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Abstract ,

The results of surveys of invertebrate community structure, sediment chemistry and sediment toxicity
from 1988 and 1990 in the Spanish River mouth and Whalesback Channel are summarized. In 1988 -
17 sites were sampled at the mouth of the Spanish River. These data suggested severely degraded
inverebrate communities in the Whalesback Channel area associated with high levels of metals,
particularly nickel, copper and zinc, in the sediments. As a result of these data a subsequent, more
extensive, survey was conducted including more than 40 sites in the Whalesback and North Channel,
These data were compared with results from 49 reference sites in the North Channel sampled as part
of an Environment Canada programme to develop biological sediment guidelines. Comparison with
the reference site data show that there is extensive impairment in the Whalesback Channel and most
of the channel has a degraded benthic comminity, thus impairment exte’nds. a considerable distance
beyond the area of concern boundary. This is shown both from the comparison with the reference
sites from the North Channel and from the predictions based on ihe entire Great Lakes reference sites.
Furthermore, it would appear that there is evidence of some effect being felt in the North Channel in
the area where the major water exchange is occurring between the Whalesback and North Channel.
A comparison of the environmental characteristics at those sites where degraded communities occur
provides strong-evidence that the impairment is associated with high levels of metals, particularly
copper, nickel and zinc. However, it is not possible to distinguish any particular metal of concern as
their distributions are highly correlated. | |

Sediment toxicity data do not confirm that the degraded benthic communities are related to
higli metal levels. However, there are some confoundiné factors that may explain the lack of
concordance in these data. | |
‘Finally, it is possible from the reference site data to set targets that will indicate recovery of

the benthic community and also to establish sediment concentrations for metals at which a recovery
can be expected. The numeric criteria we would propose for the impacted area are 1490 m?
Chironomidae for inshore waters and for D. hoyi in the oﬁhl:xore waters 1637 m? .



Introduction |

In 1980 the lower Spanish River and its harbour area were designated as an "Area of
Concemn" based on a summary assessment undertaken in 1980. The problems identified were tainting
of fish flesh, degraded benthic fauna and indications of nutrient enrichment, restrictions on domestic
water use, livestock watering and impaired fish habitat. In addition concentrations of PCBs and some
metals in the harbour sediments were found to exceed provincial guidelines for the open water
disposal of dredge spoils. ;

Ongoing abatement at the E.B. Eddy Forest Products Limited pulp and paper mill in Espanola
has resulted in significant improvements in water quality and recovery of benthic invertebrate
communities in the Spanish River has been documented by consultants (Spanish River RAP 1988).
There has also been a reduction in fish tainting and potable water taste and odour problems (Spanish
River RAP 1988). However, results of sediment analyses in 1986 in the harbour area continued to
show elevated metal ooncen,tratibns, particularly nickel and copper, which may originate from metal
mining activity in the Sudbury area.

* The National Water Research Institute (N.W.R.L) of Environment Canada, with the support
of the Great Lakes Cleanup Fund, conducted extensive sampling of the sediments in the Spanish River
harbour area and the depositional zones of the Whalesback Channel and North Channel in 1988 and
1990. The study was intended o identify far field effects from the Spanish River mouth on benthic
invertebrate communities and document the exteiit of sediment contamination.

Description of Spanish River

The Spanish River watershed (14,000 km?) is located on the Canadian Shield, and from its
headwaters the river flows south and enters the North Channel of Lake Huron near the village of
Spanish. The watershed consists of network of rivers and lakes regulated by numerous control
structures which are operated to maximize hydro electric power generation in the downstream
reaches. Significant tributaries to the Sbanish River include the Wakonissin, Vermillion and Aux
Sables rivers. The Vermilion R. drains the greater part of the Sudbury metal mining basin and its
confluence with the Spanish R. is just upstream of Espanola.




North Channel

Figure 1. North Channel Study Area




west of the river mouth to a north south line between Kirke and Greene Islands (Figure 1). To
investigate the far field effects of the Area of Concern the study area was expanded to include the
whole of the Whalesback Channel, the McBean Channel and the North Channel (Fig. 1). In addition
to provide reference information 335 sites sampled in the entire Great Lakes (Reynoldson ef dl.
1995a) were used as a basis for comparison.

Methods
Sampling areas |

The location of each site was established in the field using either Loran C or a hand-held
Geographical Positioning System (GPS). Ateach site, samples were taken of sediment for chemical

* and physical analysis; in addition, samplm'virere collected for the community structure of the benthic

macroinvertebrates and in 1990 for wholp—sediment exposures in the laboratory with the oligochaete
worm Tubifex tubifex. Sites were sampled once in June or July in 1988 and 1990. In 1988 17 sites
were sampled, concentrating on the Whalesback Channel (Fig. 2) and particularly depositional zones.

" In 1990 49 sites were sampled to provide more complete coverage of the Whalesback Channel and

to investigate possible effects in the North Channel. In 1988 only sediment chemistry and
invertebrate community structure were examined. In 1990 sediment toxicity was also examined.

In addition data are presented from an Environment Canada programme developing biological

" sediment guidelines that sampled 335 "reference sites" in the Great Lakes. From these data expected

or normal conditions for invertebrate communities, sediment characteristics and toxicity test
responses are being established (Reynoldson et al. 1995a, 1995b). In particular 49 "reference sites"
from the North Channel (Fig. 3) have been used for comparison purposes.
Field and Laboratory Techniques

Sediments were characterized from samples taken using a benthos corer. Samples for
geochemical analysis (Table 1) were taken from the surface 2 cm of the core. After sampling, the
sediment was homogenized in a glass dish with a nalgene spoon.
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Figure 2. Sampling Sites - Spanish River Study Area 1988, 1990 & 1991
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’ Table 1. | 2y

Summary of sediment variables measured by NWRI in the N. Channel and Spanish

River Area. :
Varisble SPANISH. WHALESBACK Refererice
| 19ss 1990 1991-93
Nt
1 yes yes
| Tio2 ;: yes yes
Al203 yes yes yes
Fe203 yes yes yes
MgO yes yes yes
50 Yes yes e
yes
K20 yes yes yes
B
) (=]
Lol yes yes Jes
N no no yes
TP no no yes
TOC no no yes
v yes yes yes
Cr yes yes yes
Co yes yes yes
Ni yes yes yes
Cu yes yes yes
(] Zn yes yes yes
As yes yes yes
jCd no no yes
Pb yes yes yes
Physical
Clay yes yes
The sample was divided as follows:

Samples for the determination of particle size distribution were placed into a plastic
pill jar and stored at ambient temperature in the field. Upon return to the laboratory, samples
were freeze-dried and analyzed following the method of Duncan and LaHaie (1979).

