data were combined across ail 

3 systems, mussel densities in the Hudson were comparable to those 

found in the St. Lawrence, whlle densities in Oneida Lake were 

generally an order of magnitude higher given the same substrate size 

values (Fig. 4). In the Hudson River, substrate size as a predictor was 

able to account for 670/0 of the variability in zebra mussel density 

(Fig. 4). The best multiple regression model for the Hudson (r2::::O. 89) 

had zebra mussel density negatively correlated to substrate size and 

posltively correlated to the maximum width of the river at the site 

(Table 2). 

ln Oneida Lake, substrate size accounted for 91 % of the variability 

in zebra mussel density (Fig. 4). Adding calcium concentrations of 

the water as a predictor in a multiple regression explained a further 

8% of the variability (Table 2). Oneida Lake also had the highest 

calcium concentrations of ail 3 systems (ANOVA, p<O.001). 

The slopes of the regressions of density against substrate size 

were similar in ail 3 systems (t-tests, p>O.15; Fig. 4). However, 

while the intercepts of the St. Lawrence and Hudson River 

regressions were also similar to each other (Hest, p>O.30), the 

intercept for the Oneida Lake regression was higher th an those of 

the 2 river systems (t-test, p<O.001). The St. Lawrence sites that 

were judged to be lentic (Bassin Louise) fell along the Oneida Lake 

regression line. Substrate size accounted for the greatest proportion 
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of variability in zebra mussel density in the models and was the 

common thread across the 3 systems (Table 3). 

Literature Studies 

The composite model explained 67°/0 of the variability ln zebra 

mussel density from the 3 systems 1 investigated (Table 2). In 

testing this model, the literature lake densities tended ta fall above 

those predicted by the lake regression (Fig. 5). This IS particularly 

evident for the North American lakes. The river denslties, on the 

other hand, tended to be scattered on elther side of the predlcted 

river regression (Fig 5). In a model generated from the Iiterature 

data set substrate size explained 75% of the variablilty ln zebra 

mussel density for the 72 lake sites and 29% of the variabihty in 

density for the 18 river sites (Table 2) . 
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Discussion 

Chemlcal factors 

5uitable water chemistry seems primarily to set the threshold 

for the presence of zebra mussels rather th an determine their 

abundance, and calcium levels along the north shore of the St. 

Lawrence River may be the limiting factor affecting their 

distnbutlon within the river. Sprung (1987) observed limited 

survival of zebra mussel larvae at calcium concentrations of 12 

mg/L, while Vinogradov et al. (1993) found waters with calcium 

concentrations below 10-12 mg/L to be unsuitable for normal zebra 

mussel calcium metabolism. The minimum calcium requirement for 

survival and growth of adult zebra mussel was also found to be 

between 3 and 8 mg/L but in the order of 13 mg/L for veligers (5. 

Hincks and G.L. Mackie, University of Guelph, pers. comm.). These 

results support the findmgs of the present study of a calcium 

threshold of 15 mg/L limiting zebra mussel distribution along the 

St. Lawrence River. 

Neary and Leach (1992) stressed the need to account for the 

natural temporal variability in calcium concentrations when trying 

to determine threshold levels. The calcium threshold value of 28.3 

mg/L reported by Ramcharan et al. (1992a) may be an overestimation 

given the presence of zebra mussel along the south shore of the St. 

Lawrence River at sites with calcium concentrations of 16 mg/L 

(Table 1). However, my calcium estimates are derived from single 
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samples, while the data from Ramcharan et al. (1992a) were 

averaged over longer periods of time. Ta test whether or not my 

estimates are representatlve of mean values, 1 turned ta publlshed 

studies that report calcium data for the St. Lawrence River averaged 

over longer time periods. Vincent et al. (1991) found mean calcium 

concentrations (averaged over a penod between May and August 

1982) of 17 mg/L for a north shore site and 48 mg/L for a south 

shore site situated near Becancour, Quebec. Similarly, Couillard 

(1982) found mean calcium concentrations of 12 mg/L for north 

shore sites and 47 mg/L for south shore sites covenng a period of 5 

months, and Vincent (1981) reported a mean calCium concentration 

of 29 mg/L averaged over a period of a year for a south shore site 

situated 40 km east of Lac St. Pierre, an area in which 1 found adult 

zebra mussel. Further support for the valldlty of my threshold level 

of 15 mg/L can be found if one conslders that marked seasonal 

fluctuations in calcium levels usually occur in hard-water systems, 

while calcium levels in soft water systems (typlcally below 

saturation levels) exhibit only mlnor seasonal vanatlons (Wetzel 

1983). Given that the amount of dissolved calcium ln a water body 

depends on many other factors (such as temperature and pH), 1 can 

only apply my threshold level of 15 mg/L wlth confidence ta the St. 

Lawrence River. Future studies may investigate the generality of 

this threshold by seeing whether softwater lakes draining the 

Canadian Shiled are successfully colonized by zebra mussel. 

While calcium may limit zebra mussel distribution, it is in itself a 

poor predictor of abundance. In the denslty models for the St. 
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Lawrence and Onelda Lake, calcium was a significant predictor but 

only explained a small portion of the variability in mussel density 

(Table 2). In addition, Ramcharan et al. (1992a) had greater success 

in predicting zebra mussel occurrence (presence/absence) than 

density using pH and calcium as predictors, although in their study 

the data were averaged for different water bodies while mine were 

averaged over different sites. 

Ptlysical factors 

Within sites with suitable water chemistry, the survival of zebra 

mussel IS dependent on their finding suitable substrates 

(Stanczykowska 1977; Lewandowski 1982). In the present study, the 

majority of variability in zebra mussel density along the St. 

Lawrence and Hudson Rivers and in Oneida Lake was accounted for by 

substrate size (Figs. 3, 4), supporting the ide a that physical factors 

play a more important raie in determining local abundance than 

water chemistry variables (Neary and Leach 1992). In addition, 

although mussel densities in each system were affected by different 

factors, substrate size remained the dominant factor across the 3 

systems (Table 4). Even in the absence of these detailed data, a 

conversion of gross substrate descriptions ta the phi scale showed 

substrate slze to be an important determinant of mussel density in 

the literature data set (Table 2, Fig. 5). 

The contribution of substrate size ta explaining variability in 

density varied between systems, explaining a greater portion in lake 
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models than in river models (Table 2, Fig. 4). While f.his may simply 

be an artifact of disparate sam pie sizes, it may al~,o reflect some 

fundamental differences between nvers and lakes. Zebra mussel 

densities are usually lower in nvers than ln lakes (Stanczykowska 

1977) and in comparing the 3 systems densities in Onelda Lake were 

generally 1 order of magnitude higher than ln either river system 

given the sa me substrate size values (Fig. 4). If densities ln lakes 

are governed primarily by substrate size (as shown by the Oneida 

Lake model), then mussel populations in rivers may be affected by 

other factors su ch as the effects of current on larval settlement and 

the possible dilution of larval densitles due to rapid flushing in 

rivers. These effects may be manifested indirectly in lowered adult 

densities in rivers when compared to lakes 

Other physical variables in the data set that potentially affect 

sediment particle size such as slope and exposure (Rowan et al. 

