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The study discussed in this document was carried out as  part o f  the 
efforts of the Pollution from Land  Use Activities Reference Group (PLUARG),  an 
organization of the International Joint Commission, established under the 
Canada-United States Great Lakes Water Quality Agreement of 1972. Findings 
and conclusions are those of the authors  and do not necessarily reflect the 
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A t r o p h i c   e v a l u a t i o n  o f  t h e  

ABSTRACT 

nearshore  zone o f  t h e  Gre a t  Lakes ha .s Seen 
under taken .   T roph ic   s ta tus   i s   desc r ibed  as a composite o f  three  parameters 
d e s c r i p t i v e  o f  b o t h   w a t e r   q u a l i t y  and t r o p h i c   c o n d i t i o n s .  These parameters 
a r e   t o t a l  phosphorus,  chlorophyl l  a, and Secchi  depth.  Phosphorus i s  assumed 
t o  be a p r i m a r y   v a r i a b l e   i n   d e t e r m T n i n g   t r o p h i c   c o n d i t i o n s .   C h l o r o p h y l l  a i s  
impor tan t  as a measure o f  a l g a l  biomass.  Secchi  depth i s  a measure o f  waTer 
c l a r i t y ,   i n v e r s e l y   r e l a t e d   t o   a l g a l  biomass. 

The r e l a t i o n s h i p  between  these  three  parameters i n   t h e   G r e a t  Lakes 
nearshore  zone i s  de te rm ined   w i th   l i nea r   reg ress ion   t echn iques .  These 
re la t i onsh ips   a re   used  as t h e   b a s i s   f o r  a Composite  Trophic  Index  (CTI). The 
CTI i s   r e l a t e d   t o   t r o p h i c   c o n d i t i o n s   i n   t h e   n e a r s h o r e  zone. The r e s u l t i n g  
d e l i n e a t i o n  o f  t r o p h i c   s t a t u s   i n   t h i s   r e g i o n  i s  presented. 

The n e a r s h o r e   t r o p h i c   c o n d i t i o n s   a r e   r e l a t e d   t o   p h o s p h o r u s   c o n t r i b u t i n g  
areas i n   t h e   G r e a t  Lakes  Basin.  Nearshore and  open w a t e r   t r o p h i c   c o n d i t i o n s  
are  a1 so compared. 
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TROPHIC CHARACTERIZATION OF THE U.S. AND CANADIAN 
NEARSHORE ZONES OF THE GREAT LAKES 

INTRODUCTION 

The trophic classification of water bodies, as used in this report, refers 
to a comparison o f  the degree of fertility or eutrophication of water bodies, 
using  a comnon scale or indexing  system. This concept of a relative scale for 
the comparison of water bodies, or conditions within the same water body, is 
used for most trophic indexing schemes, with the major differences between 
schemes being the parameters chosen  to formulate the index. 

As  noted by Shapiro (1975), many lake trophic indexing systems have  been 
proposed by numerous researchers over the past  several decades for the purpose 
of trophic state delineation, as  well  as for justification of nutrient control 
strategies (in particular, phosphorus). Indices may be descriptive or 
analytical, simple or complex, relative or  absolute, and subjective or 
objective. Examples of  all types are available in the literature,  including 
the trophic indices of Lueschow " et a1 (1970); Shannon and Brezonik (1972); 
Dobson (1974); U.S. Environmental Protection Agency (1975); Uttormark et a1 
(1975); Carlson (1977); Piwoni and Lee (1977); Dobson and Chapra (1977); and 
Rast and Lee (1978).  

" 

Previously, trophic classification has  largely  been  limited to whole lakes 
or offshore waters o f  1 arge 1 akes. However, very 1 arge 1 akes frequently 
exhibit a distinct nearshore zone which is separated from the open waters by 
virtue  of its relatively shallow depth.  In addition to  having higher 
concentrations of most pollutants, the dynamic mixing of waters in this zone 
generally produces more variable concentrations of various water quality 
parameters. This variability results in part from tributary and municipal 
(urban) pollutant input patterns, as  well  as from the hydraulic 
characteristics of this  zone. The physical boundaries o f  the nearshore zone 
may vary considerably, ranging from essentially zero width, where the offshore 
waters of the  lakes  are completely mixed to the shore,  to  several kilometers 
distance from the shore.  Such factors as  wind direction, intensity and 
duration, as  well  as shoreline and lake bottom morphology, influence the 
extent of the zone. 

1 



The nearshore zone, b y   i t s   n a t u r e  and l o c a t i o n ,   c o n s t i t u t e s   t h e   t r a n s i t i o n  
between n u t r i e n t  and p o l l u t a n t   l o a d s   f r o m   t h e   l a n d  and t h e   r e s u l t a n t   t r o p h i c  
c o n d i t i o n  and w a t e r   q u a l i t y  seen i n   t h e   o f f s h o r e   w a t e r s .   T h i s  zone i s  a l s o  
t h e   a r e a   i n   w h i c h   t h e   i m m e d i a t e   e f f e c t s   o f   n u t r i e n t s   a r e   m o s t   v i s i b l e .   T h i s  
i s   p a r t i c u l a r l y   i m p o r t a n t   f o r  use o f   t h e   w a t e r   f o r   w a t e r   s u p p l i e s ,  
r e c r e a t i o n a l   p u r s u i t s  and o t h e r   a c t i v i t i e s .  