The remaining sediment in the glass dish was stored in a 500 mL plastic container at
4°C in the field and slnpped to the National Water Research Laboratory for freeze drying and

- analyses of metals, major ions and nutrients. ‘

‘ Samples for the identification and enumeration of benthic invertebrates were taken from the
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top 10 cm of a benthos core (ID. 6.6cm, area 34.2 cm?, x 292.3 to convert to no. m%). At each site
three such cores wefe taken. Each core tube is considered a replicate sample unit and was removed
and the contents placed into a plastic bag and kept cool until sieved. The contents of each bag were
sieved through a 500.im mesh in the field as quickly as possible after sampling. If sieving could not
be done in the field, 4?/o formalin was added to the bag and the replicate samples_wére stored at 4°C
and sieved 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 (100-400X) and‘identified to the
_ speciés or genus level where possible using appropriate identification guides. As required
(Chironomidae and Oligochaeta) slide mounts were made for high power microscopic identification.
Type specimens of all identified specimens were submitted to experts (R.O. Brinkhurst for
Oligochaeta; B. Bilyj and D. Oliver for Chironomidae; G. Mackie for Mollusca) for confirmation.
. The confirmed type specimens are being maintained as a reference collection.
Whole-Sediment Toxicity Tests
_A mini-ponar sampler was used to obtain five replicate field samples of sediment for
Iaboratory bioassays with the oligochaete worm Tubifex tubifex. Each replicate sample was placed
in a plastic bag and held at 4°C until tests could be conducted. Tests were conducted, in sets of six
to seven, over a period of approximately six months. A clean control sediment from Long Point,
Lake Erie, was also tested with each set of samples to provide biological quality assurance. Complete
details of the culture of organisms and conditions for toxicity testing with 7. fubifex are described
elsewhere (Reynoldson ef al. 1991, Reynoldson et al. 1994). Tests with T. tubifex were
conducted in 250 mL glass beakers containing 60 to 100 mL of siéved (500 jim mesh), homogenized
- sediment with approximately 100 to 140 mL of overlying carbon-filtered, dechlorinated and aerated
Lake Ontario water (pH 7.8 to 8.3, conductivity 439 to 578 pohms/cm, hardness 119 to 137 mg/l).
The sediment was allowed to settle for 24 h prior to addition of the test organisms. Tests were
initiated with the random addition of 4 organisms per beaker for I. fubifex adults that were 8 to 9
weeks old. Tests were conducted at 23+1°C with a 16L:8D photoperiod. Tests were static with the
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periodic addition of distilled waier to replace water lost during evaporation. Each beaker wé._s
covered with a plastic petri dish with a central hole for aeration dsing a Pasteur pipette and air line.
Dissolved oxygen concentrations and pH were measured at the beginning, middle and end of each
exposure period. Tests were terminated after 28 d by passing the sediment samples through a 500
um mesh sieve and a 250 um mesh sieve at test completion Endpoints measured in the tests were
survival and production of cocoons and young.
Data Analysis |

' Data analysis was based ontheprocedures dmibedbyanhtetal (1984). Pattern analysis
was used to describe the biological structure of the data at the reference sites and correlation and
multiple discriminant analysis (MDA) was conducted to relate the observed biological structure to
the environmental characteristics. ,

. The biological structure of the data was examined using two pattern recognition techniques,
cluster analysis and ordination. The mean values from the five replicates for the numeric taxonomic
data were used as descriptors of the benthic invertebrate community. These community data were
not transformed and the raw scores were used because xiumeric differences are thought to be
important community descriptors. - The Bray and Curtis assocxatlon measure was used because it __
performs consistently wellin a variety of tests and sxmulatlons on different types of data (Faith et al.
1987). Clustering of the reference sites was done using an agglomeratxve hierarchical fusion method
with unweighted pair group mean averages (UPGMA). T;he appropriate number of groups was
selected by examining the group structure and, particularl)}, the spatial location of the groupé in
ordination space. Ordination was used to reduce the variables required to identify the structure of
the data. A multi-dimensional scaling (MDS) method of ordination was used, i.e., Semi- Strong-
Hybrid multidimensional scaling. Multi-dimensional scaling methods use rank order rather than
metric information and, thus, avoid the problematic assumptions of linearity inherent in many
ordination techniques (Belbin 1991). This is of particular value when relating ordination scores to
environmental characteristics. All clustering and ordination was done using PATN (Belbin 1993),
a pattem analysis software package developed by CSIRO in Australia. The prediction of community
structure based on reference site data was done using a model based on 216 sites, using discriminant
analysis in the method described by Reynoldson et al. (1995b).



Results
1988 study

At the 17 sampling sites the Chironomidae (midges) and Tubificidae (worms) were the two
numefically dominant families, followed by the sphaeriid molluscs (clams) and the chaoborid midges
(phantom midges). Generally however the number and type of organisms found were low. The
results from the 1988 sampling have been compared with the reference sites from the North Channel
(Table 2). The average number of total organisms in the area sampled in 1988 is an order of
magnitude lower than the overall average for the North Channel area. - Furthermore the diversity of
families and species is 4 -5 times less, although it must be acknowledged that the number of sites
sampled was fewer. However these coarse scale indicators do suggest a reduction in both numbers
and diversity of species in the Spanish River mouth area.

Table 2. A comparison of benthic invertebrates abundance and diversity in the North Channel

and Spamish River study area.
Refermog sites * 1988 sites 1990 sites
| " an ey
Avg No. m’ : 53443 741.1 507.8
No. Families 26 7 11
No.spp/genera | 101 - 17 34

*Note: referenoem&daiaadmstedforused‘ZSO;mmmhagomdmghthemummMmofOSSmpmwdby
Reynoldson et al. 1989.

In the North Channel reference sites the dominant families are respectively the Chironomidae
(nﬁdg&sj;?Hmstoﬁdae (scuds), Sphaeriidae (clams), Asellidae (sow bugs) and Tubificidae (worms).
Eighty percmt of the organisms found belong to these five families. It is notable that three of these
families (Haustoridae, Asellidae, Sphaeriidae) were virtually absent (Fig. 4) ﬁ'om sites sampled in
1988 (Fig. 2). Only the tubificid worms occurred at numbers similar to those observed in the North
Channel reference sites (Fig. 4).