1992) were not of significant value in the models, posslbly due to 

the narrow range of these values and the overr;ding importance of 

substrate size. Exposure however was highly correlated (r=O.74) to 

substrate size in the Oneida Lake data set and may p~ove useful as a 

surrogate variable for substrate in future studles Macrophytes, 

although absent at the sites, can provlde Important substrates for 

larval settlement (Lewandowski 1982) and will need to be 1 ncluded 

in future general models of zebra mussel abundance 

The scatter around the density-substrate size models may be 

further reduced by refining the method of quantifying substrate. 
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Mussel densities were only determined within a projected metre 

square boundary and hence did not take into account real surface 

area available for colonization. The precision of the models may 

therefore be improved by including a measure of surface area in 

addition to the conversion to phi. To further reduce bias and improve 

the accuracy of the assessment of percent areal cover by different 

substrates, an underwater photograph can be taken of the quadrat on 

the river or lake bottom (Bohnsack 1979; Foster et al. 1991). The 

photo can then be scanned with the aid of a computer and the percent 

cover of each substrate type determined more accurately, possibly 

increasing the predictive power of models and reducing between 

diver bias. 

The negative correlation between zebra mussel abundance and 

Secchi depth (Table 2) may reflect a preference for dark areas in the 

St. Lawrence River. Post veliger zebra mussel exhibit negative 

phototaxis in that they preferentially colonize the undersides and 

crevices of different substrates (Morton 1969a), although this 

preference may also be linked to the avoidance of predators, water 

turbulence, and current and ice scour (Yankovich and Haffner 1993). 

Secchi was found to be collinear with total phosphorus (TP), and if 

TP can be considered a measure of productivity in rivers then the 

correlation between Secchi and abundance may reveal a positive 

association between abundance and productivity. Ramcharan et al. 

(1992a) found phosphorus concentrations to be negatively correlated 

to zebra mussel density although over a wider range of nutrient 

levels. Stanczykowska (1984) suggested that nutrient levels may 
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only adversely affect abundance at high corcentrations, and the 

difference in the range of values may account for the difference in 

trends observed between their model and "ine. 

Unionid abundance was also an import2~t factor in determining 

zebra mussel abundance in the St. Lawrence River (Table 2). When 

presented with a choiee of different substrates on which to settle, 

Lewandowski (1976) found native unionids ta be preferred by zebra 

mussel. In addition, on soft substrates (e.g. mud, sand) unionlds often 

provide the only hard substrate for initial mussel colonizatlOn 

(Lewandowski 1976; Hebert et al. 1991; Hunter and Balley 1992) 

Unionids were heavily colonized in the Hudson River and in Onelda 

Lake, but were not significant predictors ln the models representlng 

these systems. The importance of hard substrate avallabllity may 

also decrease over time as zebra mussels begin colonizlng soft 

substrates by forming mats extending trom an initiai point ot 

colonization such as on native unlonids or on dead zebra mussel 

shells (Morton 1969b; Lewandowski 1982; Ramcharan et al 1992a). 

Although crayfish are unlikely to control whole zebra mussel 

populations, they may limit local densities and size distrrbutlons 

(H.J. Maclssac. University of Windsor, pers. comm.). The negative 

correlation between mussel density and the presence of crayflsh ln 

the St. Lawrence River (Table 2) may be an Indication of the 

potential impact crayfish can exert on mussel densltles Size 

selective predation of zebra mussel by crayflsh has also been shown 

by Piesek (1974). Blue crabs (Callinectes sapidus) may have a 
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simllar effect on local densities of zebra mussels in the Hudson 

River where the two ranges overlap (Strayer et al. 1993), and 

although crabs were noticed du ring sampling in the Hudson they were 

not sampled rigorously and therefore not included in the analyses. 

Based on 16 European studies, Strayer (1991) found zebra mussel 

abundance to be related to stream size in running waters, with 

mussels rarely occurring in streams less than 30 m wide. A similar 

pattern appeared in the Hudson River, where the maximum width of 

the river at the site was positively correlated to mussel density 

(Table 2). However, as Strayer (1991) pointed out, no ecological 

mechanisms are known to explain this pattern. 

Comparison with literature studies 

ln certain European lakes zebra mussel populations have fluctuated 

dramatically (Stanczykowska and Lewandowski 1993), and the 

temporal variability in densities must be addressed before any 

predictive model can be successfully used. While the present study 

sheds little IIght on this aspect, if one assumes European estimates 

to be representative of more equilibriated populations than those 

seen in North America, the literature model suggests that densities 

in Oneida Lake are likely to continue to increase whereas the river 

populations may be closer to equilibrium levels (Fig. 5). 

Alternatively, sorne authors have 3uggested that populations may 

overshoot equilibrium levels only to crash to more stable levels as a 

result of food or of some other resource limitation (Cooley 1991; 

24 



• 

• 

• 

O'Neill and MacNeil1 1991; Maclsaac et al. 1992), but the evidence for 

this is tenuous. Population fluctuations would also be more difflcult 

to model, although attempts in this direction have been made 

(Ramcharan et al. 1992b). 

There is evidence for increases in zebra mussel populations 

between 1991 and 1992 within the 3 systems 1 investlgated. During 

this period the population along the Hudson River increased bv 100-

1000 times (Strayer et al. 1993), while in Oneida Lake densities 

have increased approximately 30-fold from June to October of 1992 

(E. Mills, Cornell University, unpublished data). Along the St. 

Lawrence River the increase has been less dramatic, with densities 

increasing 6-fold on average. Further monitonng may help to 

establish the extent of future population increases in these 3 

systems, and may also help determine whether or not the river 

populations are approaching equilibrium compared to Oneida Lake . 
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Conclusions 

ln summary, this study linked zebra mussel abundance to a variety 

of physical and chemical variables in rivers and lakes. Water 

chemistry appears to set a threshold level for the presence of zebra 

mussels, and once waters are chemically suited to support zebra 

mussel physiological processes, physical factors (in particular 

substrate size) tend to limit their local abundance. My sediment 

evaluation method allows for a quick visu al assessment of the 

substrate and a simple mathematical conversion. This method also 

allows for density comparisons to be made between different sites 

or across diferent systems by simply comparing comparable 

substrate values. In addition, this study reinforces the need for site 

specifie data given the local nature of zebra mussel settlement and 

colonization. Predictive models such as these in conjunction with 

maps forecasting the potential spread of zebra mussels will be 

highly effective in aiding control and monitoring programs by 

pinpointing areas most likely to be invaded and allowing for an 

assessment of the degree of infestation. 
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• • Table 1. A veraged physical and chemical characteristics of sites along the St. Lawrence and Hudson Rivers and 

Oneida Lake. SE is standard error; n is the number of sites. 
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• • Table 2. :\1uluple regression models obtained for zebra mussel density for the Sr. Lawrence and Hudson Rivers. 

Oneida Lake and the literature studies. Numbers in brackets following predlctors are standard errors of the 

coeffICIents. SIgnifIcance: * p<O.05. ** p<O.005. **'" p<O.OOl. 