A p p l i c a t i o n   o f   a n y   t r o p h i c   c l a s s i f i c a t i o n  scheme t o   n e a r s h o r e   w a t e r s   o f  
l a r g e   l a k e s ,   p a r t i c u l a r l y   t h e   G r e a t  Lakes,  has  been l imi ted.   Gregor   (1977)  
and Gregor and O n g l e y   ( 1 9 7 8 )   q u a l i t a t i v e l y   d e s c r i b e d   t r o p h i c   c o n d i t i o n s   f o r  
the  Canadian  nearshore  waters  of   the  Great  Lakes  based on a w a t e r   q u a l i t y  
scale  developed  by Dobson (1974). However, t h i s   s c a l e   i s  based  on o f f s h o r e  
data  ( i .e. ,  open w a t e r   c o n d i t i o n s   i n   t h e   l a k e s )  and, t h e r e f o r e ,   i s   n o t  
n e c e s s a r i l y   a p p l i c a b l e   t o   n e a r s h o r e   w a t e r s .   I n   a d d i t i o n ,   t h i s   p a r a m e t r i c  
approach r e s u l t s   i n   c o n t r a d i c t i o n s ,  an e x a m p l e   b e i n g   h i g h   t u r b i d i t y   ( i . e .  , low 
Secchi   depths)   concomi tant   wi th   low  ch lorophyl l   concentrat ions  (a   measure  o f  
a lga l   b iomass) .  

Phosphorus i s  assumed i n   t h i s   a n a l y s i s   t o  be a p r i m a r y   v a r i a b l e   i n  
de te rm in ing   t roph ic   cond i t i ons .   Th i s   i s   because   phosphorus   has   mos t   o f ten  
been  found t o  b e   t h e   n u t r i e n t   w h i c h   " l i m i t s "   o r   c o n t r o l s   t h e   p r o d u c t i v i t y   o f  
a lgae and o ther   aquat ic   p lan ts   (assuming  l igh t ,   tempera ture  and o t h e r   f a c t o r s  
a r e   s u f f i c i e n t   f o r   a l g a l   g r o w t h ) .   I n   a d d i t i o n ,   c o n t r o l   p r o g r a m s   f o r  
phosphorus  are  more  technica l ly  and economica l l y   f eas ib le  on a l a r g e   s c a l e  
than   con t ro l   p rog rams   fo r   o the r   nu t r i en ts   (e .g .  , n i t r o g e n ,   s i l i c a ) .  

As p a r t   o f   t h e   a c t i v i t i e s   o f  Task D o f   t h e   P o l l u t i o n   f r o m  Land Use 
A c t i v i t i e s   R e f e r e n c e  Group (PLUARG) o f   t h e   I n t e r n a t i o n a l   J o i n t  Commission 
(IJC), a t r o p h i c   i n d e x  was developed f o r  comparison o f   t he   nea rsho re   zone   o f  
the   Great   Lakes .   Th is   t roph ic   index   i s   based on a m o d i f i c a t i o n   o f  Dobson  and 
Chapra's  (1977)  approach f o r   t h e   o f f s h o r e   w a t e r s   o f   t h e   G r e a t  Lakes. The 
development o f   t h i s   i n d e x  and i t s   a p p l i c a t i o n   t o   t h e   n e a r s h o r e   w a t e r s   i s  
p r e s e n t e d   i n   t h e   f o l l o w i n g   s e c t i o n s .  
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B A S I S  FOR TROPHIC INDEX 

Three  parameters, t o t a l  phosphorus  (TP),   chlorophyl l  - a (Chld)  - and Secchi 
depth  (SD),  have  been  employed i n   t h e  development o f   t h i s   n e a r s h o r e   t r o p h i c  
index. The r a t i o n a l e   f o r   c o n s i d e r a t i o n   o f   t o t a l   p h o s p h o r u s  was i n d i c a t e d  
above. C h l o r o p h y l l  - a i s   i m p o r t a n t  as a measure o f   a l g a l  biomass.  Secchi 
depth i s  a measure o f   w a t e r   c l a r i t y  and i s   i n v e r s e l y   r e l a t e d   t o   t h e   a l g a l  
biomass,  assuming the   water   bod ies  do n o t   c o n t a i n   e x c e s s i v e   q u a n t i t i e s   o f  
i n o r g a n i c   t u r b i d i t y  or c o l o r .  Dobson  and Chapra  used p a r t i c u l a t e   o r g a n i c  
carbon as a second  measure o f   a l g a l  biomass.  This  parameter,  however, was n o t  
m o n i t o r e d   c o n s i s t e n t l y   w i t h i n   t h e   n e a r s h o r e  zone o f  the  Great  Lakes and was 
t h e r e f o r e   o m i t t e d   f r o m   t h e   t r o p h i c   i n d e x   d e s c r i b e d   i n   t h i s   r e p o r t .  