The spatial pattern of the benthic communities sampled in 1988 has been examined by
clustering and ordination of the species level data and extrapolating the assemblages observed
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Figure 4. Summary compéﬁson of major families in N. Channel reference sites
and the Spanish River Study Areéa in 3 study years




from this analysis to a map of the sampling area. Ten of the sites fall into a single group (Fig 5),

which when displayed geographically (Fig. 6) include all the sites in the southern part of the study
area. '

Figure 5 UPGMA Cluster analysis of benthic species sampled in the Spanish River area of the
North Channel (1988 - species level).
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The average fiumber of organisms in each of the four groups of sites is shown for the tdtal
number of invertebrates found (Table 3) and for those taxa that were best correlated with the
ordmation vectors. These are, respectively, Ilyodrilus templetoni (0. 8150) other unidentified
Tubificidae (0.7833), Heterotrissocladius sp. (0.7566) and other unidentified Chironomidae (0.6825).

The least impacted area (Gp l)lnu;ccnnparatnndbrtngﬂlnmmnberstunithc>gmeatestchnmnsﬂ;roftaxn
with a total of 5 families and 11 genera or species. These sites form a discrete geographic group
along the southern shore of the Spanish River mouth and the channel j just north of Aird Island. This
area also has the lowest average values for all the analyzed metals (Cu, Ni, Zn, As, V, Pb, Co). The
~ remaining seven sites form less geographically and biologically distinct groups. The ordination plot
of individual éites (Fig. 6) shows Gp 1 sites to form a distinct cluster in the centre of the plot. The
Gp 2 sites have similar numbers of animals as Gp 1, but lower diversity. Actotal of .only 4 famllles
and 6 genera/species were found. The main diﬁ‘érence between Gp 1 and Gp 2 was the absence of
Chironomidae in Gp 2, however, tubificid worms occurred in similar numbers to Gp 1. One site (4)
has high numbers of Chaoborus, which accounts for the high average number of animals at the two
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Figure 6. Ordination and geographic extent of 1988 communlty groups
formed from cluster analysis.




- sites. This particular organism is only semi-benthic and spends much of the time feeding in the water
column, and is not exposed, as much, to sediment associated contaminants. The sites forming Groups
3 and 4 have the lowest diversity and numbers of organisms (Table 3) and include the majority of sites
in the main part of the Whalesback Channel (Fig. 6).

Table 3. Average numbers of organisms and values for selected geophysical sediment
attributes for sites in groups formed by cluster analysis in the Spanish River
mouth area and at 49 North Channel reference sites. ‘

Variable - * Reference sites Gp 1 sites Gp 2 sites Gp3 sites Gp 4 sites
Blological (No. éore)®
+{ Total arganiems (svg) 183 61 72 13 0.4
No Families (avg) 7.4 27 28 20 10
No Genera/apecies (avg) 13.6 30 3 - 1.0 1.0
| 1 seimpletont 0.0 01 0.0 02 o1
| Tubificidae 14 23 23 03 0.0
Heterotrissocladius spp 0.5 0.0 0.0 0.0 0.1
Chircnomidae 72 2.5 02 07 0.0
Depth () 14.5 10.8 119 172 116
Metals (ug.g dry w o . .
cu (g8 4y vy 349 7.1 1110 174.0 139.0
Ni 1150 295 3107 1032.0 6863
Zo 135.7 1778 204.0 339.0 3137
as 74 216 440 180 (188
v 50.5 692 820 1120 96.0
Pb 356 451 470 104.0 87.0
Co 173 198 27.0 560 30.5 |
Major Elemenits
§i02 617 610 640 578 64.0
ARO3 115 107 10.0 1.7 111
Fe203 44 48 19 8.1 6.1
MgO 13 16 15 18 18
Cs0 18 2.0 19 1.6 18
Na20 19 31 2.8 24 27
K20 27 23 23 24 23
MnO 02 02 0.1 06 04
| p20s 02 02 02 03 02
ot v 71 78 76 - na2 RLY

*Note: reference site data adjusted for use of 250.am mesh according to the conversion factor of 0.58 reported by
Reynoldson et al. 1989. |

These 1988 data when compared with the reference sites from the North Channel show a
large qualitative reduction in the numbers of individuals in the Spanish River area and in the diversity
of taxa at both family and species level (Table 3) expi'e;ssed_ on an average per site basis.
Furthermore, there appears to be a gradation of effect in the Spanish River mouth from the less
impaired Gp 1 sites to the most severely impaired Gp 3 and 4 sites which have representatives of only
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one or two species and one or two individuals per core. - .‘

To explain these qualitative differences in the benthic invertebrate community we have
examined sediment geophysical sttributes for which data were collected. Water depth has a
significant role (through temperature and grain size) on thcia distribution and abundance of benthic

fauna, however the depth at both the reference sites and the 1‘site groups from the 1988 study (Table
| 3) are in the same range, the greater depth of the Gp 3 sltes (17.2m) may have a slight effect on
numbers. The values for the major elements suggest that there are 1o major discontinuities in
sediment type that would account for the observed dnﬁ'erences in the benthic fauna. Thereisa slight
elevation in iron (Fe,0;) and manganese (MnO) at the more impacted sites (Table 3) and sodium is
elevated in all the 1988 study sites relative to the reference sites. The organic content (LOT) is higher
at the Gp 3 and Gp 4 sites, approximately twice the background values recorded at the reference
sites. The most obvious differences in sediment quality between the reference sites and the Spanish
River sites and between the groups of sites in the Spanish River area are concentrations of heavy
metals. Average values for copper (Table 3) range from d(:)uble the reference value (Gp 1) to five
times the reference value (Gp 3). Nickel average values ra'n%ge from double the reference condition
(Gp 1) to ten times the reference value (Gp 3). All the other ‘metals measured show values elevated
above the average value for the North Channel: vanadium two times, zinc two and a half times, lead
three times, cobalt three and a half times and arsenic five times.

