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" MANAGEMENT PERSPECTIVE

Development of sediment guidelines for the Great Lakes (GL2000)

Almost all the Great _.akes Areas of Concem have documented sediment contamination.
Current sediment guidelines are'based on the comparison of chemical concentrations at a site to
those which have been established as representing a perceived safe concentration on a
chemical by chemical basis. However, the chemical approach has been criticized in recent
years because it frequently fails to achieve its objectives or because it is so excessively rigorous
that it has limited value. As an altemative, the National Water Research Institute and Ontario
Region of Environment Canada have developed an approach using biological sediment
guidelines. This technical report is the provides the scientific basis for a new approach.

There are two basic assumptions behind these biological sediment guidelines. First; that the it is
the effects of sediment contamination on biological processes that are the primary concem and
that therefore assessment of biological effects is paramount. Second, that the complexity of the
sed_it,me_m matrix makes chemical concentration a poor predictors of the biological availability of
contaminants. ‘

The biological sediment guidelines incorporate (a) the structure of benthic invertebrate
communities by using predictive models that relate site habitat attributes to an expected
community, and; (b) functional responses (survival, growth and reproduction) in four sediment
toxicity tests (bioassays) with benthic invertebrates using ten test endpoints. For both
community structure and toxicity guidelines have been established that allow determination of
the community as either, unstressed, potentially stresses, stressed or severely stressed and the
sediment as either non-toxic, potentially toxic or toxic. “

To simplify the assessment process the BEAST software has been developed which incorporates
the complex multivariate analysis required by this approach and presents the user with
straightforward categories of sediment quality on a site by site basis. Designed for the BEnthic
Assessment of SedimenT, the software automates the methodology and employs the RAISON
Mapping and Analysis package from Environment Canada as a foundation, the BEAST
combines new methods with a simple, straight-forward software user interface. The result is a
powerful new tool for sediment assessment. ' '

Because of the difference in this biological approach the technical report has undergone detailed
scientific review by a 8 member review panel. The report and approach will then be forwarded to
headquarters and the Province of Ontario.

Discussion will begin with the Province to incorporate these guidelines as a componentin
sediment assessment for the Great Lakes and for use in all sediment related projects, this should
also be adopted as the COA standard approach for sediment assessment in the Great Lakes.



SOMMAIRE A L'INTENTION DE LA DIRECTION

Elaboration de lignes directrices visant les sédiments pour les Grands Lacs (GL 2000)

On observe des cas documentés de contamination des sédiments dans presque tous
les secteurs préoccupants des Grands Lacs. Les lignes directrices actuelles visant les
sédiments sont basées sur la compafaison de concentrations de substances chimiques |
d'un site & celles qui sont considérées comme des concentrations sans danger d'aprés
leurs propriétés chimiques. Toutefois, au cours des derniéres années, on a critiqué
Fapproche chimique parce souvent, elle n'atteint pas ses objectifs ou parce qu'elle est
si rigoureuse que son utilité s’en trouve limitée. Comme approche de remplacement,
I'Institut national de recherche sur les eaux et la Région de I'Ontario d’Environnement
Canada ont élaboré une approche utilisant des lignes directrices biologiques visant
les sédiments. Ce rapport technique doit présenter les fondements scientifiques d'une
nouvelle approche.

Ces lignes directrices biologiques visant les sédﬁim’e'nts sont basées sur detix
hypothéses fondamentales. Premiérement, ce sont les effets de la contamination des
sédiments sur les processus biologiques qu'i constituent la principale préoccupation et,
par conséquent, I'évaluation de ces effets est essentielle. Deuxiémement, & cause de
la complexité des matrices de sédiments, les concentrations de produits chimiques
sont de mauvais indicateurs de la disponibilité biologique des contaminants.

Les |ignes directrices biologiques visant les sédiments prennent en compte a) la
structure des communautés d'invertébrés benthiques en utilisant des modéles de
prévision reliant les attributs de I'habitat d’un site & une communautémprévue etb) les
réponses fonctionnelles (survie, croissance et reproduction) obtenues avec quatre
tests de toxicité des sédiments (épreuves biologiques) effectués avec des invertébrés
benthiques et utilisant dix résultats expérimentaux. En effet, on a établi la structure de



la communauté et les lignes directrices de toxicité afin de pouvoir déterminer si une
communauté est non stressée, potentiellement stressée, stressée ou fortement
stressée, et si les sédiments sont non toxiques, potentiellement toxiques ou toxiques.

Afin de simplifier lé processus d"évaluétion, on a développé le logiciel BEAST, qui
intégre I'analyse multivariable complexe requise par cette approche et qui présente &
l'usager des catégories simples de qualité des sédiments propres a chaque site. Congu
- pour I'évaluation des sédiments benthiques, le logiciel BEAST (BEnthic Assessment of
SedimenT) qui automatise la méthodologie est fondé sur le progiciel d'analyse et de
cartographie RAISON d’Environnement.Canada. De plus, il combine des nouvelles
méthodes & une interface utilisateur simple et directe. Pour ces raisons, le logiciel
"BEAST est un nouvel outil trés pérformant pour I’_évalu_afion des sédiments.

A cause de la différence de cette épproche biblogiqu»e',-un comité d’examen de six
membres a effectué un examen scientifique détaillé du rapport technique. Le rapport et
I'approche seront transmis ensuite au bureau chef et & la provint:e de I'Ontario.

On doit entreprendre des discussions avec cette province afin d'incorporer ces lignes
directrices au processus d'évaluation des sédiments des Grands Lacs et pour leur
utilisation dans tous les projets tduchant les sédiments;' de plus, on doit aussi les
adopter comme approche standard pour I'évaluation des sédiments des SP de la
région des Grands Lacs.
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2. INTRODUCTION

21 Sediment Issues .

Sediments play an lirnporta.nt role in the physical movement, chemical partitioning_
and biological fate of metals, organics and nutrients (Allan 1986). Such contaminants are
often closely associated with both suspended solids and bottom sediments. Furthermore,
many chlorinated organic contaminants have a low solubility in water and, thus,
concentrations associated with particles of sediment are often several orders of magnitude
higher than those in water (Golterman etal. 1983) The hlghest conceritrations of
contarmnants are assoclated with fine-grained sediments. These sedlments accumulate i m
areas of low energy such as nearshore embayments of lakes, nver mouths, and in harbours.
‘Many of these areas are also recipients of urban, mdustnal and agncultural mputs of
contammants '

Bottom sedlments are the pnmary sink for blogeochermcal materials in aquatlc
~ environments. However physncal resuspension via blologloal and geochemical processes
at the sedlment-water interface can substantially prolong the time during which
 contaminants remain bioavailable and accumulate in the food chain. In the active sediment
layer (usually the topmost 2-3 cm), a number of chemical, physical and biological
processes affect the association of contaminants with sediment. These include ingestion
and egestion of sédimerit, particles by the benthlc fauna, chemical and physical sorption and
desorption to the i)articies, and, diffusion of soluble contaminasits throughout the sediment
pore water. The major concerns involving these processes are the bioaccumulation of
contaminants through the benthic food chain to higher trophic levels, the re-contamination
of the water column with subsequent bioaccumulaﬁon by other organisms and toxic
effects. Inall cases the ultimate concerns are the detrimental eﬂ'ects produced in all
orgamsms mcludmg man. .

Particles are often cons1dered as lost to the ecosystem once they have been
incorporated into the deeper sediments; however, two processes can result in the phiysical
transport of materials back into the water column, Bioturbation which results from the

21



activity of the benthic invertebrates, can recycle material from as deep as 40 cm to the
more active surface layer and thus can keep contaminants circulating in the water column
much longer (Sorokm 1966; Karickhoff and Morris 1985). The second major process
affecting phys1cal movement of contaminated sediments is thelr periodic resuspension by

major storm events, internal waves and currents.

22 Current Conditions in the Great Lakes
| While information is available on the distribution of sediments and their
geochemical composition in some nearshore and harbour areas of the Great Lakes, more
information is available for the open lake. The open lake data base is primarily a result of
a series of surveys conducted by the National Water Research Institute, Canada Centre for
Inland Waters, beginning in 1968 in Lake Ontario and finishing in 1975 in Lake Michigan
(Thomas 1981; Rosa 1985). The results of these surveys have heen used for mappmg the
dlstnbutmn of trace elements and selected organic contaminants, narticularly
polychlormated biphenyls (PCBs), in surﬁclal sediments in the Great Lakes (Ohver et al.
1982). However, we have very little information on the blogeochemlcal processes. that
affect the release, toxicity and food chain nnpacts of these eontaxmnants (Allan and Ball
1990).

From a survey of the distribution of trace elements and PCBs in the surﬁelal
sedlments Allan (1986) concluded that there were two basw distribution patterns for these
compounds in the Great Lakes. The first is assoclated w1th metals, paxueularly chrormum,
nickel and cobalt, and relates to the natural m1nerahzat10n of these elements The highest
concentrations of these metals occur in the upper Great Lakes, palteularly Lake Supenor
and Georgian Bay. This distribution is due to the geochemlcal composmon of the bedrock
in the upper part of the basin which is underlam by the igneous and meta_morphlc rocks of
the Canadian Shield. The other pattern found in the sediment of the open Waters of the
Great Lakes is assoclated with both major and trace elements and orgamc contammants
ongmatmg from urban, mdustnal and agricultural developments In this case, the greatest
concentrations are in the lower lakes, particularly near major urban areas. For example,
elevated concentrations of mercury are associated withl_sediment's in the western basin of
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Lake Erie, Lake St. Clair, the Detroit River and the depositional basins of Lake Ontario -
particularly the Niagara Basin (Thomas 1981). The distribution of the pesticide, Mirex, in
Lake Ontario sediments demonstrates the large-scale spatial redistribution that can result |
from the spread of localised contamination. Samples taken in 1968 indicated two non-

atmospheric sources of Mirex, the Niagara and Oswego Rivers. The majorsourde was
from process manufactunng losses at the Hooker Chemical Plant in Niagara F alls. The
Oswego River contamination resulted from an upstream, short-term loading to the river in
the early 1960’s. Mirex, associated with sediment; was gradually transported down the 14
km stretch of the Oswego River to Lake Ontario. A 1977 survey indicated a great
extension in the area of contamination énd increased concentrations of mirex in the
surficial sediments (Van Hove Holdrinet et al. 1978). The subsequent closure of the Lake
Ontario fishery was, in part, due to the lake-wide distribution of mifex. The ultimate fate
of this material is ikely the far-field contamination of the St. Lawrence River.