As o u t l i n e d   b y  Dobson  and  Chapra (1977), t h e   r e l a t i o n s h i p s  among TP, Chla - 
and SD c a n   b e   e s t i m a t e d   e m p i r i c a l l y   t h r o u g h   l i n e a r   r e g r e s s i o n s .   R a t i o n a l i z i n g  
t h a t ,   i n   t h e  absence o f   the   independent   var iab le ,   the   dependent   var iab le   wou ld  
no t   be   expec ted   to  be  present, Dobson  and Chapra f o r c e d   t h e i r   r e l a t i o n s h i p s  
through a zero   o r ig in .   Th is   assumpt ion  may be v a l i d   f o r   o f f s h o r e   w a t e r s ,   b u t  
does n o t   a p p e a r   t o   b e   t r u e   f o r   t h e   n e a r s h o r e  zone. For  example, a l a r g e  
p o r t i o n   o f   t h e   t o t a l   p h o s p h o r u s   p r e s e n t   i n   n e a r s h o r e   w a t e r s  will be  chemica l l y  
bound as apat i te   phosphorus and t h e r e f o r e   n o t   a v a i l a b l e   f o r   u s e   b y   a l g a e .  
Sources o f   apa t i t e   phosphorus   i nc lude   sho re   e ros ion ,   t r i bu ta ry   i npu ts  and 
resuspension o f  lake  bottom  sediments.  Consequently, i t  i s  r e a s o n a b l e   t o  
expect  a t h r e s h o l d   l e v e l   o f  TP below  which  Chla - i s   n o t   p r e s e n t .  As a r e s u l t ,  
t hese   au tho rs   emp loyed   l eas t   squares   l i nea r   reg ress ion   t echn iques   t o   es tab l i sh  
r e l a t i o n s h i p s   b e t w e e n   t h e   p a i r e d   v a r i a b l e s ,   s p e c i f i c a l l y  TP and  Chla,  and Chla - 
and SD. 

The use o f  Secchi  depth as a t r o p h i c   s t a t e   i n d i c a t o r   w a r r a n t s   f u r t h e r  
comment because  water  transparency i s   a f f e c t e d   b y   f a c t o r s   o t h e r   t h a n  
phy top lank ton  abundance  (e.g. ,   suspended  inorganic  part iculates  der ived  f rom 
sources  ind icated  above) .  However,  as will be fu r ther   d iscussed  be low,  
s t a t i s t i c a l l y   s i g n i f i c a n t   r e l a t i o n s h i p s  between SD and Chla - are   obse rved   f o r  
the  nearshore  zone o f  the  Great  Lakes. 
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Secchi  depth i s   i n v e r s e l y   r e l a t e d   t o   a l g a l  b iomass  (Di l ' lon and R i g l e r ,  
1975;  Rast  and  Lee,  1978).  Thus, a t r a n s f o r m a t i o n   i s  required t o  d i r e c t l y  
re la te   these  two  parameters .  A t rans format ion   can  be achieved  using 
Lambert-Beer's Law f o r   l i g h t   e x t i n c t i o n   i n   w a t e r   ( V e r d u i n  " e t   a l ,  1976) ,  as 
f o l l o w s :  

I = I o e  -nz 
Z 

where Iz i s   t h e   l i g h t   i n t e n s i t y   a t   d e p t h  z, Io  i s   t h e   i n t e n s i t y   a t   t h e  
sur face,  and n i s   t h e   e x t i n c t i o n   c o e f f i c i e n t .  

Fo l low ing   Ty le r   (1968) ,   the   Secch i   depth   cor responds  to   the   depth   (meters )  
a t   w h i c h   t h e   l i g h t   i n t e n s i t y   i s   e q u a l   t o   1 0   p e r c e n t   o f   t h e   v a l u e  measured a t  
t h e   s u r f a c e   o f   t h e   w a t e r .   A p p l y i n g   t h i s   f a c t o r ,   E q u a t i o n  1 can  be   l inear ized  
t o :  