These data provided strong circumstantial evidence of a degraded benthic fauna due to
sediment contamination, particularly metals. In order to conﬁrm that this was a sediment associated

impairment and to better define the geographlc extent of the impairment a more extensive survey was
undertaken in 1990. ]

1990 Study - " :
In 1990 49 sites were sampled (Fig. 2) and the sam‘p},ling area was extenided into the North

Channel to provide a more comprehensive assessment of the relationship of the "Area of Concern"

to the Whalesback and North Channels. Furthermore, we incorporated an estimate of sediment

toxicity based on laboratory testing of sediment as well as geoc‘hemlcal sediment characterization and
community structure assessment

15




Figure 7. UPGMA cluster analysis of benthic species sampled in the Spanish River area of the
North Channel (1990).
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Invertebrate Community Structure

In 1990 a total of 11 invertebrate families and 34 genera or species were identified from 41
. sampling stations from which data were available. The average number of individuals per m* was
507.8. The abundance is similar to that of 1988 (Table 2) and considerably lower than the reference
sites, and although the diversity is greater than in 1988 is still only a third of that observed in the
reference area (Table 2). Families occurring in these sites were notably the Haustoridae (scuds),
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Ephemeridae (mayflies), Valvatidae (snails) (Fig. 4) and two other worm families the Lumbriculidae
and Naididae.

Again the spatial pattern of the benthic communities was examined by clustering and
ordination of species and genué level data. To examine the pattern in the invertebrate community
structure the data were log transformed and rare species Z(_< 0.4 individuals per core) were not
included in the data marix. This resulted in 9 of the 34 taxa being excluded.

From the dendrogram we have distinguished four gréups of sités (Fig. 7). These have been
plotted on the map of the study drea (Fig. 8) and show a clear separation between the North Channel
(Gp 4) and the Whalesback Channel (Gps 1-3). We have examined the species based ordination and
related the overall corrélation of both the species matrix and the sediment data with the species
ordination scores (Table 4), the mean values for those variables best correlated with the pattern in

the invertebrate communities are also shown for each site group (Table 4).
: 5

i

Table 4. Relationship of species and sediment attributes to ordination vectors and mean (with

 8D) values for selected species and sedzment attributes from groups formed by
cluster analysis of species data.

Variable Correlation | Gpl Gp2 | Gp3 Gp 4 Reference
D: hoyi 0.7680 0.1(03) loesan 0.2 (0.4). 5.6 (3.0) 4.5 (6.6)
Pisidium sp 0.4995 0.1 (02) 0.7 (0.4) 0.8 (2.0) 09 (0.7 03 @2.1)

I sempletont 0.4809 02(02) 0.0 (0.0) 0.0 (0.0) 0.0 (0.1) 0.0
Procladiussp | 0.4439 0.5(03) 0.1 0.2) 0102 - - ]00(@1) 1.5 (1.8)
Potassium 0.6041 . 23 (1) j230D 12301 2.7 (0.49) 2.7
Sodium 0.5667 22 (0.5) 2.0 (0.49) 2.1 (0.2) 117 03) 19
Copper 0.5560 - | 1376009 - | 1187 (413) ] 1155 (a1.1) 764 (43.5) 349
Nickel 0.5265 6172 (148.9) 551.0 (191.8) 585.7 (229.4) 321.0 (220.5) 1150
Depth 0.4706 f17s (9 202 (9.6) 17.5 (9.0) 27088 |

There is little difference between the commuriities in three of the groups (Gps 1-3) in the
Whalesback Cha.nnel, all have low numbers of organisms. There are some slight differences in the
numbers of Procladius, Pisidium and Ilyodrilus between the three groups. The most noticeable and
important difference is the low number of Diporeia hoyi in t?le sites (Gp's 1-3) in the Whalesback
channel in comparison with the Gp 4 sites and the North Channel reference sites. For purposes of

comparison we have included the values for the same taxa at the reference sites. The numbers of
!
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Figure 8. Ordination and site groups from community structure cluster analysis
(25 species > 0.4/sample) Spanish River study area 1990.



‘ Diporeia in the reference sites is similar to those found in the Gp 4 North Channel sites included in
the study, although Procladius numbers are lower than the reference site average. Of the sediment
variables that are best related to the community structure (Table 4), there is little difference in the two
major elements (K and Na) and again values are similar jgto those found at the reference sites.
However, the two metals copper and nickel are both elevated in the Whalesback Channel and are
 almost double the values in ther 4 sites, and these in turn are almost double the reference site |
average (Table 4). : ' : ! ,
’ The sites have been plotted i in ordination space (F' ig. 8) The least impacted sites (Gp 4) are |
separated on the first axis and form a discrete group. Those variables best correlated with the |
ordination matrix are indicated by arrows showing the otientation of the variable, the relative ‘
importance of the variable is indicated by the length of the arrow. These are generally oriented along
the first vector, particularly Diporeia, Pisidium and Ilyodrilus and the metals copper and nickel. This ‘
confirms the interprétation that Diporeia is structurally an infxportant part of the benthic community |
and that its abundance is associated with metal concentration in the sediment.
~ Data have been collected on invertebrate species from 345 reference sites in the Great Lakes,
. at the time of writing data from 216 of these sites have been used in a multivariate model that allows
prediction of invertebrate communities from environmental characteristics. This model updates that
presented by Ré;'noldSOn et al. (1995b) based on 91 sites. iUsing 79 taxa we were able to identify
six community assemblages in the Great Lakes. There was a strong geographic component to the
six assemblages indicated by the distribution of sites through the lakes (Table 5).