Equation 

St. Lawrence River (South Shore) 
(1) Log Density = 0.05 - 0.13 Substrate (0.03)*** - 1.86 Log Secchi (0.39)*** 

+ 0.05 Calcium (0.05)** + 0.69 Clams (0.13)*** . 0.41 Crayflsh (0.16)* 

+ 2.21 Lennc SIte (0.32)*"'* 

St. Lawrence (North and South Shores) 
(2) Log DensIty = -1.67 - 0.09 Substrate (0.02)*** - 1.79 Log Secchi (0.38)*** 

+ 0.11 CalcIUm (0.01)*** + 0.52 Clams (0.13)*** + 2.78 Lenuc Site (0.33)*** 

Hudson River 
(3) Log Density = - 3.35 - 0.30 Substrate (0.03)*** 

+ 4.20 Max. Width of River (0.96)** 

Lake Oneida 
(4) Log Density = 1.70 - 0.17 Substrate (0.003)*** + 0.02 Calcium (0.001)** 

Composite Model (St. Lawrence south shore, Hudson, Oneida) 
(5) Log DensIty = 1.38 - 0.19 Substrate (0.02) *** + 1.14 Lake (0.23) *** 

Litf'rature Studies (Lakes) 
(6) Log Density = 2.34 - 0.23 Substrate (0.02)*** 

Literature Studies (Ri vers) 
(7) Log Density = 1.43 - 0.14 Substrate (0.05)*** 
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r 2 SE of est. n 

0.83 0.45 46 

0.82 0.56 57 

0.89 0.51 11 

0.99 0.02 5 

0.67 0.66 62 

0.75 0.82 72 

0.29 1.05 18 
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Table 3. Comparison of predictors and their influence on zebra mussel density in the models for the 

St. Lawrence and Hudson Rivers and Oneida Lake. 

St. Lawrence River p value Hudson River p value Oneida Lake p value 
(ail sites) 

Substrate (Phi) (-) <0.001 Substrate (Phi) (-) <0.001 Substrate (Phi) (-) <0.001 

Log Secchi (-) <0.001 Max. Width of River (+) 0.002 Calcium (+) 0.003 

CalCium (+) <0.001 

Clams (+) <0.001 

Crayflsh (-) 0.01 
(south shore only) 

Lentic Site (+) <0.001 

.+3 
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Figure 1. Study areas along the St. Lawrence River. Stippled areas 

indicate calcium poor waters. Approximate coordinates for the 

section of the Hudson River that was sampled and for Oneida Lake 

are shown. 
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Figure 2. Plot of zebra mussel density versus calcium 

concentration of the water (averaged over each site) for the 

combined data set including ail 3 systems. Only those density 

estlmates associated with suitable substrate sizes (with phi values 

less than 2) were chosen to remove the effects of unsuitable 

substrate on mussel density. The threshold concentrations suggested 

by this study and by Ramcharan et al. (1992) are shawn. 
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Figure 3. Relationship between zebra mussel density and substrate 

size (the mean weighted pbi value for each quadrat averaged over 

each site) for the St. Lawrence River (R2 =0.38, p<O.001, n=41). 

Densities fram Bassin Louise are not included in the regression. 
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Figure 4. Relationship between zebra mussel density and substrate 

size averaged over each site for the 3 systems combined. The 

regression equations for the Hudson River and Oneida Lake, 

respectively, are: 

(1) Log density = 1.53 - 0.20 * Substrate Size (R2=0.67, p<O.001, n=11) 

(2) Log density = 2.55 - 0.17 * Substrate Size (R2=O.91, p<O.001, n = 5) 
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Figure 5. Test of the predictions of the composite model (formed by 

poollng the samplmg data from ail 3 systems) using literature data. 

The sol Id Imes represent the predicted regressions for rivers and 

lakes according to model 5 in Table 3. Litenture references 

comprise. 1) Rivers: Behning 1928 (River Volga); Berg 1948 (River 

Susaa); Kachalova and Sioka 1964 (Daugava River); Kovalak et al. 

1993 (Detroit River); Smit et al. 1993 (River Ijssel); Wielgosz 1979 

(River Lyna), Wielgosz 1981 (River Wei); Zhadin and Gerd 1968 (River 

Volga) 2) European Lakes: Berg 1938 (Lake Esrom); Bianchi et al. 

1974 (Lake Garda); Biryukoi et al. 1964 (Babiinski backwater); Dall 

et al. 1984 (Lake Esrom); Dusoge 1966 (Lake Mikolajskie); Ehrenberg 

1957 (Grosser Ploner See, Kleiner Ploner See, Trammer See); 

Glzinskl and Toczek-Boruchowa 1972 (Goplo Lake); Gizinski and 

Kadulskl 1972 (Goplo Lake); Jonasson 1978 (Lake Esrom); Kachanova 

1962 (Uchinsk Reservoir - cited in Morton 1969b); Kajak and Dusoge 

1976 (Lake Sniardwy); Kornobis 19- 7 (unspecified-one of the Konin 

lakes); Lewandowski 1991 (Lake Kolowin); Lewandowski and 

Stanczykowska 1986 (Lake Zarnowieckie); Lundbeck 1926 (Suhrer 

See. Trammer See, Ploner See, Becken See, Schaal See); 

Michalkiewlcz 1991 (Rosnowskie Duze Lake); Mikulski and Gizinski 

1961 (Wdzydze Lake); Pieczynska 1972 (Lake Mikolajskie); Sapkarev 

1975 (Lake DOlran); Shevtsova and Kharchenko 1981 (N. Crimean 

canal); Stanczykowska 1977 (Lake Konin); Stankovic 1951 (Lake 

Doiran); Walz 1973 (Lake Constance); Wisniewski 1990 (Lake Druzno, 

Wloclawek Dam); Wisniewski 1974 (Goplo Lake); Wundsch 1924 

(Muggel See); Zhadin and Gerd 1968 (Sartlan Lake) 3) Great Lakes: 

Dermott et al 1993 (Lake Erie); Hebert et al. 1989, 1991 (Lake St. 