where z ( f rom  Equat ion  1) becomes the  va lue  o f   the  Secchi   depth,  n i s   t h e  
e x t i n c t i o n  due t o  suspended m a t e r i a l s   ( b o t h   o r g a n i c  and ino rgan ic ) ,  n i s  
t h e   e x t i n c t i o n   c a u s e d   b y   m a t e r i a l s   d i s s o l v e d   i n   t h e   w a t e r  and  nw i s   t h e  
e x t i n c t i o n  due t o  water  alone. I n   t h e i r   d e r i v a t i o n ,  Dobson  and Chapra  (1977) 
s o l v e d   f o r   t h e  components o f  n such that   t ransformed  Secchi   depth was l i n e a r l y  
p r o p o r t i o n a l   t o   p l a n k t o n  abundance, w i t h  a z e r o   i n t e r c e p t .  However,  because 
o f   i n h e r e n t   d i f f e r e n c e s  among the  Canadian  nearshore  regions o f  the   Great  
Lakes, a u n i q u e   s o l u t i o n   t o   E q u a t i o n  2 was n o t   p o s s i b l e   f o r   t h e s e   d a t a   ( t h e  
necess i ty   for   emphasiz ing  the  Canadian  nearshore  data as the  pr imary  sources 
f o r   t h e   t r o p h i c   i n d e x   r e l a t i o n s h i p   d e s c r i b e d   i n   t h i s   r e p o r t   i s   d i s c u s s e d   i n  a 
f o l l o w i n g   s e c t i o n ) .   T h e r e f o r e ,   t h e   S e c c h i   r e c i p r o c a l  
SD was used t o  d e v e l o p   t h e   l i n e a r   r e l a t i o n s h i p s   u s e d   i n   t h i s   a n a l y s i s ,  2.3 

assuming  that :  

P 

2.3 = aChla  + ( n s t  + n + nw) SD P 

where a i s   t h e   p r o p o r t i o n a l i t y   c o n s t a n t  and n S t   r e p r e s e n t s   t h e   e x t i n c t i o n  
o f   l i g h t  due t o  suspended i n o r g a n i c   m a t e r i a l s   o n l y   ( C h l a   i s   e x p r e s s e d  as 

vg/L 1 
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The re la t i onsh ips   be tween   Ch la  - and TP and  between  Chla - and SD (as  
expressed i n  Equat ion 3 above)  derived  from  these  nearshore  data, and fo rming  
the   bas i s   o f   t h i s   t roph ic   i ndex ,   a re   deve loped   be low.  

DELINEATION OF REGIONS WITHIN THE NEARSHORE ZONE 

The l o g i c   o f   g e o g r a p h i c a l   p a r t i t i o n i n g   o f   t h e   G r e a t   L a k e s   n e a r s h o r e  zone 
i n t o   d i s c r e t e   r e g i o n s  was t o  denote   a reas   w i th in   wh ich   average  water   qua l i t y  
was r e l a t i v e l y  homogeneous. Geographic  regions  were i n i t i a l l y   d e l i n e a t e d   f o r  
the  Great  Lakes  nearshore  zone t o   r e f l e c t   p r i m a r i l y   t h e   p r e s e n c e   o r  absence o f  
s i g n i f i c a n t   t r i b u t a r y   i n p u t s  and concomi tan t   u rban ,   ag r i cu l tu ra l  and n a t u r a l  
p o l l u t a n t   l o a d i n g s .  Hence, t h e   r e s u l t i n g   g e o g r a p h i c a l   p a r t i t i o n i n g  was done 
p r i o r   t o  any e x t e n s i v e   a n a l y s i s   o f   n e a r s h o r e   d a t a .   I n t u i t i v e l y ,  and as 
subsequen t   ana lys i s   i nd i ca ted ,   ave rage   wa te r   qua l i t y   cond i t i ons   w i th in  any  one 
r e g i o n   w e r e   n o t   n e c e s s a r i l y   s i g n i f i c a n t l y   d i f f e r e n t   f r o m   w a t e r   q u a l i t y  
cond i t ions   be tween  ad jacent   reg ions .   Th is   observa t ion  does n o t   i n v a l i d a t e   t h e  
use  of   nearshore  region  boundar ies  chosen a p r i o r i   s i n c e  even da ta   f rom a 
s i n g l e   w a t e r   s a m p l i n g   s t a t i o n   f o r  a s h o r t   p e r i o d   o f   t i m e   a r e   u n l i k e l y   t o   b e  
r e p r e s e n t a t i v e   o f  a s i n g l e   w a t e r   q u a l i t y   c o n d i t i o n .  

The n e a r s h o r e   p a r t i t i o n i n g  was based p r i m a r i l y  on t h e   i n t e r f a c e   o f   m a j o r  
r i v e r  mouths w i th   t he   nea rsho re  zone, w i t h   f u r t h e r   d i f f e r e n t i a t i o n  based on 
c o n s i d e r a t i o n   o f   t h e   f o l l o w i n g   f a c t o r s   ( n o t   n e c e s s a r i l y   i n   t h e   o r d e r  
p resented) :  

a)   presence  of   urban  area on shore1  ine;  
b )   p resence  o f   a reas   o f   ser ious   e ros ion  on sho re l i ne ;  
c )   p r e s e n c e   o f   e x t r a c t i v e   a r e a s   o r   m i n i n g   i n d u s t r i e s  on sho re l i ne ;  
d )   p r e s e n c e   o f   i n l e t s   o r  embayments a long  shore l ine ;  
e )  genera l   nea rsho re   c i r cu la t i on   pa t te rns ;  
f )  dep th   o f   t he rmoc l i ne ;  and 
g)   est imated homogeneous w a t e r   q u a l i t y   i n   t h e   n e a r s h o r e   a r e a .  