Table 2.1 Summary of the nature and extent of sediment contammatzon in Areas of
Concern, based on bulk sedzment chemistry (adapted from Painter 1992).

, “Severc Effcct Level . Lowest Effect Level ConlammamsexoeedmgSEL
_Area of Concern K’ %of AOC _ Km'’ %ofAOC
_ Hamilton Harbour . 7.9 442 200 = 945 Zn, Cr, Cd, Pb, Cu, PAH's
Bay of Quinte .45 02 132.7 . Cu
St Lawreice River 0.2 0.7 6.8 27 Hg, Zn,Cu,Pb
Spanish Harbour ~  66.0 124 262.7 51.0 NLCu
Toronto Harbour 14 18 . 285 359 Cr, Cu, Po, Cd
Peninsula Harbour 0.5 27 53 274 Hg _
St Marys River 0.9 03/ . 809 174 As, Cr, Cu, Pb, PAH’S:
Nipigon - .00 00 . 552 272 S
Jackfish Bay 0.0 00 — 0.6 72
Collingwood Hartbour - 0.0 - 0.0 01 110
Wheatley Harbour . 0.0, 0.0 . <01 546

Severe and Lowest Effect Levels as deﬁned in Persaud etal. 1992

" Almost all the Great Lakes Areas of Concern have documented seditent
‘contamination. However, these designations are often based on relatively few chemical
measurements. Little systematic data are available on the concentrations of contammants |
in many of the Areas of Concern and there is far less information on direct impacts of



Table 2.2 Summary of Ontario Sediment Quality Guidelines (values in ug/g’ dry weight)

from Persaud et al 1992.
No effect level Lowest effect level _ Severe effect level

Arsenic 6 33
Cadmium 0.6 10
Chromium 26 110
Copper 16 110
Iron (%) 2 4
Lead 31 250
Manganese 460 1100
Mercury 0.2 2
Nickel 16 75
Zinc 120 820
Nutrients
TOC (%) 1 10
TKN 550 4800
P 600 2000
Organics
Aldrin 0002 8
BHC 0.003 12
"aBHC 0.006. 10
bBHC 0.005 21
CBHC 0.0002 0.003 1
Chlordane 0.005 0.007 6
DDT (total) : . 0.007 12
op + pp DDT 10.008 - 71
pp DDD 0.008 6
pp DDE : - 0,005 19

- Dieldrin 0.0006 0.002 91
Endrin’ 0.0005 0.003 130
HCB 0.01 0.02 24
Heptachlor 0.0003 :
H epoxide 0.005 5
Mirex _ 0.007 130
PCB (total) 0.01 0.07 530
PCB'1254 0.06 34

- PCB.1248 0.03 150
PCB 1016 0.007 53 -
PCB1260 - 0.00 24
PAH (total) - - 2 11000 -

sediment associated contaminants on biota. The data presented in Table 2.1 represent

areal summaries of sediment contamination for some Areas of Concem according to the
three effect levels using chemical concentration criteria (Painter 1992). These data .

demonstrate that in many cases large areas exceed the severe category and all areas have
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zones of considerable size that exceed the lowest safe level. The large areas of sediments
designated as contaminated using such chemical criteria makes many remediation methods
impractical. Furthermore, it has been found that in many apparently unperturbed systems

sediment levels exceed both lower and upper criteria for several metals (Painter 1992).

23  Cwrrent sediment guidelines
Most management issues regarding contaminated sediments in the Laurentian

Great Lakes have been associated w1th the testmg, dredgmg and dlsposal of material for
.navigational purposes In the penod 1980 through 1984 some 321 dredgmg projects were
reported, in which 24,255,380 m’ of matenal was removed and dlsposed of throughout

the Great Lakes @c 1991) 'I'he only ex1st1ng “criteria” for assessmg the quality of
sediments at this time were the Open Water Dlsposal Guidelines of the Ontario Mimstry of
the Envnronment (Persaud and Wilkms 1976) and the dredging guldehnes of the U.S.

EPA (IJ C 1982) Recently, the Ontano Mimstry of the Enwronment and Energy .
(OMOEE) has proposed new sedlment gmdehnes (Table 2. 2) for use in the assessment of
navngatlonal dredgmg as well as remedlal mvestxgatlons in Areas of Concem (Persaud ef
al. 1992). These guldehnes are based on the Screemng Level Concentrauon Approach
(SLC) developed by Neﬁ‘ et al (1986) in whxch the co-occurrence of concentrations of
selected contammants in sedlments and the presenee/absence of benthxc mfaunal specles
are used to devise three levels of blologlcal eﬁ'ect the No Eﬂ‘ect Level (derived from
pamtlon eoeﬂicrents or background levels) the Lowest Effect Level (based on the ‘
concentrauon of s* pereentile of the dlstributlon for all specles for whlch data are
avanlable) and the Severe Eﬁ'ect Level (based on the concentratron of the 95“‘ percentile of
the distribution for all species for whlch data are available) '
| Federally, the Canadlan Federal Departmeut of the Envrronment (Environment
~ Canada, 1996) is in the process of developmg national sediment quahty guldehnes using a
welght of evidence approach in whrch blologlcal and chiemical data from fumerous
' modelhng exercises, laboratory toxmty tests and field studres performed on ﬁ'eshwater

sediments are complled, analysed and matched (Smlth etal. 1996). Two assessment



values (a threshold effect level (TEL) and a probable effect level (PEL) have been derived
using this system for 23 substances i.e., -eight trace metals, six individual polycyclic
aromatic hydrocarbons (PAHS), total polychlorinated biphenyls (PCBs) and eight
pesticides. The TEL represents the concentration below which adverse biological eﬁ‘ects
are expected to occur rarely and is based upon the geometric mean of the lower 15%
percentile concentration of the effects data set and the 50" percentile of the no-effect data
set. The PEL defines the level above which adverse effects are expected to occur |
frequently, the PEL is calculated as the geometric mean of the 50" percentile
concentratlon of the effect data set and the g5t percenule of the no-eﬁ’ect data set. Again
thrs isa process similar to that initiated by the Province of Ontario in that sediment
gmdehnes are derived on a chemlcal-by-chemrcal basis conducted on mixtures of
ohemicals ﬁ-om ﬁeld-collected samples and based on blologlcal (laboratory test) vanables
The U. S EPA (U SEPA 1993) have developed guldehnes for denvmg site- speclﬁc
criteria usmg a trered approach whrch generates physrcal, chemlcal, tox1colog1cal and |
bioaccumulation mformauon prior to drscharge of dredged matenals however we are not
| aware of its apphcatlon in any published matenal ' '

At present decisions as to whether or nota sedxment is contammated is based on
chemrcal concentration. However cun'ent assessments of the ecologrcal nsk assocrated
with contammated sedlments in Areas of Concem, and the need for remedral actlon, are
'usmg brologrcal rnformatton in addition to data on chemlcal concentratton The methods
most ﬁ'equently used derrve ﬁom the Sedrment Quahty Triad (SQT) approach (Chapman
et al 1992 Canﬁeld etal. 1996 Besser et aI 1996 Chapman 1996) The SQT approach
uses a combmatton of results from whole sedlment laboratory tOchlty tests (broassays)
chemrcal concentratrons of contammants measured in sedlments and in-situ benthic.
invertebrate community composition to determme the nature and extent of sedlment
_ contammauon This approach was used extensrvely in the Assessment and Remediation of
Contammated Sedlments Program (ARCS) to address the contanunated sedtments _
problem in the American Great Lakes Areas of Corcern F ox and Tuchman 1996 Burton
etal. 1996) The SQT approach yrelded good concordance among measures of laboratory
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toxicity, concentrations of contaminants in sediments and the composition of the benthic

. invertebrate communities for extremely contaminated sites. However, in moderately
contaminated sites, less concordance was observed, especially between the berithic
communities present and either laboratory toxicity tests or sediment contaminant loading
(Canfield et al 1996). Scientists involved in the ARCS study suggested that evaluation of
non-contaminant factors and understanding of the normal variability of the biological
-endpoints used are nieeded to better interpret the responses of benthic invertebrates
exposed to contaminated sediments. ’

As drscussed above, environmental managers and regulatory decision-makers have
traditionally set water and sediment quality guidelines based on concentrations of selected
contaminants within environmental matrices. The pnmary advantage of a chemical
approach is the apparent ease of s1mple numerical oompansons of ooneentratlons of
toxic responses in brota However the chemical approach has been criticised in recent
years because it frequently fails to achieve its objectlves (Caims and van der Schahe 1980,
Long and Chapman 1985, Chapman 1986, Chapman 1990) or because it is so conservative
(Table 2. l) that it has limited value (Pamter 1992 Zarull & Reynoldson 1993).