48 



• 

• 

• 

Clair); Kovalak et al. 1993 (Lake Erie); Leach 1993 (Lake Erie); our 

1991 study (Lake Erie, Lake St. Clair) . 
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Appendix 1. Zebra mussel densities and chemica! and physical 

variables measured along the St. Lawrence River in 199:!. Mussel 

densities and substrate values of the Il sitcs lIsed to estimate the 

increase in densitîes between 1991 and 1992 arc also includcd . 
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Appendix 1: St. Lawrence River 1992 

Sile No. Shore Quadrat Denslty Sub~trate CalcIUm Conductn Hl Temperature SecchI pH Apparent True 
No. Color Color 

S=South (No 1m2) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co umts) tPt-Co umts) 
N=North 

1 S 1 0 -4.92 8 81 21.1 1.5 6.77 52 31.33 
2 S 1 0 -8 966 8.8 80 21.1 1.5 6.85 60 28 
3 S 1 0 -5.75 8.8 80 20.8 1.25 6.85 60 28 
4 S 1 0 -3.83 11.2 94 21.4 2 7.95 48 30 
5 S 1 0 -8.31 9.2 50 20.5 1 68.5 38 
6 S 1 0 -1. 1 10.5 102 8.1 0.9 9.7 59.3 35.5 
7 S 1 0 0.45 12.8 223 9.9 0.2 7.35 541 20 
8 S 1 0 -9.967 11.6 107 12.6 0.75 6.76 62.25 36.7 
9 S 1 0 - 6 11.4 114 13.1 0.75 6.29 62 31.3 

10 S 1 0 - 7 13.5 139 12.1 0.5 7.27 133.75 39.3 
11 S 1 0 1.58 1 4 187 10.5 1.1 7.96 52.3 31.7 
12 N 1 3 -2.39 37.4 302 16.3 3 7.69 53 7 

N 2 1 -2.82 37.4 302 16.3 3 7.69 53 7 
N 3 7 -6.08 37.4 302 16.3 3 7.69 53 7 

13 N 1 4 -3.48 37 304 16.6 3 7.95 1 5 6 
14 N 1 625 -3.83 36.4 299 16.3 3.5 7.25 1 9 7 

N 2 420 -3.89 36.4 299 16.3 3.5 7.25 1 9 7 
15 N 1 8 -2.49 37.2 302 16.8 3 7.85 1 6 7 

N 2 7 -2.76 37.2 302 16.8 3 7.85 1 6 7 
N 3 8 -4.32 37.2 302 16.8 3 7.85 1 6 7 
N 4 2 -4.72 37.2 302 16.8 3 7.85 1 6 7 

16 N 1 124 -2.16 37.6 300 16.7 3 8.11 8 8 
N 2 168 -2.99 37.6 300 16.7 3 8.11 8 8 
N 3 44 -0.5 37.6 300 16.7 3 8.11 8 8 

17 N 1 140 -5.39 36.8 301 16.8 3 7.83 11.5 8 
N 2 476 -2.99 36.8 301 16.8 3 7.83 11.5 8 

18 N 1 3 -4.71 36 285 1 8 4 7.6 12.5 9 

1 1 
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Site No. Shore Quadrat Denslty Substrate CalcIUm Conductlvlly Temperature Secchi pH Apparcn l Truc 

No. Color Color 
S""South (No /m2) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co UnIts) (Pt-Co units) 
N=North 

18 N 2 44 -2.49 36 285 1 8 4 7.6 12.5 9 
N 3 31 -5.44 36 285 1 8 4 7.6 12.5 9 

19 N 1 2 -3.65 36 289 18.5 4.8 7.9 1 0 8 
N 2 4 -4.8 36 289 18.5 4.8 7.9 1 0 8 
N 3 100 - 9.967 36 289 18.5 4.8 7.9 1 0 8 

20 N 1 162 -3.9 36.8 302 17.8 4 7.62 6 5 
N 2 294 -7.45 36.8 302 17.8 4 7.62 6 5 
N 3 183 -5.28 36.8 302 17.8 4 7.62 6 5 

21 N 1 1 0 -1.2 32.4 272 18.7 3 7.68 16.67 6 
N 2 14 -3.29 32.4 272 18.7 3 7.68 16.67 6 
N 3 1 4 -3.22 32.4 272 18.7 3 7.68 16.67 6 

22 N 1 24 -1.56 36 292 1 8 2.8 8 1 1 4 
N 2 39 -3.98 36 292 1 8 2.8 8 1 1 4 
N 3 32 -5.32 36 292 1 8 2.8 8 1 1 4 

23 N 1 424 -5.03 28.8 242 19.5 2 7.94 1 7 1 4 
N 2 256 -3.73 28.8 242 19.5 2 7.94 1 7 1 4 
N 3 100 -4.42 28.8 242 19.5 2 7.94 1 7 1 4 

24 N 1 1044 -4.05 36 302 18.4 2.4 8.01 1 3 6 
25 N 1 9 -1.57 36 290 19.4 2.8 8.28 7 6 

N 2 4 - 0 961 36 290 19.4 2.8 8 28 7 6 
N 3 7 -3.49 36 290 19 4 2.8 8.28 7 6 
N 4 2 - 0.88 36 290 19.4 2 8 8.28 7 6 

26 N 1 1156 -4 25 32 2 273 19.6 1 5 7.81 20 1 0 
27 N 1 824 -5 77 33.2 272 19 6 1 3 7.89 20 1 0 
28 N 1 592 -4.2 32.4 250 19.8 1 3 7 94 27 9.5 

N 2 468 - 6 18 32 4 250 19.8 1.3 7 94 27 9.5 
29 N 1 204 -4.47 33.2 274 19.3 1.5 7.62 27 1 1 

N 2 174 - 5 45 33 2 274 19.3 1.5 7 62 27 1 1 

1 1 1 
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Sne No. Shore Quadrat Denslty Substrate Calcium Conductlvlt) Temperature Secchi pH Apparent Truc 

]\;0. Color Color 
S=South (No 1m2) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co unIts) (Pt-Co units) 
N=North 

30 N 1 680 -8.966 33.8 270 19.6 1.4 7.76 25 11.5 
N 2 580 -4.57 33.8 270 19.6 1.4 7.76 25 11.5 

31 N 1 0 2 28.4 243 19.7 1.1 7.72 49.33 1 5 
32 N 1 288 -3.27 33.2 250 20 1.5 1 6 8 

N 2 292 -3.94 33.2 250 20 1.5 1 6 8 
N 3 552 -4 09 33.2 250 20 1.5 1 6 8 

33 N 1 96 -4.56 32 253 20 1.75 10.67 4.33 
N 2 160 -3.25 32 253 20 1.75 10.67 4.33 
N 3 89 -4.12 32 253 20 1.75 10.67 4.33 

34 N 1 648 -6.65 33.4 250 1 9 1.3 12.5 7 
N 2 576 - 7.15 33.4 250 1 9 1.3 12.5 7 
N 3 620 -6.09 33.4 250 1 9 1.3 12.5 7 

35 N 1 262 -1.75 33.6 250 1 9 1.25 36.67 6 
36 N 1 73 -3.12 31.8 245 19.5 0.9 1 9 7 

N 2 104 -5.02 31.8 245 19.5 0.9 1 9 7 
N 3 112 -1 .46 31.8 245 19.5 0.9 1 9 7 

37 N 1 204 - 6 .31 21.2 160 20 0.75 43.5 32 
N 2 316 -8.42 21.2 160 20 0.75 43.5 32 
N 3 368 -9.966 21.2 160 20 0.75 43.5 32 
N 4 255 -9.966 21.2 160 20 0.75 43.5 32 

38 N 1 121 -2.19 30.8 240 20 1 35 20 
N 2 5 0.23 30.8 240 20 1 35 20 

39 N 1 1192 -4.9 35.6 303 20.7 5.25 7 7 
N 2 1268 -3.23 35.6 303 20.7 5.25 7 7 
N 3 1128 -2.65 35.6 303 20.7 5.25 7 7 

40 N 1 8 -2.92 22.2 178 21.2 0.9 77.5 31 
N 2 14 -3.44 22.2 178 21.2 0.9 77.5 31 

41 N 1 153 -5.92 27.4 235 21.1 1.2 43.5 17 

IV 
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Site No. Shore Quadrat Denslty Substratc Calcium Conductlvny Temperature Secchi pH Apparent Truc 