Genera l l y ,   t he  U.S. nearshore  zone was d e l i n e a t e d   f r o m   t h e  open waters  
based on a t h r e e - k i l o m e t e r   d i s t a n c e   o f f s h o r e ,   w i t h   a d j u s t m e n t s   f o r  embayment 
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configurations, although other specific considerations occasionally affected 
this  delineation. The Canadian nearshore zone reflects the local bathymetry, 
generally extending offshore several kilometers to a depth of 20 to 30 metres. 

The resulting Great Lakes nearshore regions are  presented in Figure 1. 

NEARSHORE DATA SETS 

Canada 

The Canadian nearshore data  are a part of the Ontario Ministry of the 
Environment's (MOE) Nearshore Water Quality Data File. Details of this data 
file and the file partitioning  employed  herein were discussed by Gregor (1977) 
and Gregor and Ongley (1978). Data file partitioning was necessary to  provide: 

(i) data subsets containing large  numbers of data,  with the intent 

(ii )  an aggregation of data for the  purpose of smoothing the effects 
of variable limnologic processes affecting water quality within 
the nearshore zone; and 

of  enhancing  statistical confidence; 

( i i i )  a separation of periods  during  which sampling and analytical 
(laboratory) procedures varied. 

On  this  basis, the data file was partitioned  into three discrete periods 
(time frames) from 1967 to 1973.  Each time frame was further differentiated 
into three limnological seasons (excluding the winter  season)  and, where 
appropriate, into surface (<  - 2m sample depth) and subsurface (>  2m sample 
depth) data sets. This report incorporates only the summer surface data for 
1972 and 1973 (time frame 3) for Lakes Ontario, Erie and Superior (including 
the Bay of Quinte and Toronto and Hamilton Harbours in Lake Ontario, and 
Thunder Bay in Lake Superior) , and the summer surface data for  1970 and 1971 
(time frame 2) for Lake Huron, including Georgian Bay  and  North  Channel. A 
general paucity of data for Lake Huron, Georgian Bay and  North  Channel for the 
years  1972 and 1973 precluded the use of identical years among all water 
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bodies.   Th is  was no t   cons idered a m a j o r   l i m i t a t i o n ,  however, s ince  average 
nearshore   cond i t ions   in   these  water   bod ies   were   no t   be l ieved t o  have  changed 
a p p r e c i a b l y   d u r i n g   t h e   p e r i o d   f r o m  1967 t o  1971. 

Thus, a s ing le   va lue   rep resen ts  mean s u r f a c e   w a t e r   q u a l i t y   f o r  each 
parameter   w i th in   each  nearshore   reg ion   fo r  a s p e c i f i e d  season and t ime  frame, 
assuming t h i s   t y p e   o f   d a t a   a g g r e g a t i o n   r e p r e s e n t s  an average  cond i t ion  
r e s u l t i n g   f r o m   t h e  combined e f f e c t s   o f   t h e   n u t r i e n t   l o a d i n g  and process 
v a r i a b l e s   a c t i n g  on the  nearshore  reg ion,  as discussed  by  Gregor  (1977) and 
Gregor and Ongley  (1978). The representa t ive   va lues   fo r   Secch i   depth ,  
c h l o r o p h y l l  - a and t o t a l  phosphorus  are  summarized i n  Table 1. 

Un i ted   S ta tes  

The U.S. data  were  not as ex tens ive  as the  Canadian  data.  Data  were  taken 
f r o m   s e v e r a l   s o u r c e s ,   b u t   p r i n c i p a l l y   f r o m   t h e  Upper  Lakes  Reference  Group 
( IJC,  1976),   the IJC r e p o r t  on t h e  Lower  Great  Lakes  (IJC,  1969) and Argonne 
Nat iona l   Labora tory   (Tor rey ,  1976;  Tarapchek  and  Stoermer,  1976). The da ta  
were c o l l e c t e d   b y   d i f f e r e n t   o r g a n i z a t i o n s  and rep resen ted   t he   pe r iod  
p r i n c i p a l l y   f r o m  1965 t o   t h e   e a r l y   1 9 7 0 ' s   f o r   t h e  Lower  Great  Lakes  (Erie and 
O n t a r i o )  and t h e   e a r l y   t o   m i d - 1 9 7 0 ' s   f o r  Lakes  Superior and Huron. The Lake 
M ich igan   da ta   genera l l y  span t h e   p e r i o d   f r o m   a b o u t   t h e   m i d - 1 9 6 0 ' s   t o   t h e   e a r l y  
1970's.  It was n e c e s s a r y   t o  assume t h a t   t h e  U.S. da ta   were   essen t ia l l y  
comparable t o   t h e  Canadian  data f o r   t h e   t i m e   p e r i o d   i n d i c a t e d  above, s i n c e   t h e  
U.S. da ta  

T o t a l  
Chl  orophy 
nearshore 

were n o t  as c o n s i s t e n t  and complete. 

phosphorus   da ta   were   ava i l ab le   f o r   v i r t ua l  
11 - a and Secchi  depth  data  were  not as read 
data  are  a lso  summarized i n  Table 1. 

l y  a l l  U.S. reg ions.  
i l y  a v a i l a b l e .  The U.S. 