As the purpose of envrronmental assessment and management is ulttmately the
maintenance of blologlcal integrity, 1t is our view that the setting of water and sediment
quallty objectrves should include blologleal targets together with chemical surrogates
This approach is the basls of the sediment quality triad proposed by Chapman and co-
workers and strongly endorsed in two International Joint Commrssron (1987 1988)
reviews of assessmg sedrment problems in the most contaminated areas of the Great
Lakes. Both the sediment quality triad and the IJC promote the incorporation of
laboratory and field biological assessment in identifying contaminated sediment. In both
cases the use of mvertebrate assemblage structure is suggested as the appropnate field
component and toxlcrty testing as the laboratory component.. This report deseribes the

development of numeric target values for these biological measures
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24 Reference condition concept

Until recently, the development of numeric biological targets was considered too
difficult due to the temporal and spatial variability inherent in biological systems.
However, over the past 15 years, methods developed in the United Kingdom (Wright ef
al. 1984, Moss et al. 1987, Armitage et al. 1987, Ormerod and Edwards 1987) and
elsewhere (Corkum and Currie 1987, Johnson and Wiederholm 1989) have demonstrated
the ability to predict the biological response in clean (or ‘uncontaminated’) sites using
simple habitat and water quality parameters. In all these studies the biological attributes of
choxce have been invertebrate assemblages This approach allows appropriate site-specific
blologxcal objectives to be set for ecosystems from measured habitat characteristics and
also provides an appropriate reference for determining when degradation at a site dueto
anthropogenic conlamina‘tion is occurring. The acceptance by regula'tory agencies of
blologlcal water and sediment quahty objectlves has been slow but is now bemg given
senous consxderatlon as shown by current work in Canada (Reynoldson and Zarull 1993,
Reynoldson etal. 1995) the USA (Hunsaker and Carpenter 1990), the Umted ngdom
(the RIVPACS method anht et al. 1984) and Australia (Parsons and Noms 1996).

This report descn'bes the development of blologlcal guldehnes for sediments in
nearshore fine-grained habitats in the Laurentian Great Lakes. These guldelmes have been
developed for mvenebrate assemblages and benthic mvertebrate laboratory tests usmg a
modlﬁcatlon of the techmque developed in the UK (Wright et al 1984 Furse ef al 1984;
A:mwage etal 1987) and now described as the reference condmon concept (for more
deta:l, see Reynoldson et al. 1997). The chowe of invertebrate assemblages was made on
the basis of the fact that these orgamsms are in direct contact with the contammants
associated with the sediment and are therefore most likely to exhibit effects. The use of
laboratory tests was supported to oonﬁrm that any responses observed in the field are due
to sediment and not other environmental stressors. In selecting the test orgamsms and
endpomts it was the view that, again, infaunal invertebrate species would be most
appropriate, and that ecologically relevant (growth and reproduction) chronic as well as
acute endpoints should be used.



Fundamental to the scientific method is the use of controls or control conditions
against which results obtained under test conditions can be compared. In field
comparisons, attempts are made to choose test and control sites that are as similar as
possible. The variable of interest can then be manipulated but uncontrolled variables are
assumed to fluctuate. The actual choice of separate sites in the field that are similar in all
aspects, and, that can be divided into control and experimental sites, is difficult.
Traditionally, this problem has been solved in aquatic studies by choosing adjacént sites in
streams (i.e., upstream and downstream compatisons; Norris ef al. 1982), dividing lakes
mto halves (Schindler 1974), using artificial enclosures or mesocosms (Graney et al. 1994)
or by locating sites thought to be similar at an appropriate distance from any source of
contamination. Such approaches have several problems (Cooper and Barmuta 1993)
especially the problem of “pseudoreplication” (Hurlbert 1984). In the reference condition
approach, a wide range of minimally disturbed sites are sampled and organized by selected
physical, chemical and biological characteristics to form one or more ‘reference
conditions’. These reference conditions then serve as the control(s) against which
individual test sites can be compared. The notion of a reference condition is therefore
really a description of best available condition. . |

Using the reference condition approach in developmg blologlcal guidelines for the
Great Lakes involves the following steps (Figure 2. 1)

‘Data collection | | |

'Collection of data on invertebrate assemblages, sediment toxicity tests and habitat
descriptors from reference sites that describe the broadest range of natural variation in fine
grained sediments from the nearshore of the Great Lakes.

Site classification and model b

Reference sites are organized into groups with similar blologxcal attributes based
either on the composition of their invertebrate fauna or the response in the laboratory test
endpoints. The characteristics of these commuriity groups and the test éndpoint range_sr

form the bases for the guidelines. ’
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Predictive medels are developed that relate a set of habitat attributes to the groups
of sites formed from the biological data. The models are used to determine the probability
of a test site belonging to individual reference site groups. ,

The data collection, reference site classification and medel building required to
develop the guidelines and are a substantial one time effort. However, the models can be
refined and periodically upgraded as further data are collected. |

The following steps are used in the assessment of sediment quality using the
biological sediment guidelines.

Selection of reference sites for comparison

s A statistical technique, discriminant function analysis (DFA), with physio-chemical
variables is used to determine the probability of a test site belonging to one or more of the

reference groups.

This is the step that defines whether the biological response at a test site meets -
expectation, and compares the biological attributes of the test site with the normal range
observed at the appropriately matching reference sites.

TIn this study, a large data base was assembled from 271 sites in Lakes Ontario,
Erie, Michigan, Superiof and Hiron and analysed to establish reference conditions.
Information from each site included, (1) the responses of four species of benthic
invertebrates (Hyalella azteca, Chironomus riparius, Hexagenia spp. and Tubifex tubifex)

exposed in the laboratory; (2) the structure of the benthic invertebrate community; and(3)
, selected environmental variables from the same site. |
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3. SAMPLING MEmons

31 Selecting Reference Sites

Reference sites refer to locations at which data are collected for comparison with test
sites. One of the critical limitations of this approach is that the predictive models that are
developed cannot extrapolate beyond the range of variability contained within the reference data
set, that is a reference data set developed for the Great Lakes cannot be applied to lakes in
northern Ontaﬂo. Furthermore, it is vital that the reference sites encompass the entire range of
variability from the geographic area from which test sites will be examined. A process must be
used to select reference sites as these form the benchmark against which test sites will be |
compé;ed. The condition at reference sites should represent the normal range of minimally
impaired conditions that can be achieved in soft sediments in the Great Lakes. The detennination
of the reference condition from reference sites is based on the premlse that sites least affected by
human activity will exhibit blologlcal eondltlons most slmxlar to those at natural, pristine;
locations. The reference condition approach that we recommend bases reference condition on the
biological attributes of a site where selection of the appropriate referenee condition from a set of
possible reference states is determined by a predictive model based on environmental‘ attributes of
the site. | B

Reference sites should have minimal impairment ﬁ'om anthropogenic activities such as
watershed disturbance, habitat alteratlon, non-pomt source runoﬁ‘, point-source discharges,
atmosﬁhenc deposition or ﬁshmg pressure Sites without any of these dlsturbances are 1dea1
reference s1tes However, in many regions human land-use praeuees and atmosphenc
contanunatnon have so altered the landscape that txuly undisturbed sites are unavailable.
Therefore, a cntenon of minimal impairment must be used to determine the selection of reference
sites. _

Several requirements were considered necessary prior to the location of the sites for
sampling: ’ '

1. The selected sites had to capture as much of biological vanablhty in the benthlc

invertebrate communities of the Great Lakes as practlcable
' 31



2. The sites shoiild be located in dépositional areas because contaminants are primarily
associated with fine grained material;

3. The sites should represent the nearshore environment as se_dimént remediation is
considered impractical in offshore or deeper waters, primary application of the
guidelines is expected to be in the International J oint Commission “Areas of Concern”,
all of which are nearshore, and,

4. The sites should be unimpacted of clean.

The trend in mariy of the approaches to establishing reference conditions, particularly in
the United States has been to use terrestrial habitat attributes to define reference sites (Hughes
1995, Omernik 1995). This has usually been based on ecoregions, which define areas with similar
| geographic attributes. Ecoregions are helpfill in capturing the potential range of reference
conditions that may exist, however we do not support basing aquatic reference condmons solely
on ecoregions or any other phys1cal classification. Rather, we suggest that ecoregions are the first
step in reference site selection and stratification as there is little évidence that invertebrate
communities show high levels of uniformity within such regions (Corkum 1990, 1991, Richards et
al. 1993). Hughes (1995) provides an outline of the steps involved in selecting regional reference
site#,'which can be usefully used when using a multivariate approach to predicting reference |
conditions. Lake systems are normally classified based on their trophic state; however, in the
Great Lakes, the majority of the basins are naturally oligotrophic, with the excephon of
mesotrophlc western and central Lake Erie. As aquatic systems are reﬂectlons of the surrounding
- terrestrial environment, it was considered reasonable to use a terrestnal land class1ﬁcat|on system
to stratify the Great Lakes nealshore environment. Since early 1980, an ecologlcal land
classification. system has been developed in Canada using an interdisciplinary, ecological approach
with a standardised terminology. This has become known as the Ecological Land Survey, in |
which the landscape is conceived as large and small ecosystems, nested within one another in a
spatial hierarchy (Rowe and Sheard 1981; Rubec and Wiken 1983). This classification process
includes the description, comparison and synthesis of data related to the biological and physical



Figure 3.1. Ecoregions and ecodistricts of the Great Lakes basin.

‘| Ecoregion | Number of
| Ecodistricts
i : sampled
E | Erde 01, 02, 03, 04
H “Hurontario 15, 06, 13
N Nipissing 14, 15, 16
CP Chapleau Plains 24
SH | Superior Highlands | 25,26
NP Nipigon Plains 50
'TBP | Thunder Bavalains 51
| NLF | Northern Lakes and | none defined
| Forests
I NCH | North Central none defined
‘ 4 Hardwood Forests
§ SEW | SE Wisconsin Till | none defined
Plain f
CCB Central Corn Belt | none defined
, plains
{ MIP | S.Michigan/N. none defined
1 Indiana Clay Plains
HEP Huron/Erie Laker not sampled
. Plain
ECP E. Corn Belt plains | not sampled
EOP Erie/Ontario Lake not sampled
Plain '




characteristics of the land, including parent material, landform, hydrology, vegetation, climate
and wildlife. Seventeen eeoregi(ms have been identified in Ontario (Figure 3.1) and, of these,
seven intersect the shoreline of the Great Lakes (Figure 3.1). Each of the eceregions is further
subdivided into ecodrstncts (Wickware and Rubec 1989) and it was this level of stratification that
was used to select the reference sites along the Canadian shoreline. In Lake Michigan the
ecodistrict level boundaries are not established and stratification was at the level of the ecoregion.