No. Color Color 
S=South (No /m2 ) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co units) (Pt-Co units) 
N=North 

41 N 2 58 -4.5 27.4 235 21.1 1.2 43.5 17 
N 3 240 -5.2 27.4 235 21.1 1.2 43.5 17 

42 N 1 166 0.19 29.2 255 20.4 1.4 46.67 17 
N 2 144 -0.045 29.2 255 20.4 1.4 46.67 17 

43 N 1 1979 -9.966 32 666 20.2 0.5 88 1 6 
44 N 1 23 -1 .49 28.8 250 21 1 26 1 2 

N 2 162 -5.07 28.8 250 21 1 26 1 2 
N 3 204 -8.3 28.8 250 2 i 1 26 1 2 
N 4 136 -1 .75 28.8 250 21 1 26 1 2 
N 5 166 -5.04 28.8 250 21 1 26 1 2 

45 N 1 42 0.72 32.4 278 20.9 1.6 21 16.33 
N 2 76 1.19 32.4 278 20.9 1.6 21 16.33 
N 3 112 -0.37 32.4 278 20.9 1.6 21 16.33 
N 4 82 -2.07 32.4 278 20.9 1.6 21 16.33 

46 N 1 0 5.86 21.4 194 20.6 2.2 20 1 9 
N 2 0 6.5 21.4 194 20.6 2.2 20 1 9 
N 3 1 1 1.32 21.4 194 20.6 2.2 20 1 9 
N 4 1 o 81 21.4 194 20.6 2 2 20 1 9 
N 5 1 1.98 21 4 194 20.6 2.2 20 1 9 
N 6 1 5.84 21 4 194 20.6 2.2 20 1 9 

47 N 1 5 -5 08 1 9 140 1 8 2 29 22 
N 2 1 -2.3 1 9 140 1 8 2 29 22 
N 3 2 2.28 1 9 140 1 8 2 29 22 

48 N 1 1 5.86 37 6 280 18.5 1 75 8.24 9 5 1 

N 2 1 6 37 37 6 280 18 5 1 75 8.24 9 5 
N 3 0 6.37 37 6 280 18 5 1. 75 8 24 9 5 
N 4 1 6 37 37 6 280 18.5 1 75 8 24 9 5 
N 5 6 37 37.6 280 18.5 1 75 8 24 9 5 

v 
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Site No. Shore Quadrat Denslty Substrate CalcIUm Cond uc tl\ Ity Temperature SecchI pH Apparent Truc 

~o Color Color 
S=South (No 1m2) (Phi) (mg/L) (uS/cm) (oC) (m) (pt-Co unas) (pt-Co units) 
N=North 

48 N 6 48 -4 05 37.6 280 18.5 1.75 8.24 9 5 
N 7 102 -4.32 37.6 280 18.5 1.75 8.24 9 5 
N 8 23 3.94 37.6 280 18.5 1.75 8.24 9 5 
N 9 31 3.94 37.6 280 18.5 1.75 8.24 9 5 

49 N 1 5 1.58 36.8 270 20 3.12 8.6 8 5 
N 2 3 1.83 36.8 270 20 3.12 8.6 8 5 
N 3 188 0.34 36.8 270 20 3.12 8.6 8 5 
N 4 128 -0.5 36.8 270 20 3.12 8.6 8 5 
N 5 184 -0.5 36.8 270 20 3.12 8.6 8 5 
N 6 57 -0.08 36.8 270 20 3.12 8.6 8 5 
N 7 48 -0.08 36.8 270 20 3.12 8.6 8 5 
N 8 37 -0.08 36.8 270 20 3.12 8.6 8 5 
N 9 33 0.34 36.8 270 20 3.12 8.6 8 5 
N 1 0 30 1.17 36.8 270 20 3.12 8.6 8 5 

50 N 1 1696 -9.966 32 270 21 0.88 8.37 21 9 
N 2 1488 -9.966 32 270 21 0.88 8.37 21 9 
N 3 1100 -9.966 32 270 21 0.88 8.37 21 9 
N 4 1425 -9.966 32 270 21 0.88 8.37 21 9 
N 5 1250 -9.966 32 270 21 0.88 8.37 21 9 
N 6 1376 -9.966 32 270 21 0.88 8.37 21 9 
N 7 1520 -9.966 32 270 21 0.88 8.37 21 9 
N 8 1725 -9.966 32 270 21 0.88 8.37 21 9 
N 9 1650 -9.966 32 270 21 0.88 8.37 21 9 
N 1 0 1750 -9.966 32 270 21 0.88 8.37 21 9 
N 1 1 2368 -9.966 32 270 21 0.88 8.37 21 9 
N 1 2 1904 -9.966 32 270 21 0.88 8.37 21 9 
N 1 3 2350 -9.966 32 270 21 0.88 8.37 21 9 
N 1 4 1225 -9.966 32 270 21 0.88 8.37 21 9 

VI 
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Site No. Shore Quadrat Denslty Substrate Calcium CondUCllvlty Temperature Secchi pH Apparent Truc 

No. Color Color 
S=South (No.lm2) (Phi) (mg/L) (uS/c~) (OC) (m) (Pt-Co units) (Pt-Co units) 
N=North 

50 N 1 5 2300 -9.966 32 270 21 0.88 8.37 21 9 
N 1 6 1968 -9.966 32 270 21 0.88 8.37 21 9 
N 1 7 1696 -9.966 32 270 21 0.88 8.37 21 9 
N 1 8 2976 -9.966 32 270 21 0.88 8.37 21 9 
N 1 9 1750 -9.966 32 270 21 0.88 8.37 21 9 
N 20 1600 -9.966 32 270 21 0.88 8.37 21 9 

51 N 1 18700 -9.966 28 225 21 2.25 7.82 20 1 4 
N 2 22300 -9.966 28 225 21 2 25 7.82 20 1 4 
N 3 16864 -9.966 28 225 21 2.25 7.82 20 1 4 
N 4 24096 -9.966 28 225 21 2.25 7.82 20 1 4 

52 N 1 17408 - 9.966 27.6 225 21 2.25 7.82 20 1 4 
N 2 19056 -9.966 27.6 225 21 2.25 7.82 20 1 4 
N 3 19500 -9.966 27.6 225 21 2.25 7.82 20 1 4 

53 N 1 40200 -9.966 27.8 225 21 2.25 7.82 20 1 4 
N 2 29500 -9 966 27.8 225 21 2.25 7 82 20 1 4 
N 3 10950 -9.966 27.8 225 21 2 25 7.82 20 1 4 

54 N 1 23600 -9.966 28.2 225 21 2.25 7.82 20 1 4 
N 2 18160 -9 966 28.2 225 21 2.25 7.82 20 1 4 
N 3 19968 -9 966 28 2 225 21 2 25 7.82 20 1 4 
N 4 12784 -9.966 28.2 225 21 2 25 7.82 20 1 4 