DEVELOPMENT OF TROPHIC INDEX 

As i n d i c a t e d  above, the  Canadian  nearshore  data  base was more ex tens ive  
and s y s t e m a t i c   t h a n   t h a t   a v a i l a b l e   f o r   t h e  U.S. nearshore zone. F o r   t h i s  
reason ,   t he   pa ramet r i c   re la t i onsh ips   deve loped   i n   t h i s   repo r t  were der ived  
from  the  Canadian  data  base. The U.S. nearshore  data  sets  were  then  compared 

t o   t h e   r e l a t i o n s h i p s   d e r i v e d   f r o m  Canadian  data t o   d e t e r m i n e  i f  the  Canadian 
r e l a t i o n s h i p s   w e r e   a p p r o p r i a t e   f o r  U.S. nearshore  waters.  
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TABLE 1 

Water Body R e g  i on 

Lake O n t a r i o  1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

SUMMARY QUALITY  DATA FOR 
THE  GREAT  LAKES  NEARSHORE WATERS 

G r o u p  

A 
A 
A 
A 

C 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

- 

- 
- 
- 
- 
- 
- 
- 

SD m 
0.8 
0.8 
1.9 
2.2 

1.5 
2.6 
2.9 
2.8 
2.7 
2.8 
2.9 
2.5 
1.4 
3.1 
3.3 
2.9 
0.7 
2.5 
1.7 

- 

- 
- 
- - 
- 
- 
- 

19.7 
19.8 

9.7 
6.8 

3.1 
2.8 
2.4 
2.4 
2.4 
2.8 
3.0 
5.4 
9.9 
4.7 
3.7 
5.4 

19.3 
6.0 
6.1 

- 

- 
- 
- - 
- 
- 
- 

TP 
( J d L  1 

73 
87 
31  
33 

17 
17 
14 
14 
17 
15 
23 
34 
44 
29 
22 
29 
85 
23 
29 

- 

17-20 
25 -40 
17-20 
20-30 
17-20 
20-23 
17-20 

CT I ** 
29.6 
31.2 
12.3 
10.3 
INSF 
5.1 
5.7 
4.8 
4.9 
5.4 
5.2 
6.1 
9.0 

15.5 
7.5 
5.9 
7.9 

31.3 
8.3 

10.7 
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TABLE 1 ( c o n t ' d )  

Water B o d y   R e g i o n  

Lake E r i e  1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31  
32 
33 

SUMMARY QUALITY  DATA FOR 
THE  GREAT  LAKES  NEARSHORE WATERS 

G r o u p  

A 
A 
A 
A 
A 
A 
A 
C 
C 
C 
C 
C 
C 
A 
A 
A 
A 
A 
A 
C 

A 
- 
- 
- - 
- 
- 
- 
- - 
- 
- 

rn SD 

3.7 
3.6 
4.0 
3.0 
3.5 
4.0 
3.9 
2.9 
2.7 
2.3 
1.6 
1.6 
1.1 
2.6 
2.8 
2.9 
2.0 
1.4 
1.8 
1.4 - 
2.0 

2.3 
2.4 
2.6 
3.7 
2.2 
2.0 
1.9 
1.7 
1.7 
2.3 
2.2 
3.3 
3.6 
3.4 
3.9 
4.8 
5.6 

10.3 
7.2 
2.8 

7.5 
- 
- 
- - 
- 
- 
- 
- 
- - - - 

TP 
(pg/L 1 

18 
23 
19 
34 
17 
20 
21 
15 
17 
21 
19 
28 
24 
19 
20 
19 
32 
48 
42 
34 

42 
60 

- 

30 
40-100 

30 
I N S F  
I N S F  
I NSF 
I N S F  
I N S F  
I N S F  
23 

C T I * *  - 
4.5 
5.1 
4.5 
7.5 
4.5 
4.3 
4.4 
3.2 
3.6 
4.5 
4.7 
6.3 
6.9 
6.2 
6.3 
6.6 
9.9 

16.2 
12.3 

6.8 

11.9 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
- - 
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TABLE 1 (cont  I d )  

Water B o d y   R e g i o n  

Lake H u r o n  1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21* 
22* 
23* 
24* 
25* 
26 * 
27* 
28* 