Identifying fine grained habitat
Within each ecodistrict, hydrographic charts were used to identify areas having fine-
grained sedimentv Boundaries were drawn around those areas indicated on the hydrogra'phic
charts as having either a silt or mud substratum. These were identified as regrons where sites
could be potentially located. '

As the focus of the study was on the nearshore environment, a depth criteria was used to
limit site location. The initial decision was to restrict sites to a 30 m water depth limit and within
2 km of shore. However, the absence of fine-grained material within this depth stratum in some

geographic areas did require the inclusion of some deeper sites.

mmzmalrm" irme;

Finally, the objective was to sample sites that were mmlmally impaired. Optimal reference
- gites should represent pristine conditions; however, such an objective is unrealistic in many areas.
AThe pnmary source of information on point source discharges is the Canadian Great Lakes Basin
‘ Intake-Outfall Atlas (Ontario Environment 1990), an eight volume set describing water intakes
and mdustnal and mumcrpal drscharges to the lakes. Areas within 10 km of a point source were
~ therefore excluded as potential reference site locations. Avoidance of areas likely to be affected
by non-point sources was achieved by using topographic maps to select areas that had mimmal
agricultural or urban shoreline development. .
Once the above steps had been taken to identify potential sites the final decision on a site
being sampled was its suitability in the field in terms of depth and substrate.
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To estimate the number of sampling sites required to build a predictive model we
examined the relationship between the accuracy of predictive models in correctly classifying sites
- and number of reference sites used to build the models from published data for both stream and
lake data sets. Counter intuitively there seems to be a negative relationship between the number
of sites and the quality of the predictive inodels (Figure 3.2). The large data sets developed by the
RIVPACS group in the United Kingdom have found that as the number of reference sites
increases the percentage of correct predictions decreases (Wright pers. comm.). However, this is
largely because that the greater the number of sites then the progressively broader the spectrum of
sites within the area of study. As the number of sites increases the classification groups represent
finer divisions than in classifications with fewer sites. Thus ifa site is incorrectly predicted the
correct group is usually very similar.
~ 'The specific number of sites to be distributed among the sampling divisions is often largely
determined by available budgets, the number of sampling divisions and the desired level of
accuracy in the predictive model.. While there appears to be a negative relationship between
predictive accuracy and total site number (Figure 3.2) based on literature reported studies, more
. ifnportantly increasing the number of sites allows increased ability to discriminate impacts
| (Reynoldsoxi 1996). Wright (1995) has suggested that individual site groups formed froma
referen‘ce s1te data hase should have a minimum of five and preferably 10 sites per gréup, thus -
“allowing a reasonable estimate of variance to be estabhshed for a given reference group. While
-there wasnoa pnon way of determlmng the number of referenee s1tes requlred we almed fora
target of between 250-300 reference sites.
_ A total of 349 samples were taken over the 1991-93 study penod (Table 3 1) from 271
dlﬁ'erent site locations (Figure 3.3). Most s1tes @3 06) were sampled in late summer or early fall |
overa three-year penod The sampling penod ranged from tmd July to the end of October, the
median sampling date was September 12% | and 80% of the sites were sampled in August and
September | | | | | | 4 | |
In addltlon, some sites were sampled in each of the three field years or in two of the ﬁeld
years and four sites were sampled monthly over two years (1992-93). These data allowed a

determination of the effects of both annual and seasonal variation. The seasonal samples
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comprised 43 seasonal visits to four sites (303, 1213, 1307, 1601) visited monthly in 1992-93
(Figure 3.3), the annual samples repeat visits to 16 sites in each of the three years and repeat visits

to a further 13 sites for two of three years (Table 3.1).

Table 3.1 .Summary of sites sampled to develop a reference database for the Great Lakes

_(1991-93). , , R
1991 1992 1993 Total
Fall Samples 50 147 - 109 306
Sites re-visited (1991-93) 16 16 16
Sites re-visited (1991-92) 10 ‘10 _
Sites re-visited (1992-93) ' 3 3
Seasonal samples . - 0 21 2 43

Sedirnent, water and pore-water samples were collected at-each site for chemical and |
physical analysis. In addition, samples were collected for the determination of the community
structure of benthic macroinvertebrates and for laboratory sediment bioassays with selected

species of benthic invertebrates.

3.2 Invertebrate Commumty Structure
Samples for the 1dent|ﬁcatlon and enumeration of benthlc mvertebrates were collected
from either a la.rge box corer (50 cmx 50 cm) ora mlm-box corer (40 cm x 40 cm) operated

from elther the CSS lenos or the ‘P’ class vessels. Box corers are grawty-operated devices

'des1gned for collectmg large square undisturbed sedxment cores for sclenuﬁc exariination and

sub-samplmg A complete descnptlon of box corers and other sedlment samphng devices is
available in Mudroch and Macnght (1 994). The large box corer used in the first year of this
study reqmres botha wmch and a crane, and can only be used from a large vessel such as the
Limnos. The mini-box corer used in years 2 and 3 only requlres a winch and can be used on

smaller vessels (e g, the “P’class vessel).
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Figure3.3.  Location of Great Lakes reference sites.



Table 3.2. Comparison of mean abundance and mean richness of paired samples (5 replicates /

sample) taken on three separate occasions with a box corer and mini-box corer from sites sites

in L. Erie (east basin -23, central basin - 84, west basin - 357, 358). (Samples showing a

significant difference using a paired t-test (P < 0.05) are identified in bold).

Site Box corer Mini-box corer  Box corer Mini-box corer
organisms/core organisms / core taxé/core taxa/core
23 (Oct '91) 3072 350.8 106 108
23 (Jul’92) 2254 184.6 10.4* 8.6*
23 (Sep.’92) 3592 3248 9.0 10.8
84 (Oct’91) 352 - 750 8.0* 10.4*
84 (Jul’92)  63.8 472 1.6 7.4
. 84(Sep’92)  66.0 66.6 10.8 10.6
357 (Oct 91) 35.6 34.8 114 9.6
357 (Jul92) 398 35.0 8.0 72
357 (Sep *92) 35.6 718 9.0 11.6
358 (Oct91) 324 258 10.6 8.6
358 Qul*92) 412 218 60 5.4
358 (Sep92) 31.4* 16.6* 8.4* 50%

Comparison of paired samples using the two box corers showed no differences in
estimates of invertebrate community structure. Twelve sets of paired samples were taken from
four sites in L. Erie over the period October 1991 to October 1992. Both a box corer and mini-

box corer were used on each occasion at each site, 5 replicated core tubes were taken from each

corer and the mean abundance per core tube for each box corer compared ('I‘é,ble 3.2). The

results show that in two of the 12 paired samples there were significant differences between the

number of organisms collected by the corers. On three of 12 occasions the differences between

the number of taxa collected were different. However, there was no trend in the performance of

either sampler to collecting lower abundance or number of taxa. While these differences are more
than expected due to chance (5%), i.e., 17% for abundance and 25% for richness, we do not



consider that they are sufficient, given the small number of comparisons (12) to suspect that there
are true sampler differences as opposed to small scale patchiness.

Each box corer sample was treated as an intact section of sediment that has simply been
translocated to the surface. It was sampled by completely inserting five 10 cm long plexiglass
tubes (i.d. 6.5 cm, enclosed area 34.2 cm’) into the sediment in the box corer. Each core tube
was considered a replicate sample unit. The appropriate number of replicates to sample from an
individual box corer was determined by an examination of data on total abundance of '
invertebrates collected from 19 box corers taken in Lake Erie. From each of the 19 box corers,
10 replicaté core tubes were collected. Based on total number of invertebrates, five replicate
samples produced a coefficient of variation (CV) of 30%; the addition of 'anot'_h,er_ five replicates
(one-by-one) only reduced the CV by 0.5% (Figure 3.4). Thus, five replicate tube cores were
considered adequate.

The contents of each core tube were removed, placed irito a plastic bag and kept cool until
sieved. Sieving in the field was conducted through 250 um mesh within 24h of sampling. If
sieving could not be done in the field, 4% formalin was added to the bag and the samples were
stored at 4 °C; sieving was conducted as soon as possible thereafter. After sieving, the samples
were placed in plastic vials (50 mL) and preserved with 4% formalin. Replicates with large
amounts of organic material were placed in larger containers and again preserved with 4%
formalin. After 24 h, the formalin was replaced by ethanol. |

Samples were sorted with a low power stereo microscope and identified to species of
- genus, whenever possible. As required, slide mounts were made for higher power microscopic
identification (é. g., Chironomidae and Oligochaeta). Appropriate identification guides were used
and voucher specimens of all identified specimens were submitted to experts for conﬁrmatioﬁ;
Oligochaeta: R.O. Brinkhurst, D.R. Spencer, Chironomidae: B. Bilyj and D. Oliver; Mollusca;
G. Mackie, Other taxa: B. Bilyj. The confirmed voucher specimens are being maintained as a
~ reference collection at the National Water Research Institute. o
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Table 3.3.  Measured environmental variables at reference sites, selection criteria and

conszderatzon asa predzctor variable.

) Mwsured Vanable Rationale .~ ~Use as Potential predictor
Geographic (5 variables)  geographic descri fptors prov1de a , N
latitude synthesis of the éffects of spatial yes.
longitude - processés on animal distribution - yes
lake basin ‘ 10 - non-continuous
ecodistrict ’ ' no - non quantitative
date ' no - temporal effects examined
: » : separately
Limnological (8 variables)
water depth integrates effects of temperature and  yes
‘, _OXygen on organisms
dissolved oxygen critical for most aerobic orgamsms no - modified by seasonal
- pH modifies ch’emi,ml initeractions
temperature : - éffects growth and reproductive
alkalinity a summarizes dissolved materials
total phosphorus effects nutrient status and primary
- producers inputs L
~Kjeldahl nitrogen effects pritnary producers. . no- modified by anthropogenic .
. - inms ' .
nitrate-nitrite nitrogen _ .effects primary producers no - modified by anthropogenic
L ‘ inputs o
Sediment (28 variables) |
Particle Size -7 variables = Effects burrowing ofganisms, Yes

(% gravel, sand, silt clay, ~ modifiesbiodvailability of materials.
mean, 75“' 25t %le)

Major elements - 12 A Provide a good descriptor of overall Yes

variables sediment conditions, provides a

(oxides of Si, Ti, Al, FeMn, regional signal.