55 N 1 12720 -9.966 28 225 21 2 25 7 82 20 1 4 
N 2 14160 - 9 966 28 225 21 2 25 7 82 20 1 4 
N 3 15200 -9.966 28 225 21 2 25 7.82 20 1 4 

56 N 1 65 -3.22 28 4 235 21 1 8.1 23 1 2 
N 2 262 -5.53 28 4 235 21 1 8.1 23 1 2 
N 3 824 - 3 89 28 4 235 21 1 8 1 23 1 2 
N 4 137 -0 6 28.4 235 21 1 8.1 23 1 2 
N 5 824 -5.08 28 4 235 21 1 8.1 23 1 2 

\" 1 1 
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Site No. Shore Quadrat DensJty Substrate CalCIUm CondUcUVlty Temperature SecchI pH Apparent Truc 

No Color Color 
S=South (No 1m2) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co units) (pt-Co l!nils) 

N=North 

56 N 6 336 -2.61 28.4 235 21 1 8.1 23 1 2 
N 7 704 - 8.966 28.4 235 21 1 8.1 23 1 2 

57 N 1 0 2 16.2 163 20.7 1.1 55 33 
N 2 1 1 -1 .34 16.2 163 20.7 1.1 55 33 
N 3 22 -2.97 16.2 163 20.7 1.1 55 33 
N 4 1 6 -1 .92 16.2 163 20.7 1.1 55 33 

VIII 
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Appendix 1 (continued): St. Lawrence River 1992 

Sile Total Max. Distance Deplh Unionid Cray fish Lotie! 
No. Phosphorus Width of from sitc- Abundance Lentic 

River shore Site 
(ug/L) (Km) (Km) (m) (Categorical) (Pres.! O=Lotic 

Abs.) l=Lentic 

1 24.36 2.6 0.2 3.3 2 0 0 
2 16.57 4.2 2 3 0 0 0 
3 16.57 5.5 1.7 2.4 2 0 0 
4 17.07 2 0.5 4.6 2 0 0 
5 83.33 3.2 0.6 1.2 0 0 0 
6 19.29 3.57 0.3 2 0 0 0 
7 28.51 3 0.4 1 0 0 0 
8 12.84 4.5 0.2 0.5 0 0 0 
9 18.37 3.75 0.2 2.5 0 0 0 

1 0 42.48 3.1 0.1 1.5 0 0 0 
1 1 44.82 2.5 0.8 2 0 0 0 
1 2 28.93 0.5 0.1 7.01 0 1 0 

28 93 0.5 0.1 7.01 0 1 0 
28 93 0.5 0.1 7.01 0 1 0 

1 3 14 57 1.5 0.35 6.1 0 0 0 
1 4 15.29 1 0.5 1 1 2 0 0 

15.29 1 0.5 1 1 2 0 a 
1 5 16.43 3 0.1 8.5 0 1 0 

16.43 3 0.1 8.5 0 1 0 
16.43 3 0.1 8.5 0 1 0 
16.43 3 0.1 8.5 a 1 0 

1 6 11.21 6.5 2.5 1 .8 2 0 0 
11 21 6.5 2 5 1.8 2 a 0 

IX 
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Site Total Max. Distance Depth Unionid Cray flSh Lotie/ 
No. Pho~phorus Wldth of from site- Abundancc LentIc 

River shore Site 
(ug/L) (Km) (Km) (m) (Categoncal) (Pres / O=LotÏC 

Abs) 1 =Lcntic 

1 6 11 .21 6.5 2.5 1.8 1 0 0 
1 7 1 2 6.5 3 6.1 2 0 0 

12 6.5 3 6.1 2 0 0 
1 8 7.57 4.5 0.3 2.7 1 0 0 

7.57 4.5 0.3 2.7 1 0 0 
7.57 4.5 0.3 2.7 1 0 0 

1 9 5.04 6.25 2 3.4 0 0 0 
5.04 6.25 2 3.4 0 0 0 
5.04 6.25 2 3.4 0 0 0 

20 4.57 5.75 2.75 4.6 1 0 0 
4.57 5.75 2.75 4.6 1 0 0 
4.57 5.75 2.75 4.6 1 0 0 

21 13.21 5.5 1 3.7 1 0 0 
13.21 5.5 1 3.7 1 0 0 
13.21 5.5 1 3.7 1 0 0 

22 18.86 6.75 2.5 3.4 1 1 0 
18.86 6.75 2.5 3.4 1 1 0 
18.86 6.75 2.5 3.4 0 1 0 

23 17.57 3.5 0.25 3.35 1 0 0 
17.57 3.5 0.25 3.35 1 0 0 
17.57 3.5 0.25 3.35 1 0 0 

24 14.93 4.25 0.75 6.5 1 0 0 
25 11.07 1 0 0.75 2.75 0 0 0 

11.07 1 0 0.75 2.75 0 0 0 
11.07 1 0 0.75 2.75 0 0 0 
11.07 1 0 0.75 2.75 0 0 0 

26 16.29 1.72 0.8 9.1 2 0 0 

x 



• • • 
Site Total Max. Distance Depth Unionid Crayfish Lotic/ 
No. Phosphorus Width of from site- Abundance Lentic 

River shore Site 
(ug/L) (Km) (Km) (m) (Catcgorical) (Pres ./ O=Lotic 

Abs.) l=Lcntic 

27 21.07 1. 76 0.92 2.2 1 0 0 
28 25.71 2.72 0.6 4.2 1 0 0 

25.71 2.72 0.6 4.2 1 0 0 
29 25.36 3 1.4 2.5 1 1 a 

25.36 3 1.4 2.5 1 1 0 
30 17.86 2.68 0.6 3.7 0 a a 

17.86 2.68 0.6 3.7 1 a 0 
31 32.5 3.64 1.4 4 0 0 a 
32 20.57 4 0.68 3.3 1 0 

20.57 4 0.68 3.3 1 1 0 
20.57 4 0.68 3.3 1 1 0 

33 17.64 3.92 1.08 3.9 1 0 a 
17.64 3.92 1.08 3.9 1 a a 
17.64 3.92 1.08 3.9 1 a a 

34 46.4 3.04 0.4 5 1 1 0 
46.4 3.04 0.4 5 1 1 0 
46.4 3 04 0.4 5 1 1 0 

35 24 14 3.2 0.84 2.1 1 1 0 
36 14.29 4.4 1 7 6.1 1 1 0 

14.29 4.4 1.7 6.1 1 1 0 
14.29 4.4 1.7 6.1 1 1 0 

37 34.21 4.4 1.6 3.4 1 0 0 
34.21 4.4 1.6 3.4 0 0 0 
34 21 4.4 1 6 3.4 0 0 0 
34 21 4.4 1.6 3.4 0 0 0 

38 21 14 2.4 0.25 3 1 a a 
21.14 2 4 0.25 3 0 0 0 

XI 



• • • 
~Ite Total ~lax DI stance Depth UnIonld Cray fI sh LotIc/ 
'\0 Ph(J~ph()ru~ Wldth of from SIte- Abunclancc Lcntic 