Table 5. . Geographic distribution of six community assemblages from 216 reference sites in
the Great Lakes. - o
Lake | Gpl |Gp2 Gp3 Gp4 Gps Gp6
Ontario 1 4 6
Erie 133 3 10
Huron 1 1
Georgisn Bay 16 |2 7 .
North Channel 26 1 17
Michigan 5 5 ‘ 12 20
Superior | 3 7 ' 35 11
N J
‘ Of 44 North Charinel sites included in the model, 59% are in Gp 3, which is predominantly
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a North Channel group. The remainder are in Gp 5 whichis a L. Superior group. The dominant taxa
in these two groups of sites are in Gp 3 the chironomids; Procladius sp (9.4%), Chironomus sp and
Tanytarsus sp (7.6%) and Pisidium sp (5.7%). Other taxa present in relatively high numbers in this
community are D. hoyi and Tubificid won_hs. In Gp 5 D. hoyi is dominant and comprises 41% of the
total abundance followed by Pisidium sp (8.7%), Stylodrilus heringianus (8.5%). and
- Heterotrissocladius (6:0%), together these four tamacoount for over 60% of the benthic invertebrate
gpecies in this community assemblage. In fact Gp 5 is more typical of oligotrophic conditions and Gp
3 is represented by more mesotrophic species. We have examined . the relationship between
environmental characteristics and community structure in these Great Lakes communities. Using nine
predictor varisbles, five sediment characteristics (percent silt and LOI and concentration of
aluminium, calcium and sodium) and four water column attributes (depth, pH, nitrate and-alkalinity),
we can correctly predict the community assemblage at a site 90% of the time (Reynoldson e al.
1995b). This approach was used to predict the community assemblages in the Spanish vaer area
sites sampled in 1990. The list of predictor variables was modified for predicting the Spanish River
sites as water samples were not taken. The variables available from the 1990 Spanish River samples
were tested against the reference data assemblage and ten variables were selected as the best
predictors of the 216 reference sites: water depth, latitude, longitude, percent sand, silt and LO, and
concentration in the sediment of calcium iron, nickel and copper. Using a discriminant model
developed from the reference sites we predicted the probability of which community assemblage
would occur at 46 of the Spanish River area sites (Table 6) for which data were available for all ten
varisbles. Twenty nine of the sites were predicted to Gp 5 and in only five with a probability of less
than 70%. Fifteen sites were predicted as being Gp 3 sites but of these only four had a probability
that this swas the correct group and in nife of the remaining 11 sites Gp § the community was almost
as likely tobe Gp 5. The distribution of the predicted sites is shown in Figure 9. |
' In order to compare the actual community with the predicted community we have plotted the
reference sites and the Spénish River sites predicted to that reference group in the same ordination
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Figure 9. Predicted and observed community assemblages in the Spanish River area
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‘ space (Fig. 10). For those Spanish River sﬁe‘s predicted to Gp 5 twelve lay within the envelope of
the reference sites (Fig. 10). The remaining 17 were outside the range of variation observed in the
reference sites (Fig. 10) and are considered as impaired. ‘A comparison of the abundance of the

* dominant species in this community assemblage (Fig. 11) shows even those sites that "passed” had
reduced numbers of the four most abundant taxa, those that "failed" had severely reduced numbers
Eight of the sites predicted to have a Gp 3 community had such an assemblage of organisms (Fig. 10).
The remaining seven sites were outside the range of vaﬁatién observed in this community (Fig. 10)
and again the numbers of organisms in the sites that *failed” were extremely low (Fig. 11), particularly
the chironomids. The clam, Pisidium sp, did not appear to be affected by the cont’dniinatim, as
numbers at reference sites and Spanish River area sites were similar (Fig. 11). Based on the species
that have been most reduced in numbers (Fig. 11) the amplnpod Diporela and the chu'onomld species
appear most sensitive to the contaminants present

Table 6. Predicted coﬁmmiij' groups for 1990 Spariish River area sites.

‘ Site Predicted Gp (Probability) - ‘Site Predlctede(Pmbabihty)
113 3 07714) 628 3 (0.550) 5 (0.450)
602 3 (0.580) 5(0.421) 629 3 (0.500) 5 (0.500)
603 5 (0.6°6) 3 (0.303) 630 3 (0.522) 5 (0.479)
604 5 (0.720) le3a1 | ]3 0691) 5(0309)
606 5 (0/08) 632 5 (0.710)

| 607 5 (0.834) 634 5 (0.783)
608 5 (0.571) 3(0.429) : 635 . 5-(0.872)
609 5 (0.572) 3 (0.418) 636 |3 (0.599) 5 0do1)
610 5 (0.882) 637 5 (0.687) 3 (0312)
612 5 (0.788) ) 638 5 (0.789)
613 5 (0.742) T 639 3 (0587) 5 (0411)
616 - 5 (0.791) 640 3 (0.540) 5 (0.460)
617 - |'s ©361) 3 (0435) 641 3 (0.548) 5 (0.452)
618 - |5 (0898 - 642 5 (0.725) .
619 15 (0.609) 3 0:39%0) - 643 3 (0754) -
620 15 0.909) : | 644 5 (0386) 3 (0302) 2 (0. 231)
621 11 0.586) 3 0:201) . S 3 (0.809
622 |5 ©.561) 3 (0341) | 646 3 (0.655) 5 (0.344)
623 1 2 0.480) 6 (0.433) 647 |5 (0632) 3 (0.368)
625  |30192 o |ess 50803y -
626 5 (0.905) . |9 |5 0955)
627  lsos06)  eso |5 0964)
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Finally we have plotted the geographic distribution of the sites that were within (unimpaired)
and outside (impaired) the range of variation observed in the reference sites (Fig. 10). This shows
that those sites that were most affected were almost exclusi*?ely in the Whalesback Channel (Fig. 9).
Only three sites in the North Channel appeared to be impaired. These three sites are adjacent to the
passage through which the major exchange of water occurs between the Whalesback and North

- Channels (Rosa 1995). This suggests there is transfer of contaminants between the two channels that

is having a deleterious effect on benthic communities.

Sediment Toxicity , ‘

~ Sediment samples from 46 locations were available for laboratoxy assessment of sediment
toxicity using the Tubj fex tubifex (Ohgochaeta) reproductive test. We examined three test endpoints
to assess the degree of sediment associated toxicity in the study area: survivorship of adults;
production of cocoons and; productxon of young.

From correlation analysis we examined the relatlonshxp between the sediment variables and
the number of cocoons and young produced in the test (Table 7). The mietals zinc, lead and coppert
have the highest correlation with the numbers of cocoons prpduc,ed. Surprisingly, this correlation is
posmve but may be due to the fact that four of these sites a‘ré' sandy and while the concentrations are
low the metals may be more available. -

‘To establish a decision point on whether a test result can be considered to indicate sediment
toxicity we have used data from the array of reference sites in the Great Lakes (Reynoldson e al.
1995a) for which we have established normal responses for fourto:ncltytests, including T. fubifex.
From these reference sites criteria have been established ﬁ'om which sediment toxicity is indicated
(Day et al. 1995). Tn the cese of T. fubifex, in unfed tests, these values are respectively 24 cocoons
and 21 young per 4 adult worms. The values for each test site and the reference sites are illustrated
in Figure 12, together with the criteria value that indicates toxlcaty is present Sixteen sites fail to
meet the criteria for the number of cocoons produced and six sites: faxled to meet the cntena for the
number of young produoed The sites were respectively separated into two groups for each toxicity
endpoint, those that meet the criteria and those that failed and the Mann-Whitney non-parametric test

for independent means used for each of the sediment attributes. Those variables that were
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’ significantly different (P < 0.05) in the two groups disﬁnéuished by their toxicity are indicated in