Mg, Ca,Na, K, P TP TN)’ _

Nutrients- 2 vanabl&s | Provide an. indicator of food Yes

(loss on ignition (LOD), TOC) availability
Metals - 9 variables Provide a descriptor of anthropogemc no - modlﬁed by anthropogenic

, ('I‘otalsforVCrCoNg,Qx, inputs and general contaminant inputs

Zn, As, Cd, Pb) levels, allow verification of reference
— __status .
3.3 Environmental Variables

In the development Qf predictive models, there is no a priori certainty as to which

variables will be appropriate predictors; therefore, both smenuﬁc and pragmatic decisions were
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necessary for the selection of the environmental variables to be measured in this study. Both
information from previous studies (Wright ef al. 1984; Faith and Norris 1989; Johnson and
Wiederholm 1989; Reynoldson et al. 1995; Wright 1995) as well as understanding of lentic
ecology were used in selecting potential predictors. In addition, there was a need to measure
other variables (e.g., metals) that could support the charactensatlon of a site as reference or,ifa
site was an outlier, provide supportive information as to the possiblhty of it being impaired. Three
categories of environmental variables were measured: (1) large spatial scale variables categorised
as geographical descriptors; (2) physico-chemical descriptors of sediment that would relate to
small scale interactions between the organisms and their surrounding environment; and, (3)
limnological descriptors Whieh relate the sediment to overlying water column processes. The
actual variables measured and the rationale for their inclusion are identified in Table 4. Fourty
three environmental variables were measured; from these, 26 were considered as potential
predlctor variables (Table 3.3).

The location of each site was established in the field using either Loran C ora hand-held
Geogmphwal Positioning System (GPS). Latitude and longitude data were stored as both degree,
minute second and decimal degrees '

' Sediment and sediment pore-water were charactenzed from samples collected from either
the large box corer (50 cm x 50 cm) or the mini-box corer (40 cm x 40 cm). Samples of
sediment for geochemical analysis were collected from the surface (top 2 cm) of the box corer.
Each sample was homogenized in a glass dish with a nalgene spoon and divided as follows:

A sub-sample of sediment for chemical analyses of organic contaminants was placed into a
* glass bottle pre-washed with hexane and covered with hexane-rinsed aluminum foil. Samples
were séaled, held at 4 °C in the field until return to the laboratory and subsequently frozen for
freeze-drying and storage. Due to the cost of chemical analyses, these samples were not analyzed
for contaminants but were archived in the event of a site being suspected as being contaminated.

A sub-sample of sediment for the determination of particle size distribution was placed
into a plastic pill jar and stored at ambient temperature in the field. Upon return to the laboratory,
samples were lypholysized and analyzed following the method described by Duncan and LaHaie
(1979) Large particles (> 63j1) were removed from the sedlment sample prior to analysis.
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The remaining sediment was stored in a 500 mL plastic container at 4°C in the field and
shipped to Bondar Clegg & Co., Ltd., Ottawa, Canada for analyses of major elements, total
phosphorous, total organic carbon (TOC), loss on ignition (LOI), and total Kjeldahl nitrogen
using standard ‘techniques outlined by the EPA (1981). Concentrations of metals were detérmined
by acid digestion followed by ICP-AES analysis (multi-channel Jarrell-Ash AtomComp 1100)
using the methods of McLaren (1981). o

Samples of water for chemical analyses were collected using a Van Dorn sampler from 0.5
m above the sediment-water interface. A one litre sample was stored at4°C prior to analysis of

total phosphorus, Kjeldahl nitrogen, nitrate-nitrite and alkalinity at the National Water Research
Laboratory in Burlington, Ontario, Canada Dlssolved oxygen, pH and temperature were
measured in the field. |

For both sediment and water samples the standard procedu'fe was to take a single sample
for analyses However, at 40 sites triplicate samples were taken to provrde an estlmate of the

« vanablhty associated with the chemrcal measurements. -

3.4 Whole Sediment Toxicity Tests with Reference Sediments
A mini-ponar sampler was used at each site to collect ﬁve separate samples of sedlment
- for use in laboratory bioassays w1th each specles of benthic mvertebrate Care was taken at each
site during the samphng process to obtain sediment that was not disrupted by a previous sample
collection method. The contents of each mrm-ponar were placed in a food grade quahty plastic
bag and the bag was tlghtly tled wrth a plastlc tie. All samples of sediment were placed in a cooler
on ice until they were retumed to the laboratory In the laboratory, the bags of sedlment were
- placed in plastic pails with lids and refngerated at4° C in the dark until bloassays could be
conducted using the sediment. _
~ Six to seven sedrments were run concurrently on a weekly basis for each species over a
period of approximately six months followmg the collectlon of sediments for: any glven year.
Storage of sediment for thls period has been shown to not have an eﬂ'ect on tox1c1ty data (Defoe
and Ankley 1998) A clean control sedlment from the Canadian Wildlife Bird Sanctuary, Long
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Point marsh, Lake Erie, was also run with each set of weekly samples and each species to provide
biological quality assurance. The culture of the chironomid, Chironomus riparius, and the
oligochaete worm, Tubifex tubifex, are described in Reynoldson e al. (1991), Day et al. (1994),
and Reynoldson et al. (1995). The culture of H. azteca was maintained according to the
procedure described in Borgmann et al. (1989). Eggs of the mayfly, Hexagenia spp. (both H.
limbata and H. rigida), were collected during late June and July in each year of the study (1991-
1993) according to the method of Hanes a_nd Ciborowski (1992) and organisms were raised to a
suitable age for use in bioassays following a procedure based on Bedard et al. (1992) but
modiﬁed by the addition twice weekly of a diet of a yeast:Cerophyll:NutrafinR (YCT) dissolved
in de101mzed water.
Tests with H. azteca, C. riparius and T. tubgfex were conducted in 250 mL glass beakers ‘
containing 60 to 100 mL of sieved (500 pum mesh), homogenized sediment with approximately
100 t0 140 mL of overlying carbon-filtered, dechlorinated and aerated Lake Ontario water (pH
" 7.8 t0 8.3; conductivity 439 to 578 y1s.cm™; hardness 119 to 137 mg/L). Tests with the mayfly,
Hexagenia were conducted in 1 L glass jars with 150 mL of test sediment and 850 mL overlying
water. The sediment was allowed to settle for 24 h prior to addition of the test organisms. Tests
were. initiated with the random addition of 15 organisms per beaker for H. azteca (mean dry
weight = 0 022 mg) and C. riparius, 10 organisms per jar for Hexagenia spp. and 4 organisms per
beaker for I tubgfex Juvemle H. aztecawere 3.t0 10 d old at test initiation; C. riparius larvae
were in ﬁrst instar and within 48h of hatching; Hexagema nymphs were 1.5 to 2 months old
| (appro:nmately 5 to 8 mg wet welght) and T tubifex adults were 8 to 9 weeks old. Tests were
| conducted at23+1°C witha 16L 8D photopenod except for the test with T. tubifex which was
: conducted in the dark. The test system was static-with the periodic addition of distilled water to
- replace water lost by evaporauon. Each beaker was covered with a ‘plastic petri dish w1th a
central hole for aeration usmg a Pasteur pipette and air line. Dissolved oxygen, temperature, pH
and conduct1v1ty were measured at the begmmng, mlddle and end of each exposure period. In
1993, total ammonia wis also measured at test termination. Tests were terminated after 10 d for
G riparius, 21 d for Hexagenia and 28d for H. azteca and T, tubifex by sieving the sediment ‘
samples through 250 pm mesh. Sedlment from the IZ‘ tubifex test was sieved through 500 pm
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mesh plus an additional 250 pm mesh at test completion. Endpoints measured in the tests were
percent survival and increase in weight (growth measured as dry weightflridividual) at test
termination for C. riparius, Hexagenia spp. and H. azteca. Initial weights of Hyalella and
Chironomus were considered to be zero. End points measured in the T. tubifex bioassey were
percent survival, percent hatch of cocoons, number of cocoons produced per adult worm and
number of live young produced per adult worm. Mean dry weights of H. azteca, C. r’ipdr"fu.é and
Hexagenia spp. were detemﬁned after drying the surviving animals from each teplicate asa group
to a constant weight in a drying oven (60°C). | |

For bloassays conducted in 1991, chambers containing Hexagenia spp and T. tubgfex did
not receive addmonal food durmg the course of the exposure to whole sédiment. “However, o
| larvae of C. rzparms and Juvemle H azteca recelved a food ratlon of 8 mg m01stened Nutrafin®
fish food ﬂakes added as a slun'y twice per week to each beaker over the course of the exposure
penod Durmg this prelnmnary year of the study, it was noted that both growth and\or '
reproductxon of Hexagema and T tubgfex was quite variable, partlcularly in samples with low
orgamc carbon content. Therefore, the standard operating procédures for the 1992 and 1993
| Vbloassays were modified to include a ration of food for both specles as follows: chambers _'
contmmng Hexagema received 50 mg of YCT twice per week; 80 mg of a Nutrafin® slurry was '
mlxed into the sedlments at the onset of the T. tubtfex tests and no other feedmg was camed out
during the worm exposures ' '