SUMMARY QUALITY  DATA FOR 
THE  GREAT  LAKES NEARSHORE  WATERS 

G r o u p  

C 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
A 
B 
B 
B 
B - 

B 

B 
B 

- 
- 

- 
- 
- 
- 
- 
B 

4.4 
7.1 
5.4 
4.3 
6.2 
7.9 
9.8 

10.8 
10.2 
8.9 
9.5 
3.6 
8.8 
6.4 
8.7 
7.6 - 
- 

5.2 

6.9 
5.0 

- 

- 
- - 
- 
- 

5.0 

.5 

.8 
1.3 
1.3 

.8 

.5 

.4 

.4 

.6 

.6 

.5 
2.6 

.7 
1.3 

.7 
1.0 - 
- 

1.1 

1.9 
3.7 
3.0 
8.0 

16.0 
25 .O 
29.0 

3.7 

- 

10 
8 
9 

13 
8 
8 
9 
9 

10 
9 
7 

19 
8 

12 
11 
8 - 
- 
7 

5 
7 
9 

13 
26 
37 
58 

7 

- 

C T I * *  

1.8 
1.8 
2.4 
3.0 
1.8 
1.5 
1.5 
1.4 
1.6 
1.6 
1.3 
4.8 
1.6 
2.5 
1.9 
1.8 
I NSF 
INSF 
2.1 
INSF 
2.1 
3.5 - 
- - 
- 
- 

3.5 
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TABLE 1 ( c o n t  I d )  

SUMMARY QUALITY DATA FOR 
THE GREAT LAKES NEARSHORE WATERS 

Water Body Region  Group 

Lake  Michigan 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19  
20 
21 
22 
23 
24 
25 
26 

rn SD 

<3 
<3 
<3 
- 
- 
- 
- 
- 

INSF 
3-11 
8-15 

40-100 
9-14 

10 
30-240 
8 
8 

11 
8 
7-10 
7-10 
7-11 
6-11 
5 

10 
5-10 

CTI** 
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TABLE 1 ( c o n t ' d )  

SUMMARY QUALITY DATA  FOR 
THE  GREAT  LAKES NEARSHORE WATERS 

Water  Body  Region  Group 

Lake  Super ior  1 B 
2 B 
3 B 
4 B 
5 B 
6 B 
7 B 
8 C 
9 C 

10 - 
11(MINN)* B 

12(MINN)* B 

13(MINN)* B 

14 lcclwl* M I N N  * C - 

(CCIW)* - 
(CCIW)* - 

(WISC)* c 
( C C I W ) *  - 
(WISC)* c 
(CCIW)* - 
( C C I W ) *  - 

17(WISC)* - 
( C C I W ) *  - 

15  (MINN)* C 

16(WISC)* - 

18* B 
19* B 
20* B 
21* B 
22* B 
23* B 
24* B 
25* B 
26* B 

EL 
SD 

9.3 
11 .o 
10.7 
10.7 

7.9 
4.8 
8.2 
2.3 
3.0 

9.4 

9.4 

5.6 

2.8 
1.5 

2.8 
1.5 

3.1 

3.1 

4.4 
4.4 
4.4 
4.3 
8.7 
8.7 
8.7 

10.5 
10.5 

- 
- 
- 
- 

- 

- 
- 
- 

(PS/U 
Chl a 

0.5 
0.5 
0.6 
0.8 
0.8 
1.2 
0.9 
1.5 
1.6 

0.7 

0.7 

0.9 

2.5 
3.3 

2.5 
3.3 

- 
- 
- 
- 

- 

- 
- 
- 
- 
- 

2.1 
2.1 
2.1 
1.8 
1.2 
1.2 
1.2 
0.6 
0.6 

TP 
(pg/L 1 

6 
5 
3 
6 

10 
13 
8 

13 
22 

20 
7 

20 
7 

13 
8 

10 
26 
13 
10 
26 
13 
13 

7 
13 

7 
7 
7 
7 
5 
4 
4 
4 
4 
4 

- 

- CTI** 

1.2 
1.0 
0.9 
1.3 
1.9 
2.8 
1.7 
3.2 
3.9 

INSF 
2.8 

2.8 

2.5 

3.6 
6.1 

3.6 
6.1 

- 
- 
- 

- 

- 
- 
- 
- 
- 

2.8 
2.8 
2.8 
2.4 
1.4 
1.4 
1.4 
1.0 
1.0 

* Denotes  annual  values ( M I N N  = Minnesota  data;  WISC = Wisconsin  data;  C C I W  = 

** Dash(-)  i n  C T I   c o l u m n   i n d i c a t e s   t r o p h i c   s t a t u s   b a s e d  on TP va lue  a lone;  
Canada C e n t r e   f o r   I n l a n d   W a t e r s   d a t a )  

b o u n d a r y   c o n c e n t r a t i o n s   a r e   p r e s e n t e d   i n   T a b l e  2 ( s e e   t e x t   f o r   f u r t h e r  
e x p l a n a t i o n ) .  