River s h 0 re Sile 
(ug/L) ("'-m) ( Km) (m) Categoncal) (Pre s / O=LotIC 

Abs) l=LcnlIc 

39 21 5 3.3 o 36 3.4 1 0 0 
21.5 3.3 0.36 3.4 1 0 0 
21.5 3.3 0.36 3.4 1 0 0 

40 35.86 3 1 0.24 2 0 1 0 
35.86 3 1 0.24 2 1 1 0 

41 19.43 3.7 1 2.5 1 1 0 
19.43 3.7 1 2.5 1 1 0 
19.43 -:'.7 1 2.5 1 1 0 

42 31.71 6 o 75 4 1 0 0 
31.71 6 0.75 4 1 0 0 

43 14.71 14.5 0.25 2 0 0 0 
44 20.43 4.6 2 5 0 0 0 

20.43 4.6 2 5 0 0 0 
20.43 4.6 2 5 0 0 0 
20.43 4.6 2 5 0 0 0 
20.43 4.6 2 5 0 0 0 

45 16.71 4 1.2 3 0 0 0 
16.71 4 1.2 3 0 0 0 
16.71 4 1.2 3 0 0 0 
16.71 4 1.2 3 0 0 0 

46 19.07 5.75 1.25 2.7 0 0 0 
19.07 5.75 1.25 2.7 0 0 0 
19.07 5.75 1.25 2.7 0 0 0 
19.07 5.75 1.25 2.7 0 0 0 
19.07 5.75 1.25 2.7 0 0 0 
19.07 5.75 1.25 2.7 0 0 0 

47 39.93 2.8 0.44 2.2 1 1 0 

XII 
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Site Total MdX. Distance Depth Unionid Crayfish Lutie/ 
No. Phosphorus Width of from slte- Abundanec Lentie 

River shore Site 
(ug/L) (Km) (Km) (m) (Categoncal) (Pres / O=Lotic 

Abs.) 1 =Lcntlc 

47 39.93 2 8 0.44 2.2 1 1 0 
39.93 2 8 0.44 2.2 1 1 0 

48 23 57 3.5 0.5 6.5 0 0 0 
23.57 3.5 0.5 6.5 0 0 0 
23.57 3.5 o 5 6.5 0 0 0 
23.57 3.5 0.5 6.5 0 0 0 
23.57 3.5 0.5 6.5 0 0 0 
23.57 3.5 0.2 2.5 1 0 0 
23.57 3.5 0.2 2.5 1 0 0 
23.57 3.5 0.3 3.5 1 0 0 
23.57 3.5 0.3 3.5 1 0 0 

49 15.34 6.5 2.5 2 0 0 0 
15 34 6.5 2.5 2 0 0 0 
15.34 6.5 2.5 4.25 1 0 0 
15.34 6.5 2.5 4.5 1 a a 
15.34 6.5 2.5 4.5 0 0 
15 34 6.5 2.5 6 0 0 
15.34 6.5 2.5 6.5 0 0 
15 34 6.5 2 5 8 0 0 
15.34 6.5 2.5 8 1 0 0 
15.34 6.5 2 5 8 1 0 0 

50 14.47 1.89 0.68 2 0 0 0 
14 4. 7 1 89 o 68 2 0 0 0 
14.4 7 1.89 o 68 2 0 0 0 
14 47 1 89 o 68 2 0 0 0 
14.47 1.89 0.68 2 0 0 0 
14.4 7 1 89 o 68 4 0 0 0 

XIII 
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Site Total ~3.X Distance Depth Unlonid Crayfish LotIe! 
~o Phosphorus Wldth of from SIte- Abundanec LentIe 

River shore SIte 
(ug/L) (Km) (Km) (m) (Categoncal) (Pres./ O=Lol1c 

Abs) l=Lenuc 

50 1447 1.89 0.68 4 0 0 0 
14.47 1 89 0.68 4 0 0 0 
14.47 1.89 0.68 4 0 0 0 
14.4 7 1.89 0.68 4 0 0 0 
14.4 7 1.89 0.68 6 0 0 0 
14.4 7 1.89 o 68 6 0 0 0 
14.4 7 1.89 0.68 6 0 0 0 
14.47 1.89 0.68 6 0 0 0 
14.47 1.89 0.68 6 0 0 0 
14 47 1.89 0.68 7 0 0 0 
14.4 7 1.89 0.68 7 0 0 0 
14.47 1.89 0.68 7 0 0 0 
14.4 7 1.89 0.68 7 0 0 0 
14.47 1.89 0.68 7 0 0 0 

51 22.65 2.04 0.6 2 0 0 1 
22.65 2.04 0.6 2 0 0 1 
22.65 2.04 0.6 2 0 0 1 

22.65 2.04 0.6 2 0 0 1 
52 23 2.04 0.6 4 0 0 1 

23 2.04 0.6 4 0 0 1 
23 2.04 0.6 4 0 0 1 

53 22.11 2.04 0.6 4 0 0 1 
22.11 2.04 0.6 6 0 0 1 
22.11 2.04 0.6 6 0 0 1 

54 23.27 2.04 0.6 6 0 0 1 

23.27 2.04 0.6 6 0 0 1 
23.27 2.04 0.6 6 0 0 1 

XIV 
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Site Total Max. Distance Depth Union id Crayfish Lotic/ 
No_ Phosphorus Width of from site- Abundancc Lentic 

River shore Site 
(u g/L) (Km) (Km) (m) (Categoncal) (Pres-l O=Lotic 

Abs.~ 1=Lentic 

54 23_27 2_04 0_6 8 0 0 1 

55 22.51 2.04 0.6 8 0 0 1 
22_51 2_04 0.6 8 0 0 1 
22_51 2_04 0_6 7_5 0 0 1 

56 26.5 2 0.4 2.1 0 1 0 
26_5 2 0_4 2.1 0 1 0 
26_5 2 OA 3_1 1 1 0 
26_5 2 OA 3_1 0 1 0 
26.5 2 0.4 3.1 1 1 0 
26_5 2 0.5 6.1 1 1 0 
26_5 2 0_5 8 _1 0 1 0 

57 25.57 4 0.72 3_7 0 0 0 

25.57 4 0.72 3.7 0 0 0 
25_57 4 0_72 3_7 0 0 0 
25_57 4 0_72 3 7 0 0 0 
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• Appcndix 1 ( continued): 
St. Lawrence River 1991 

Site No. Dcnsi ty S ubstrate 
(No./m 2) (Phi) 

1 104 - 7.9 

2 720 - 8 . 1 

~ 1 150 - 7 

4 477.5 -6.45 

5 8.75 - 5.8 

6 64 -5.75 

7 137 -4.3 

8 3.5 - 3 
<) 1.8 - 2.8 

10 4.3 -2.75 

1 1 0.1 -0.875 

• 

• 
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Appendix 2. Zebra mussel densities and chcmical and physical 

variables measured along the Hudson River in 1992. 
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Appendix 2: Hudson Ri"er 1992 