.3.45‘DateAnalysi,S,_., | L
351 C i is of Benthic Invertebrates o
. Classification and ordination were used to describe the blologlcal structure of the data at
the reference sites; correlation and discriminant function analyses (DFA) were used to relate the
observed biological structure to the environmental characteristics.
The biological structure of the data was exaxmned using two pattern recognition
techniques, cluster analysis.and ordination. The mean values of abundance counts for each taxon
* from the five replicates for each box corer were used as descriptors of the benthic invertebrate
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community. The Bray-Curtis association measure was used as an association metric for the
benthic invertebrate counts and environmental measures because it performs consistently well in a
variety of tests and simulations using differént types of data (Faith ef al. 1987, Jackson 1993).
Clustering of the reference sites was done using an agglomerative hierarchical fusion method with
unweighted pair group mean averages (UPGMA). The appropriate number of groups was
selected by examining the group structure and, particularly, the spatial location of the groups in
ordination space. Ordination was used to explain the variability observed among the large
number of taxa by a reduced number of new variables (ordination axes). A hybrid multi-
dimensional scaling (HMDS) method of ordination was used, ic., Semi- Strong- Hybrid
multidimensional scaling (Belbin 1991). Multi-dimensional scalmg methods can use erther metric
or non-metric rank order information. We have used a hybrid technique that mcorporates both
metric and non-metnc scaling (Faith ef al. 1987) Metnc scalmg methods assume that the
dissimilarity measure chosen has a lmear relatlonshlp with ecologlcal dlstance non-metnc saclmg
assumes only monotomclty and the dlstances between sample pa1rs are only mamtamed in rank
order with their d1ss1m11ant1es The hybnd method descn'bed by Fa1th etal (1 987) dlﬁ'ers ﬁ'om
these two approaches in using a prescnbed dlsmmllanty measure that has a robust metnc (lmear)
relationship with distance only over a certain range. A monotonic regressron serves as the only
direct constraint on larger dxssnmrlantles This hybnd attribute is of partlcular value when relatmg
ordination scores to environmental characteristics. All clustering and ordmatlon was done usmg
PATN a pattern analysis software package developed by CSIRO in Austraha (Belbm 1993)
+Of the 43 environmental variables measured in this study (Table 3.3), 26 were examined

for their relationship with the biological structure of the data. Vatiables were exchided if they

- were likely to be influenced by anthropogenic activity, particularly those associated wrth sediment
contamination. This is because the predictive models being developed are to be used to establish
what community would occur at a test site if it were not affected by human activity. Thus, all the
values describing concentrations of major and trace metals were excluded from consideration as
potential predictor variables. The variables included were general descriptors of sediment type,
such as particle size and organic matter (as a potential indicator of nutritive quality). These, -
together with physical attributes such as water depth and general water chemistry, were
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considered as the most appropriate general habitat descriptors that will not be as subject to
modification from human activity. The relationship with the biological data was examined in three
separate ways: -

(1) Principal axis correlation from PATN which determines how well a set of attributes
(environmental data) can be fitted to ordination space (species matrix). This multiple-linear
with the best fit in ordination space. These can be represented as an axis on an ordination plot
and a correlation of the axis with the ordination is provided. A randomization model was used
to establish the statistical significance of the correlations.

(2) An ANOVA was conducted using the site groups from the benthic data as the class
variable. Procedure ANOVA in SAS was used to establish those environmental attributes that
differed significantly (P < 0.0001 and P < 0.05) between biological site groupings.

(3) Stepwise discriminant function analysis (Procedure STEPDIS in SAS) was used to
" establish which environmental variables "best" separate cases into the predefined groups formed
from the biological data set. Stepwise selection of variables was used and the significance level -
for variable entry and retention was 0.05. '

Based on the results from these analyses, environmental variables were used in
discriminant function analysis (DFA) to establish fiinctions of the variables that "best" separate
cases into the predefined bi_olbgical groups.  The SAS version of DFA was used with raw
environmeiital data to generate disctiminant scores, and to predict the probability of group |
meémbership. The more rigorous cross-validation method was used to verify the accuracy of the
predictions from the discriminant model. Using this miethod €ach of the sites is'intum removed
from the data set, a model is generated without that site and then the site group predicted. The
B predicted groupi;igs and actual groupings can thén be compared to _»prdvide a group and total

error rate. | a

_ Selection of the optimal predictor variable data set was done by iteration. ' Varioﬁs |
combinations of predictor variables were selected from the stepwise discriminant analyses and
principal axis correlation.  The optimal set was defined as that with the lowest error rate from

cross-validation in discriminant analysis
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3.5.2 Whole-Sediment Laboratory Toxicity Tests

Frequency distributions of the data for each species and end point were plotted as

histograms to present a graphical picture of the responses of each organism to a variety of
reference sediments collected throughout the Great Lakes. In addition, the descriptive statistics
of mean, median, standard error, standard deviation, maximnm and minimum values and. range
were determined for each endpoint. The data were tested for normality and homogeneity of
variance using Sigma,plotR V.1.02 (Jandel Scientific). For pur_poses of analysis, the data ‘
pertaining to percent survival were transformed using the arcsine square root transformation
(USEPA 1994). For comparative purposes, the re‘sponses of ihe four species to repeated
bioassays with the quality control sediment from Long Point marsh were similarly examined and
the descriptive statistics tabulated.

A formula which incorporates the probability of Type I and Type II errors was also used
based on Becker ef al.(1995) and Kubitz ef al. (1996). A minimum detectable difference (MDD)
which represents the smallest difference befWeen two means that can be discriminated statistically
population variance was calculated for each endpomt The MDD is expressed as a percentage
: change from the mean control response or response in reference sediment(s) ‘The selection of the
o and B levels for the test is a function of the costs associated with making Type I and Type II
statistical errors (Fairweather 1991). Kubitz et al. (1996) argues that Type I (o) and Type I (B)
errors of 0.10 are suitable because the costs of either remediating a non-contaminated sediment or
" not remediating a contaminated sediment would be equal from both an envuonmental ora
financial viewpoint. The MDDs for the end points studied in this project were thus determined |
using following equation: . ’

MDD = V261 (fop + L)
where
¢ = the true population variance
n = the number of replicates for a site (5)
t = critical value of £ for a two-tailed test
~v=degrees of freedom 2 (n-1)
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o=0.1; 8 = 0.1; power = 0.9 or 90%
The true population variance of each end point was estimated by the variance determined

from the data set for the reference sites used in bioassays with each species.
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4.0 RESULTS

The study area encompaséed all five of the Laurentian Great Lakes. To ensure that the
range of habitat characteristics were adequately represented, a preliminary list of sites was
‘identified and stratified among 17 ecoregions described by Wickware and Rubic (1989) for the
Canadian shores of the Great Lakes. Additional funding by the U.S; Environmental Protection
Agency allowed the expansion of the data base into Lake Michigan and 53 sites in this lake were
distributed throughout the five ecoregions designated for the terrestrial shoreline of Lake
Michigan (Figure 3.3).

“The data set of 306 fall samples was examined for outliers. Inclusion of sites in the
reference site database was based on examination of both the community structure and toxicity
data. As we had no a priori method of determining whether the selected sites were minimally
impaired we excluded sites from the reference data base if either invertebrates were absent in the.
sample or the site had less than 50% survival for any test species. Of the 306 samples in the data
set 18 were excluded because of poor laboratory survival, and one site because of community

~ structure. A futther 35 sites were removed at random for validation of the community models
resulting in 252 bemg included in the reference database.

4.1 Environmental attributes of sites

The range of environmental conditions found at the 252 reference sites is summarised in

Table 4.1. The median éam_pling depth was 15 m and 80% of the sites were between 5 and 63 m.
the reference data base included a broad range of physical substrates, including sites with
between 0% to > 90% of each of sand, silt and clay. Total orgamc carbon ranged from 0.01 -
12. 85%, with a median of 2.16% and the mineralogical range of the sediment is summarised in
Table 4.1.

Metal levels varied considerably, the median levels of several metals, chromium, nickel,
copper, cadmium and zinc exceeding the Ontario lowest effect level (Table 2.2). Three metals
had values that exceeded the severe effect level (Table 2.2), chromium, nickéi and arsenic, and
10% of the sites exceeded the severe effect level for nickel. |
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Table 4.1. Summary statistics for environmental variables at 252 Great Lakes reference sites.

‘Average Median Maximum. Minimum 10 S 90™
_ ‘ e percentile  percentile
Water Depth (m) 248 15 102 1 5 63
Gravel (%) 0.6 0 36.2 0 ] - 07
Sand (%) 37.0 18.8 99.8 0 1.2 95.4
Silt (%) 31.6 32.3 95,7 0 0 65.9
Clay (%) 307 © 299 91.1 0.1 2.0 63.8
Si0; (%) 60.10  59.07  93.30 19.84 46.06 76.79
TiO: (%) 0.52 0.51 1.92 0.05 0.22 0.76
ALO; (%) 1006 1048 1502 2.39 5.46 13.59
Fe;05 (%) 4.46 428 2170 044 1.77 7.28
MnO (%) 0.16 0.10 3.29 0.01 0.04 0.23
MgO (%) 27 2.30 8.35 028 110 - 4.69
CaO (%) _ 592 338 32.15 049 . 156 - 12.64
Na,O (%) 1.62 1.58 3.53 0.12 0.68 2.75
KO(%) 235 236 4.18 0.74 1.51 3.10
P,0s (%) o 0.17 016 . 056  0.02 0.07 029
Total Nitrogen €ig/g) 21998 1460.5 125280 0.0 4216 5202.7 -
Total Phosphorus (ig/g) ~ 684.5  563.5 71800 200 174.5 11765
Loss On Ignition (%) 1139 1052 3872 059 317 C2012
Total Organic Carbon (%) 2.16 1.75 12.85 0.01 0.39 . 488 .
V (g/e) S 47 38 159 4 14 88
Cr (ug/g) 45 40 123 4 12 83
Co (ng/g) < 12 11 49 1 3 21
Ni (ug/g) 45 33 348 1 10 ’ 79
Cu Gug/g) 2. 25 91 . 0 5 .51
Zn (g/g) 112 96 482 5 27 207
As (ng/g) 10 5 115 ©3 3. 24
Cd Gglg) 1 1 4 0 20 . 2
Pb (ug/g) 42 @ 35 153 - 1 16 T
- WaterpH . .. 80 - 80 19y 63 - 13 87
Dissolved Oxygen (mg/l) 9.3 9.1 15.0 49 6.4 12.4
Allkalinity (mg/l) 783 757 180 381 - 450 - ¢ 1089
Total Phosphorus (mg/l) 00126  0.0096 01094 00014 00045 . 00216
Total Kjeldahl Nitrogen (mg/l) 0.186 ~  0.145 1480 0031 ' 0,075 C 0324

Nitrate-nitiite mgl) 0221 0249 0416 0001 - 0019 . . 0349

These summary data provide an indication of the range of environmental conditions
captured by the 252 reference sites. They also set the bounds of apphcablhty for which the
biological targets being set for community structure and toxicity endpoints can be applied. Test
sites within this range can be assessed with conﬁde_nce by the-targe__ts,descnbed.below. Any site

outside the range should be compared to the reference data base with caution.