Table 8. ‘
Table 7. Correlations between sediment toxicity and sediment chemistry, those correlations
significant at the P > 0.01 level indicated in bold.
Zinc 0.5922 (1) 0.2764 (8)
Lead 0.5487 (2) 03190 (3)
Copper 05259 @) 02411 (10)
] jum 2.5097 (4) ‘04159 (1)
Potassium 20.4860 (5) | 03024 (5)
Calcium | -0.4646 (6) 03526 (2)
Nickel 0.4630 (7) 0.1833: (13)
Silica 0.4090 (3) {02454.(9)
Sodium 0.4049 (9) 03151 (4)
Cobalt 0.3925 (10) 0.1746 (14)
LOI 0.3663 (11) 0.1669 (15)
Aluminium <0.3467 (12) -0.2962 (6)
Chromium 03311 (13) 0.1927 (12)
o Manganese 0.3260 (14) 0.0921 (19)
- Arsenic 0.3247 (15) 02797 (7)
: A sk -103017.(16). - 0.1985.(11)
Q Vanadium 0.2662 |(17) 0.1563 (16)
Sand | <0.2594 (18) <0.1212 (18)
Phospliorus 0.1627 (19) 0.0430 (20)
Tron 0.0935 |(20) 0.0240 (21)
- | Titenium 0.0920 |(21) -2.1423 (17)
Clay 00110 22) 0.0098 (22)

For both endpoints the metals zinc, copper, lead and nickel show the greatest difference in
the two groups of sites. However, contrary to expected the higher concentrations are found in those
sites that pass the criteria and those sites failing tb:pr;)duce cocoons. or young ha‘"re lower metal
values. From the relationship between the community structure data and metal values in the sediment
and the fact that toxicity occurred in some sediments we would have expected to see a positive
relationship between concentrations of metals and sediment toxicity. In fact the reverse appears to
be the case. There are a number of possibl_é‘ explanations?
1. The impairment in the benthic communities is not associated with sediment associated

contaminants. _
2.  The observed toxicity is not related to total metal concentrations and total metal
‘ concentrations are a poor indicator of bioavailabiljity in this test.
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3. The bioavailability is being confounded by other attributes of the sediment.
4, A single species test provides little information about whole community response.

Table 8. Mean values inug/g dry weight for those variables that are significantly different (P
< 0.05) in groups of sites passing and failing the T. tubifex reproductive test.

Coooons | Fail | Pass Prob | Young | Fail | Pass |Prob
Zino 1894 | 2952 | 0.001 | Magnesium 28 © 1209 |0.003
Copper 683 |1167 |0.001 |Zinc 1512 | 2745 | 0.005
Lead - 50.9 884 0.001 | Nickel 195.6 490.2 | 0.006
Nickel 3067 | 529.2 0.003 | Potassium 2.95 245 |0.006
Cobalt 326 45.9 0.022 | Lead 374 810 |0.007
JLOI 68 93 - 0.024 | Copper 548 106.7 ] 0.010
Chromium 90.8 100.5 0.034 | Sili : 588 623 | 0.011
Arsenic 11.8 242 | 0.020

Aluminium 13.3 122 1 0.031

Finally, we have examined the spatial distribution of those sites that failed to meet the toxicity
criteria (Fig. 13). Most noticeable is that in contrast to the community structure response the

- majority of the sites are not in the Whalesback Channel but the North Channel. This explains much

of the apparent anomaly in the relationship between metals and toxicity. The twelve sites in the North
Channel (Fig. 13) that produced the lowest numbers of cocoons (average 14.9) had the highest
proportion of sand (18.7%) and the lowest organic cor:ent (5.5%). We suspect that the response
at these sites is different to the five sites with reduced cocoon productioix (average 20.8) in the
" 'Whalesback Channel (Fig. 13), which had the highest organic content (9.7%) and lowest level of sand
(0.0%). The apparent toxicity in the twelve North Channel sites is likely due to low organic content
(Reynoldson et al. 1991) and high sand levels perhaps together with metal contamination and greater
availability of those metals present. This we consider to be a different response to that observed in
" the sites in the Whalesback Channel. It is also noteworthy that the area where toxicity is apparent
in the North Channel co-incides with the one region in the North Channel where communites were
impaired (Fig. 9). This is the vicinity associated with the greatest exchange of suspended materials
‘from the Whalesback Channel (Rosa 1995) and msy suggest a high rate of exposure to contaminants
.in this area. There is little difference in metal levels in the Whalesback Channel between those sites
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Figure 13. Sites that meet (open) and fail (solid) toxicity criteria



that passed and the five that are considered toxic, although nickel, copper and arsenic have slightly
higher concentrations. We can provide no explanation for the reduced reproduction at these sites and
can only speculate that it is associated with either the particular metal fractions present or due to |
other unmeasured contaminants.

Three of the seven sites with reduced young production are those with a high proportion of
sand (618, 621, 623). Ofthe others site 635 had particularly high levels of nickel (607 ppm), copper
(128 ppm) and zinc (300 ppm), site 112 had a very high proportion of clay (78.3%) and site 618 had
a particularly low organic content (2.5%). The sample for sediment analysis at site 614 was lost. Of
these sites we consider only site 635 shows toxicity the low numbers at the other sites are probably
due to physical sediment characteristics. |

Sedim‘eflt Chemistry

Finally we have examined the pattern of the measured sediment attributes to determine if there
~ was evidence of a spatial pattern that may relate to the observed biological effects. Data were
available from 49 sites. Some samples for particle size (8 sites) and % loss on ignition (LOI) (3 sites)
were lost and values were substituted by taking the average of the closest sites at a similar depth
(Table 9). Examination of spatial pattern for 24 sediment attributes was undertaken by multivariate
analysis using the same clustéring and ordination methods as in the analysis of s;atial pattérn of
community structure. |

Table9. Sites for which particle size and LOI data missing.