Sne No. Ouadrat Dcnslty Substrate CalcIUm ConductJ\lt~ Temperature Secchi pH Apparent Truc 
!\io. Color Color 

(No 1m2) (Phi) (mg/L) (uS/cm) (OC) (m) (Pt-Co units) (Pt-Co units) 

1 1 1 5 5. 1 4 24 195 23 0.95 6.83 54.5 1 6 
2 1 0 5.86 24 195 23 0.95 6.83 54.5 1 6 

2 1 178 -9.966 22 192 23.1 0.9 6.98 55.5 1 5 
2 1250 -9.966 22 192 23.1 o 9 6.98 55.5 1 5 

3 1 10000 -9.966 22.6 193 23.2 0.95 7.03 50.5 1 6 
2 25000 -9.966 22.6 193 23.2 0.95 7.03 50.5 1 6 

4 1 41 -0 622 23.2 200 23 1 7.15 56 1 4 
2 338 -1 .77 23.2 200 23 1 7.15 56 14 

5 1 720 -1 .08 24.8 183 23.1 1 1 7.12 29 1 6 
2 472 - 3.12 24.8 183 23.1 1.1 7.12 29 1 6 
3 540 -2.6 24.8 183 23.1 1 .1 7.12 29 1 6 
4 396 -1.97 24.8 183 23.1 1.1 7.12 29 1 6 

6 1 1620 -9.966 26.4 207 23.2 1.2 7.17 32.5 17 
2 832 -9.966 26.4 207 23.2 1.2 7.17 32.5 1 7 
3 73 -2.69 26.4 207 23.2 1.2 7.17 32.5 1 7 
4 2489 -9 966 26.4 207 23.2 1.2 7.17 32.5 1 7 

7 1 0 1 .1 26 211 23.2 1 . 1 7.14 43 1 9 
2 2 -0.193 26 211 23.2 1 .1 7.14 43 1 9 
3 1 -1 .66 26 211 23.2 1 .1 7.14 43 1 9 
4 1 -1 .76 26 211 23.2 1 .1 7.14 43 1 9 

8 1 64 -9.966 24.2 214 23.3 1 7.14 33.5 1 6 
2 35 -1 .82 24.2 214 23.3 1 7.14 33.5 1 6 
3 62 -9.966 24.2 214 23.3 1 7.14 33.5 1 6 

9 1 0 6 5 22.8 24.3 1 .1 7.19 43 20 
2 4 5.78 22.8 24.3 1.1 7.19 43 20 

1 0 1 0 5.03 24 24.2 0.4 7.18 101.5 1 6 
1 1 1 37500 -9.966 23.6 23.6 0.9 7.17 32 1 6 

2 34000 -9.966 23.6 23.6 0.9 7.17 32 1 6 
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Site Total Max. Distance Dcpth Unionid 

No. Phosphorus Widlh of from site- Abundance 

River shore 
( ug/L) (Km) (Km) (m) (CalegorIcal) 

1 74.36 1.28 0.48 1.82 0 
74.36 1.28 0.48 1.82 0 

2 75.64 0.84 0.04 1.5 0 
75.64 0.84 0.04 2.5 0 

3 140.36 1.12 0.56 1.82 0 
140.36 1.12 0.56 18.2 0 

4 64.29 1.4 0.44 2.75 0 
64.29 1.4 0.44 2.75 0 

5 46.86 1.16 0.48 2.14 0 
46.86 1.16 0.48 2.14 0 
46.86 1.16 0.48 2.14 0 
46.86 1.16 o 48 2.14 0 

6 42.21 0.96 0.4 3 75 0 
42.21 0.96 o 4 2 5 0 
42.21 0.96 o 4 4.5 1 
42.21 0.96 o 4 2.75 0 

7 69.29 1 0.08 2.4 0 
69.29 1 o 08 2.4 0 

69.29 1 0.08 2.14 a 
69.29 1 0.08 2.4 0 

8 51 93 0.68 0.2 2.25 0 
51 93 0.68 0.2 2 75 0 
51 93 o 68 o 2 2 a 

9 28.5 1.4 0.08 2 43 1 
28 5 1 4 o 08 2.43 1 

1 0 118 21 116 o 16 2 75 0 

1 1 32.79 1 08 o 12 8.84 0 
32 79 1 08 o 12 8 84 0 
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Appcndix 3. Zebra mussel densities and chemical and physical 

variables mca~urcd in Lake Oneida in 1992. 
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Appendix 3: Lake Oneida 1992 

SIle No. Quadrat Density Substrate CalcIUm ConduclIVlty Temperature SecchI pH Apparen t Truc 
No. Color Color 

(No /m 2 ) (Phi) (mg/Lj (uS/cm) (oC) (m) (Pt-Co units) (Pt-Co units) 

1 1 405 0.66 45 336 21.8 2.5 7.99 17.33 1 4 
2 6555 -6.41 45 336 21.8 2.5 7.99 17.33 1 4 
3 3760 -6.76 45 336 21.8 2 5 7.99 17.33 14 
4 2122 -4.31 45 336 21.8 2.5 7.99 17.33 1 4 
5 3522 -7.2 45 336 21.8 2.5 7.99 17.33 1 4 
6 2600 -4.93 45 336 21.8 2.5 7.99 17.33 1 4 

2 1 60 5 86 40.6 309 21.1 2.5 8.2 22 1 2 
2 55 5.86 40.6 309 21.1 2.5 8.2 22 1 2 
3 24 5.86 40.6 309 21.1 2.5 8.2 22 1 2 
4 30 5 86 40.6 309 21 .1 2.5 8.2 22 1 2 

3 1 185 -1 .33 22.2 298 19.4 3 5 8 15 70 1 8 
2 267 - 0.59 22.2 298 19.4 3.5 8.15 70 1 8 

4 1 408 1.17 40.6 308 20.2 3 8.16 20 1 5 
2 187 1.41 40.6 308 20.2 3 8.16 20 1 5 
3 179 1.58 40 6 308 20.2 3 8.16 20 1 5 

5 1 208- -4.23 40.4 308 20.2 3 8.18 23.5 1 4 

XXI 



- - • 
Site Total Exposure Distance Depth Unionid 
1\:0 Phosphorus from slte- Abundance 

shore 
(ug/L) (Km 2) (Km) , (m) (Categoflcal) 

1 4.36 177.28 0.8 5.5 2 
4.36 177.28 0.8 5.5 1 
4.36 177.28 0.8 4.6 1 
4.36 177.28 0.8 4.6 1 
4.36 177.28 0.8 3.05 a 
4.36 177.28 0.8 3.05 0 

2 12.93 202.08 0.28 3.05 1 
12.93 202.08 0.28 3.05 1 
12.93 202.08 0.28 3.05 1 
12.93 202.08 0.28 3.05 1 

3 3.5 202.08 2.96 6.71 0 
3.5 202.08 2.96 6.71 0 

4 7.07 183.77 1.4 3.05 2 
7.07 183.77 1.4 3.05 2 
7.07 183.77 1.4 3.05 2 

5 44.71 187.6 1.2 3.05 1 
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