4.2 Community Structure throughout the Great Lakes Basin

4.2.1 Taxonomic Composition
The 252 sample reference database includes 162 taxa, a compiete taxa list is presented in

‘the appendices (Appendix 8.2). The majority of taxa were not abundant and only 16 taxa

~ contributed more than 1% each of the total number collected (Figure 4.1). In fact, the 10 most
abundant taxa (Figure 4.1) comprised more than 70% of all th_e organisms found. The most
diverse groups of organisms identified were the Chironomidae (midge larvae) with 44 genera, the
Oligochaeta (worms) with 40 species identified (19 Tubificidae, 18 Naididae and 3 |
Lumbriculidae) and the Mollusca (snails and clams) with a total of 38 species identified (20
Gastropo&a, 18 Bivalvia). The most common taxa, occurring at more than 50 % of the sites,
were the chironomid, Procladius spp., the sphaerid clam, Pisidium casertanum, and the
amphipod, Diporeia hoy1 The cﬁironomids, Heterotr'issqcladius spp., Chironomus spp and
Tanytarsus spp., occurred at more than 40% of the sites. The more abundant (density) and
common (frequency of occurrence) specles are shown in Table 4.2, ordered by abundance; the
contributlon of each taxon to the overall structure of the commumty described by ordination
(section 4.2,2) is indicated by the correlation co-efficient from pnnc1pal axis correlation. The
most mterestmg feature of the distribution of the most abundant. species, is that of the ten most
abundant, only half are the: most common (e.g., Diporeia hoyi, Pisidium casertanum, Procladms
spp., Tanytarsus Spp- and Chironomus spp.). The distribution of the three most common
oligochaete species, Stylodrilus henngzanus, Potamothrix vejdavsk)n and szro.sperma ferox was
slightly more restricted with each species found at 30, 20 and 26.6% of the sampled s1tes,
respectlvely Two other. oligochaete specles were more wxdely dlsttibuted, the tublﬁcld worm,
Limnodrilus hoffmeisteri (34.9% of the sites), and the naidid worm, Vejdovskyella intermedia
(31.7% of sites). However, most notable is that the second and third most abundant species, the
recent exotic invaders Dreissena polymorpha and D. bugensis, , are the 23" and 88 most
common species, respectively. This reflects their very recent arrival in the lakes and suggests that
their distributional patterns are not yet final; this can be attributed to dispersal processes more

than local environmental conditions.
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Figure 4.1. Abundance of taxa collected at 252 reference sites. (see Table 4.2 for list of abbreviations)



Great Lakes 162 species at 252 sites (1991-93), showing 10 groups of sites
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| 3 groups | 141 | | 34 77
4groups | 132 : . ‘ [ 9 34 77
5 groups. 68 1 64 9 34 77
6 groups 29 39 64 9 34 | 77

Figure 4.2. Dendrogram of species groups formed from cluster analysis of 252 Great Lakes reference sites, with a table of site occurrence at
different group levels



Figure 4.3a. Geographic location of sites in groups’l -3



Figure 4.3b. Geographic location of sites in groups 4 -6
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Figure 4.4. Multii dimensioinal scaling ordination of species level datain 3 dimensions of

252 Great Lakes reference sites (stress =0.1905

). Sites are identified as belonging to 1 - 6 groups formed by cluster analysis.




Table 4.2. Ranking of more abundant and common taxa (with abbreviations) at 252 Great Lakes
reference sites and contribution of taxa to ordination structure as indicated by the
correlation co-efficient (r ) from principal axis correlation.

Taxa - ' Abundance Occurrence Correl_ati'bn_ér’kwith
' _ranking ranking ordination structure
Diporeia hovi (Dia hov) ' 1 3 ' 0.607

1
Dreissena bugensis (Dre qua) 2 88 0.358
Dreissena polymorpha (Dre pol) 3 23 0372
Pisidium casertanum (Pis cas) 4 2 0.414
. Stylodriulus heringianus (Stv he)r 5 1 0.534
Procladius spp. (Pro spp) _ 6 1 0.583
Potamothrix vejdovskyi (Pot vei) 7 16 0.267
8
9

Tanytarsus spp (Tan spp) 6 0.288
Chironomus spp. (Chi spp) 5 0.424
Spirosperma ferox (Spi fer) 10 13 0.247
Heterotrissocladius spp (Het spp) 11 4 0.405
Caecidota racovitzai (Cae rac) 12 28 0.306
Vejdovskyella intermedia (Vei int) 13 : 10 ; 0.253
Polypedium spp (Ppe spp) . 14 8 0.276
Micropsectra spp (Mps spp) - 15 36 0.063
Mamnayunkia speciosa (Man spe) 16 3 14 0.322
Pisidium nitidum (Pis nit) 17 26 0.271
Cladotanytarsus spp (Cta spp) 18 20 0.213
Gammarus pseudolimnaeus (Gam pse) 19 27 0.290

. Arcteonais lomondi (Arc lom) 20 12 - 0.167
- Valvata tricarinata (Val tri) 27 ' 18 0.354
Aulodrilus pigueti (Aul pig)’ - 31 15 0.391
Amnicola limosa (Amn lim) ' 44 31 0.362
Helobdella stagnalis (Hel sta) 61 . .30 0379

4.2.2, Classification of community v assemblages ‘
'The amount of data (162 taxa at 252 sites) made mult'ivariate' analysxs most appropriate for
describing ‘patter’xis at the community level. Two methods of pattem analysis were used to
describe structure in the data. First, cluster analysis was used to explore similarity of sites with
regard to the taxa presert and to establish which groups of sites represented different community
assemblages of organisms. From this inal»ysis,: a dendrogram was produced for all 252 sites
(Appendix 8.3); however, in the interest of clanty, we have provided a dendrogram showing only
10 groups of sites (Figure 4.2). - ' _ . '
The reference sites first split into two groups: a group of 111 sites (Gps 5 and 6) which
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Total 2

represent the upper Great Lakes (Supeﬁor, Michigan, the North Channel and parts of Georgian
Bay) and a second group (Gps 1 -4) of 141 sites representing the lower Great Lakes (Erie,

~ Ontario) and parts of Georgian Bay. Sites in the upper Great Lakes group further divide into two -
large groups: 34 sites found in Lake Michigan (Gp 5) and 77 sites (Gp 6) which include all but

two of the Lake Superior sites, a third of the Georgian Bay sites and almost half oftheNo,r‘th
Channel sites. Further groups of sites are formed by separation of the lower Great Lakes sites
into Groups 1 - 4. We used these six groups (Figure 4.2), the divisions beyond this were into
two small groups of two sites each (in Gp 2 and Gp 4 - Figure 4.2) suggesting that there is no
further underlymg structure in the data. The geographrc distribution of sites in the six groups is
shown in Table 4.3 and Fxgure 43. '

Table 4.3. The number of reference sites present from different lake basins in each of six
commumty groups formed, from cluster analysis. L

|

"~ Lake Number of reference sites in each cluster group :
R Group 1 _ Group 2 Group 3 Group4 Group5 Group6 Total
“Ede 17 3 T 1 0 41
Ontario 7 6 9 0 2 4 28
St Clair 1 0 0 0 0 0 1
Huron 2 4 1 0 6 4 17
GeorgianBay 0 11 32 0 0 18 61
“North Channel 2 8 11 0 1 14 . 36
Michigan - 0 7 0 0 22 8 37
Superior 0 0 0 0 2 29 31
3 64 9 34 77 - :

Ordination techniques are a class of methods for examitiing mmﬂanty betweensrtes based on

o ;specres composition. Ordination is a method of analysis that can be used to reduce the 162 taxa

variables to a reduced number of new axes (usually two of three) and allows sites to be examined

in ordination space. This analytical approach provrdes a visual representation of the differences
between sites (i.e., s1tes with greatet similarity in number and type of taxa are located closer
together); an assessment of the groups formed by cluster analysis (r e., 1f the groups are truly
different they will be distinguishable in ordination space); a de_tenmnatlon of the taxa contributing
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most to the community structure, including a statistically measurable correlation; and, a
~ determination of the correlation of a second environmental data matrix with the species matrix to
provide an explanation of the relationship between community and environmental structure.