Missing site Sites used to establish | Missing site Sites used to establish
average value - | average value
Particle Size LoI

602 601,603 601 SE1 from 1988
110 620,649 111 608, 616

608 111, 603

610 606,609

618 617,623

625 645, 641 '

637 113, 638,642

647 632,630, 629
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Figére 14.  Dendrogram of Spanish River area sites based on 24 sediment attibutes Jfrom 1990.
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The dendrogram suggests that there are three groups of sites (Figure 14). A small group (Gp

3) of four sites and two larger, similar sized, groups qf sites, Using the Kruskal Wallis non-
parametric test we examined those variables which differedithe most in the three groups. Twelve of

‘ the 24 variables showed significant differences (Table 10) in the three groups. Five of these are
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metals, six major elements and LOL The four sites forming Gp 3 have much lower concentrations
of the majority of major elements and metals than the other sites. Concentrations of most of these

12 sediment attributes in Gp 3 are very similar to the average values for the North Channel reference
sites (Table 10). |

Table 10.  Average values for selected variables in 3 groups of sites from the Spanish River
" area and North Channel reference sites, ordered by decreasing degree of difference

in the three groups.

Variable Gpl Gp2 Gp3 Reference
Sulphur 1405 2655 250 na
LOI 78 98 3.2 7.1
Potassium 26 23 29 2.7
Nickel 389 555 124 115
Copper 88 118 40 35
Zinc 242 299 121 136
Cobalt 387 481 162 17.3
Phosphorus 02 02 0.1 0.2
Iron 74 82 5.1 44
Lead 74 87 27 36
Manganese 0.6 0.6 02 0.2
Aluminiur 124 12.1 136 115

Groups 1 and 2 both have much higher values for both sulphur and metals and the difference
between the groups is the degree to which values are elevated above Gp 1 and the reference sites.
Group 2 has the highest values, particularly of sulphur, nickel and copper.

We have plotted the sites in ordination space to establish how discrete the groups of sites are
and the plot suggests that in fact many of the sites form a continuous gradient rather than fall into
discrete groups (Fig. 15).  Sites toward the left side of the plot (Fig. 15) have high metal
concentrations and those to the left tend to have low metal levels. Similarly sites located toward the
top of the plot have high sulphur levels and those on the bottom have low sulphur levels. With the
exception ofsites in Gp 1 the sites are primarily oriented along a gradient of increasing sulphur and
metal concentrations from the bottom right hand side of the plot to the top left hand corner.

The geographic distribution of the sites (Fig. 15) shows the majority of those forming Gp 2,
with the highest metal and sulphur concentrations, to be located inside the Whalesback Channel and
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those forming Gps 1 and 3, with lower sulphur and metal levels, to be outside the Whalesback
Channel.

To provide a regional context to the sediment characteristics of the Spanish River area we
compared 22 sediment atttributes (Table 11) for the reference sites in the North Channel (Fig. 3) with
those for the sites in the Spanish River area, |

Table 11.  Sediment attributes used to compare reference sites with 1990 study sites in the
| Spariish River area, together with correlation values for SSH ordination.

Varisble Correlation
Zine 0.9523
Nickel 0.9349
Copper 0.9284
Cobalt ’ 0.8871
Chromium 0.8701
Lead 0.8643
Silica : 0.8509
Vanadium 0.8385
Iron 0.8358
Titatnium 0.7806
Sand 0.7389
Aluminiam 0.7288
Magnesium : 0.7284
Arsenic ' . 107129
Clay 0.7012
Lol ' 0.6581
Potassium 0.6243
Silt 0.4773
Manganese 0.4702
Phsophorus 0.4485
Sodium 103074
Calciom 0.1029

The data have again been plotted in ordination space (Fig. 16) and show the majority. of sites
to be distributed primarily the first ordination vector. The reference sites (open circles in ordination
plot) have beenvenclosed by a hand drawn polygon and 15 Spanish River area sites fall within the
envelope of variation associated with the reference sites. These 15 sites (open circles on map) a_re'
primarily located in the North Channel (12), the Serpe'nt River mouth and two sites, away from the
main flow, in the Whalesback Channel. Cluster analysis of the 98 sites (49 reference and 49 Spanish
River) produced three large groups of sites. A group made up of 29 reference sites and 5 Spanfsh
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River sites (112, 621, 622, 623, 644 - open squares on ordination plot). A second group of sites

made up of 20 reference sites and 18 Sparish River sites,' these are indicated by small squares in

Figure 16 and although some are outside the envelope of reference sites cannot be distinguished by
cluster analysis. The tlnrd group is made up exclusively of 26 Spamsh River sites (solid c:rcles) the
majonty of which are located in the Whalesback Channel Thwe data show the Whalesback
Channeltobednﬁ'eremmthegreata’partofﬂleNorthChannel (Fig. 16) and that the diffirence is due
to elevated metal concentrahons, Particularly zinc, nickel and copper (Table 10). The spatial pattern
(Fig. 16) also suggests exchange of sediment material from the Whalesabck Channel to the North
Channel through the passages between the islands. Those areas of the North Channel where sediment
metalconcentratlons are elevated are associated with those passages (Fig. 16).

Con“éliision‘s and Summary

Data collected from the 1988 and 1990 surveys indicated that there were both elevated metal
concentrations and impaired invertebrate communities in the Whalesback Channel, without regional
data it was difficult to provide a broader context for the significance of the effects on the invertebrate
communities. The fact that there are data available from reference sites in the North channel provides
snch a context to make a quantitiative assessment of the extent of the deleterious effects in and
heyond the area of concern and to provide targets to define recovery of the impacted area.

The reference site data show that there is extensive impairment in the Whalesback Channel
and a!most the entire area has a degraded bentlnc commumty, this impairment extends a considerable
distanoebeyond the boxmdanes of the area of concem. This is evident both from the ¢ oompanson with
the referenoe sites from the North Channel and from the predictions based on the entire Great Lakes
reference sites. Furthermore, it would appear that there is evidence of some effect being felt in the

" North Channel in the area where the major water exchange is occurring between the Whalesback and -

‘North Channel. A comparison of environmental characteristics at those sites where degraded

communities occur and reference sites provides strong evidence that the impairment is associated with

high levels of metals, pafticxilarly copper, nickel and zinc. However, it is not possible to distinguish
any partxcular metal of concern as their occurrence is highly correlated.
Sediment toxicity data do not confirm that the degraded benthic communities are related to

N\
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high metal levels. However, there are some confoundir:xg factors that may explain the lack of
concordance in these data. First, only one test species was 1:xsed, the tubificid worm Tubifex tubifex.
In fact the community structure data suggest that the Tubi’idcidae'wasthe- least impacted group and
 showed relatively little change in numbers in the study area (’Fg 4, Table 3). The most affected taxa
‘were the amphipod Diporeia and the Chlronomxdae (mtdges) Unfortunately, at the time of this
study, the capability to run bxoassays wnth these taxa was unavatlable ‘Tt would seem that in this case
the wrong species was selected for testing and demonstrates the i 1mportance of runmng a battery of
species rather than relying on single species tests. The second possible explanation is that the test was
responding not to whole metal concentration but to a parttcular fraction, and that total metal
- concentration is 8 poor indicator of bioavailability. This test appears to be respondmg to other
sediment attributes than metal concentration, partlwlarly the proportion of sand and clay (which
effects avallabxhty) and the amount of organic material which is related to food availability. This

latter issue has since been addressed through a methodologlcal change and animals are now fed at the
‘ begmnmg of the assay. : i

l

the benthic eommumty and to e_st_abhsh sedment concentratlons for metals at wluch a recovery can
* be expected. From our reference site data base we have established that two different communities
would .Be expected to occur in the area (Fig. ¢). In the s_h;allower, more sheltered inshore, areas a
community where chironomid midges and. molluscs are mt;)s_t abundant should occur. In the more
open waters, and in the North Channel, a community with more oligotrophic species, particulalrly D.
" hoyi, the oligochaete S. heringianus and the elnronomld Heterom.ssocladms is expected The actual
numeric targets have been derived from the North Channel reference sites that were included in the
Gp 3 and Gp 5 assemblages. From the North Channel there were 30 and .16 reference sites
respectively in the two groups. From these sites we determined that for Gp § sites (offshore) only
D. hoyi occurred in sufficient numbers to derive a single species criteria. Similarly for the nearshore
sites (Gp 3) a number for the family Chironomidae was consisdered most appropriate, as no single
genus was sufficiently abundant. For both taxa the distribution among the sites was - contagious
(Table 12) and therefore a criteria value was established by calculating the lower 95% confidence
limit calculated from the geometric mean using a log (x+1) transfomaﬁon. !
!
x
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The numeric criferia we would propose for the impacted area'are 1490 m? Chironomidae for
inshore waters and for D. hoyi, in the offshore waters, 1637 m’. Selection of the appropriate
mteuashouldbebased onthepredicuvemodelwhlchlsusedto assign sites to either a Gp 3 or Gp
5 assemblage We would also strongly emourage the use of the entire community and a companson

of the entu’e assemblage using the multivariate approach described earlier. ‘Reliance on single taxa
may be unrehable ‘and even in the reference sites it can be seen that using this ‘approach alone

indicates some sites as bemg impacted (Fig. 17) ‘However, as a ﬁrst approxtmanon and a general
target these numeric targets may be useful.

::"if'ab'le 12 Mean numbers of target species in North Channel reference sites and
i proposed criteria for establishing non-degraded invertebrate communities in

the North Charmel.

Chironomidae Diporeia hoyi
| Inshore - Gp 3 Offshore-Gp 5 _
Arithmetic = (no. core) 112 113
Variance - 133.0 : 50.7.
Geometric » ' R i X 193
Denvedvamnce
Confidence interval
Lowu' 95%_. CL. (no. core) 5.1 o 56

| Criteria expressed in no.m2 1491 1637
(using 250 mesh) L L

To- establish the sediment remediation targets for achieving a non-degraded benthic
mvertebtate community we have assumed that the observed degradation is related to metal
‘ eonoexmiﬁons in the sediment. We have derived clean up targets for three metals, copper, nickel and

zinc, as these particular elements were best correlated with the observed community effects. The
proposed target for remediation are based on values found in the sediment at the 49 reference sites
(Fig. 3). Examination of the statistical distribution of the three metals shows both copper and zinc
to approximate a normal distribution (Fig. 18). Nickel concentration cleaﬂy does not follow a n‘dnhal
distribution. The geographic distnfbuﬁon of the three elements have been expressed as values above
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and below the mean values (copper and zmc) and aboire and below what appear to be two
distributions (Fig. 18) for nickel. For copper and zinc there is no clear geographic pattern to the
distribution of sediment with elevated metal levels (Fig. 19). The elevated concentration at some
sites is likely associated with local conditions and there s a strong correlation with physical sediment
attn’butes for copper with sand (-0. 752) and LOI (0. 835) and for zinc with LOI (0 735) and TOC
(0.6 657) The nickel concentration appears to show a geographnc pattern and the highest
concentratlons occur in the vicinity of the Whalesback Channel (Fig. 19). Also the cosrelation

between nickel concentraﬁon and physical sediment attributes was much lower, the best correlatuion

being thh LOI (0.446). This suggests that local conditions are less important in detetmmmg the
concentmtlon and that a larger. scale process ‘may be of more nnportance

Table 13. Values for three metals (ug. gDry W1)) at reference sites in the North Chqnnel
Mem 115 35 136
SD. 87 18 69
95% CL. | 244 | 49 194
'Upper 95%ClL.- (Proposed tal'get) 1394 399 155.1
Backgmund Conc 50 40 100-120
OMOEE LEL ’ 16 16 - 120
OMOEE SEL 75 110 820

In establishing targets we have again calculated 95% confidence intervals (Table 13).

' however, in this case we are proposing the upper 95% confidence interval as the target. As thisis
 derived from reference sites with acceptable invertebrate communities we believe these are reasonable
remediation targets. The target values for copper and zinc are similar or close to background levels

reported by Mudroch (1995) from sediment cores taken in the Spanish River area. This suggests that

values at reference areas represent historic conditions and are reasonable targets. It is also
noteworthy that both the background, reference site mean values and targets are above the Ontario
Ministry of Environment (OMOEE) Lowest Effect Level (LEL) concentrations (Persaud ef al. 1992).
The target value for nickel (139 ug.g) is almost three times the background concentration from cdre
data. This reflects the fact that values in the reference area are elevated, however, because the
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- Figure 18. Probability plots of expected values for}l';t normal distribution for three
metals in North Channel reference sites.



" Figure 19. Concentration of three metals at reference sites in the North Channel.



invertebrate communities are considered to be unimpaired and can tolerate these levels we consider
this to be an acceptable remediation target for this area. Agam it is notweorthy that the proposed
value exceeds the OMOEE Severe Effect Level criteria (Table 13).

l
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