Ordination of the data matrix (252 sites x 162 taxa) using hybrid multidimensional scaling
ordination produced a solution with three dimensions (new variables) explaining the variation
between the sites (stress = 0.1905). This solution for the 252 sites is shown as Dimension 1 vs.
Dimension 2 and Dimension 1 vs. Dimension 3 plots (Figure 4.4) in which the six group solution
from cluster analysis is diagramatically represented. Two major points are noteworthy from the
resu_lts.goft,hi_s ordination. First, the groups formed by cluster analysis have spatial integrity and
~ boundaries; they are not distributed throughout the entire ordination space. Secondiy, there is
considerable overlap between some of the groups in ordination space. This suggests that while
the communities can be charactensed based on their species composition, there is also some
‘similarity among the various commumty types. We believe that the commumues constructed by
this type of analysis represent centroids along a continuum of specles distributions and are more
appropnately described as assemblages of taxa rather than distinct communities. Use of principal
axis cotelation shows that 51 of the taxa contﬁbutmg to the community groups are significantly
related (P < 0.01) with the ordination structure (using 100 random iterations). We have shown
the relationship of the 12 taxa contributing the most to the ordmatton axes (r >0. 35 from y
pnnclpal axis correlation - Table 4. 4) of the reference sites (Figure 4.5), the direction of the. arrow
shows the contribution of the taxa to the location of sites in ordination space. For the sake of
clarity the individual sites are not represented (as in Figure 4. 4); instead, the 90% oonﬁdence hmlt
around-the community centroid is shown. In addxtlon we have shown the abundance of these 12
taxa in ‘each of the six groups (Table 4.4). - o

" Group 1 is characterised by Chironomus spp., Dreissena spp:, the other comition -

chironomid, Procladius spp., the sphaerid clam, P. casertanum, and the leech Helobdella
stagnalls Numbers of Chironomus spp. in group 1 are s1gmﬁcantly greater (P <0.05) than in
the other five types of community. Thls commumty group contains 29 sites, ‘most located in
western and central Lake Erie. )
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Group 2 is characterised by the fingernail clam P. casertanum and the amphipod , D. hoyi,
this community type is indicative of a more oligotroj)ﬁic lake environment. The first ordination
space dimension (Axis 1) appears to represent a trophic and geographic grédie_n_t. The
communities located more to the left in ordination space (Gps 1 and 4) tend to belong to the more
mesotrophic lake environment of the lower Great Lakes; and groups to the right (Gps 5 and 6)
represent the mofe oligotrophic upper Great Lakes. Group 2 is also more diverse than the other
community groups but is the least spatially defined. While the majority of sites in this group are
~ located in Georgian B_ay, the group also includes sites from Lakes Erie (eastern basin), Ontario,
Huron, Michigan and the North Channel.

" Table 4.4. Meari and SD (in parentheses) of 12 taxa in six community groups formed ﬁom
cluster analysis of 252 reference s1tes T axa are those most correlated (r > 0. 35)

with the ordination structure of 252 reference sites (No. core - 34. 2cm2)

Taxa Gp 1 Gp2  Gp3  Gpé4 Gp5 __ Gp6
| 29sites  39sites 64sites 9 sites 34 sites 77 sites
Chironomus spp 5768  09GD 0833 138 0000 0.1(04)
Heterotrissocladiusspp  02(L1) ~ 08Q25) 0000 04007 12(L7)  16(L8)
Procadiusspp 1519  19@3) 32Q7 20014 0.1(03) 0.2 (0.6)
Diaporeia hoyi 001 2862 0521 00(0.0) 65.1(41.8) 104 (5.1)
Amnicola limosa 0103) 0502 0002 0607 0.0 (0.0) 0.0 0.2)
Valvata tricarinata 0304 07719 0102 L1720 0000 0.0 0.0)
. Dreissenapobiiorpha 18(72) 000  00(0.0)  1228(1812) 0000 . 00 ©.0)
" Dreissena bugensis 5107  02(10) 02(06) 1013781 00@1) . 0107
Pisidium casertanum ~~ 2.5(2.8) 4488 10(18) 0808 5084  07(LD)
. Stylodsilus heringiamus 00(00)  08(18)  00(00) 00 (00) 102389 2038
Aulodrilus piguefi 0507 0206 0408 02(04) 0.0 (0.0) 0.0 (0.0)
Helobdella stagnalis ~ 02(03)  00(02) 0002 0303 0.0 0.0) 0.0 (0.0)

Group 3 is characterised by the predatory tmdge Procladits spp. and the fmgernall clam,
~ P. casertanum, however, total abundance is generally lower at these sites. Half the sites in this
- community are from Georgian Bé.y with the rest from Lake Erie (eastern basin) and the North
Channel. |
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Figure 4.5. Multi-dimensional scaling ordination of species level data in three dimensions of 252 Great Lakes reference sites showing
group centroids from cluster analysis and 90% probability ellipses for each group of sites (stress = 0.19048). The contribution of
individual taxa and the axis are illustrated. ) :
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Group 4 consists of only 9 sites in the eastern basin of Lake Erie dominated by very high
numbers of the exotic species D. polymorpha and D. bugensis. However, this group is similar to
group 1 with regard to the other taxa present, and, as indicated by the location of the sites in Lake
Erie and the group centroid in ordination space (Figure 4.5), both groups 1 and 4 are fypical of
the more mesotrophie Lake Erie (Table 4.3).

The last two 'groups, 5 and 6, both represent a Di;ioreia hoyi/Stylodrilus heringianus
assemblage. The major*diﬁ‘erences between the two groups are the abundances of these two
species and the preSenee of the oligotrophic chironomid, Heferotrissocladius spp. Group 5 has a
higher abundance of both Diporeia and Stylodrilus and Heterotrissocladius is less numerically
important. This community is primarily found in Lake Michigan. Group 6.contains the largest
assemblage of sites (77) and includes more than 90% of the Lake Superior sites together witha
large number of Georgian Bay and North Channel sites (Table 4.3, Figure 4.3).

These six groups of sites with their different relative abundanees of benthic invertebrate
taxa form the six different reference states for the Great. Lakes Selectlon of which of these states
is most appropriate for any test site requires the understanding of factors that determine the
distribution of benthic organisnis. | o o

42,3 Relationship with environmental variables

Only 26 environmental variables, those :les‘s modified by anﬂiropogepic activity, were
examined as potential predictor variables even though 43 variables were measured at each site
(Table 3 3).. To establish the relauonshlp between the biological structure. in the data set (e, the
species ordination matnx) and the 26 environmental variables, we used prmclpal axis eorrelatlon :
Fighteen of the 26 variables were significantly correlated (P < 0.01) with the species ordination
matrix (Table 4.5) and we have plotted the 10 variables with an “#” value > 0.35 (Figure 4.6) in
species ordination space showing the vectors for the environmental variables. The first dimension
in species’ ordination space is clearly related to depth and geographic location (latitude and
longitude) and the organic matter in the sediment. The second and third dimensions relate more
to sediment and water characteristics. For example, when the vectors for taxa (Figure 10) and
habitat variables (Figure 12) are compared, the occurrence of mofluscs is s‘tr’pﬂgly related to high
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alkalinity and calcium. The presence of Procladius appears to relate to high TOC and total

nitrogen values whereas the mesotrophic worm, 4. pigueti, occurs wherever TOC, silt and LOI

are high. Finally, D. hoyi and S. heringianus are strongly related to deeper sites.

Table 4.5.Relationship between environmental variables and invertebrate fauna as indicated by

either principal axis correlation (PCC) or stepwise discriminant function analysis

_____(stepwise).
Variable r (PCC) Partial*  Prob.
. (stepwise) (stepwise)

Depth - water 0.7458 0.519 0.0001
Latitude (Lat) 0.6496 0.405 0.0001
Longitude (Lon) 0.5639 " 0.085 0.0007
Alkalinity (Alk)- water . 0.5183 0.196 0.0001
Calcium oxide (Ca0O) - sediment ~ 0.4650 0.064 0.0066
Total nitrogen (TN) - sediment 0.4131 0216 0.0001
Total organic carbon (TOC) - sediment  0.4126 ’ o
Loss on ignition (LOI) - sediment . 0.3982

- Aluminium oxide (Al,Os) - sedimerit 0.3919
Percent silt (Sil) - sediment : 0.3766
Silica oxide (Si0;) - sediment 0.3449 0.056 0.0170
Percent sand (San) - sediment 0.3298
Potassium dioxide (K;0) - sediment 0.3138 0.098 0.0001
‘Total phosphorus (TP) - sediment 0.2557 ,
Magnesium oxide (MgO) - sediment 0.2436 0.089 0.0004
Sodium dioxide (Na,0) - sediment 0.2333
Percent clay (Cly) - sediment 0,2282
Particle size 75™ percentlle (P75) - 0.2226
sediment. : . S : '
pH - 'water 0.1815 (nsP>0.01) 0.065 0.0063

-0.0216

Ma.p_ganese oxide (MnO) - sediment _

The identification of variables whlch are the most closely related to the commumty groups,

_0.1362 (nsP>0.01) | 0;054'

rather than individual sites, can be.conducted using stepwise discriminant finction analysis, which
attempts to minimise covariance between variables. Using this approach, eleven variables were
identified as being the best related to the group structure (Table 4.5). Two of these variables, pH

and MnO, were not significantly correlated with the species’ ordination matrix created using

principal axis correlation. The variables selected first by stepwise discriminant analysis (Table 4.5)
are those that tend to have a higher correlation with the species ordination matrix from principal
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variables and the axis are illustrated.
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Figure4.7. Discriminant analyses of 252 Great Lakes reference sites using 11 environmental variables.
The sites are identified as belonging to one of six groups formed from cluster analysis of species level data.




|

axis correlation. We have plotted the sites in disctit_ninant space (Figure 4.7) with the eleven
variables selected by the stepwise analysis (’I‘a_bie.4.5). The discriminant plot shows separation
between the sites. For example, the deeper sites representing community groups 5 and 6, are
oriented to the left of the figure on the first discriminant function. There is considerable overlap
in some groups. For example, group 4 cannot be discriminated from group 1, suggesting that the

difference between these two site groups is mostly attributed to biological differences, perhaps the

‘recent colonisation of sites by Dreissena (zebra mussels).

The Obj ectlve of estabhshmg the relatlonshlp between the habitat attributes of the

reference sites and species composmon, isto develop a model that allows a predlctxon to be made

of the type of mvertebrate assemblage that should occur at any ummpalred site in the Great Lakes
basin. The companson of the sampled assemblage w1th the assemblage predicted to be present

allows an assessment of degree of impairment of the benthic invertebrate assemblage