INSF = i n s u f f i c i e n t   d a t a   a v a i l a b l e  
17 



The genera l   re la t ionsh ip   be tween  Ch la  - and SD was developed i n   E q u a t i o n  3 
above. It i s   n o t e d   t h a t  no a t t e m p t   i s  made h e r e   t o   d e f i n e   t h e   i n d i v i d u a l  
components o f   t h e   e x t i n c t i o n   c o e f f i c i e n t   ( i . e . ,   n l S ,  n and n,w). 
Rather ,   the   cumula t ive   va lue   o f   these components i s   r e p r e s e n t e d  by t h e  

P 

i n t e r c e p t   d e r i v e d   i n   t h e   r e l a t i o n s h i p s   f o r   S e c c h i   d e p t h   r e c i p r o c a l s  (e) and 
Chla. - 

2 3  

The Canadian  nearshore  geographic   reg ions  c luster   in to   the  three  groups 
i l l u s t r a t e d   i n   F i g u r e s  2 and 3. Group A (F ig .  2 )  i s   c h a r a c t e r i z e d   b y   h i g h  
Chla - concent ra t ions  and low  Secch i   depths   (h igh   Secch i   rec ip roca ls )  and 
inc ludes   t he  Bay o f   Qu in te ,   mos t   o f   Lake   On ta r io   ( i nc lud ing   To ron to  and 
Hamil ton  Harbours),   most  of   Lake  Er ie and the  Penetanguishene-Midland 
embayment a rea   o f   Georg ian  Bay ( r e g i o n  12 o f  Lake  Huron).  Group B (F ig .  3)  i s  
charac ter ized   by   low  Ch la  - concent ra t ions  and r e l a t i v e l y   h i g h   S e c c h i   d e p t h s  
( l ow   Secch i   rec ip roca ls )  and b a s i c a l l y   i n c l u d e s  all regions  of   Lake  Huron 
(except   reg ions 1 and 12),  and  Lake  Super ior   (except  regions 8 and 9) .  Group 
C (F ig .  3 )  r e p r e s e n t s   t h e   r e g i o n s   c h a r a c t e r i z e d   b y   r e l a t i v e l y   h i g h   i n o r g a n i c  
t u r b i d i t y   ( a t t r i b u t a b l e   l a r g e l y   t o   s h o r e l i n e   e r o s i o n ) ,  combined w i t h  
i n t e r m e d i a t e   ( r e l a t i v e   t o   g r o u p s  A and B) Chla - concent ra t ions .  

The re la t ionsh ips   be tween  Secch i   rec ip roca l  (r) and Chla  for   groups 

A, B and C are as f o l l o w s   ( n o t e :   i n   t h e s e  and subsequent   equat ions,   the  un i ts  
f o r  SD are  meters (m) , whi 1 e C h l a  and TP are  expressed as pg/L) : 

2.3 - 

Group A: Lower  Lakes  (except as i n d i c a t e d   i n   T a b l e  l ) ,  p l u s   r e g i o n  12 o f  
Georgian Bay (Lake  Huron) : 

SD 
- 2 * 3  = 0.310 + 0.134 C h l a   ( r 2  = 0.95) - ( 4 )  

Group B: Upper  Lakes (except  as i n d i c a t e d   i n   T a b l e  1): 

- 2 * 3  = 0.091 + 0.273 C h l a   ( r 2  = 0.76) 
SD - ( 5 )  

Group C: H i g h l y   t u r b i d   r e g i o n s   ( a s   i n d i c a t e d   i n   T a b l e  1): 

2.3 = 0.119 + 0.486 Chla SD ( r 2  = 0.84) ( 6 )  
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FIGURE 2: AND  CHLOROPHYLL 2 RELATIONSHIP  FOR  GROUP A OF THE  GREAT LAKES 

4.0 1 NEARSHORE  REGIONS. 
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I n   E q u a t i o n s  4, 5 ,  and 6, t h e   v a l u e   o f   t h e   i n t e r c e p t   r e p r e s e n t s   t h e  
e x t i n c t i o n   o f   l i g h t  due t o   t h e   p r e s e n c e   o f  suspended   i no rgan ic   pa r t i c l es  
(n',)  and d i sso l ved   p igmen ts   (n  ) i n   t h e   w a t e r  column, as w e l l  as t h a t  due 
t o   t h e   w a t e r   a l o n e  ( nw).  

P 

S ince   the   Secch i   depths ,   ra ther   than  the   Secch i   rec ip roca ls ,  will be  used 
i n   d e t e r m i n a t i o n   o f   t h e   t r o p h i c   i n d e x ,   E q u a t i o n s  4, 5, and 6 can  be  rearranged 
as f o l l o w s :  

2.3 SDA - - 0.310 + 0.134 C h l a  

2.3 
SDB = 0.091 + 0.273 C h l a  

SDC - - 2.3 
0.119 + 0.486 Chla - 

I n   c o n t r a s t   t o   t h e   t h r e e   g r o u p s  above, a s i n g l e   s i g n i f i c a n t   r e l a t i o n s h i p  
between  Chla - and TP was found i n   a l l   t h e   n e a r s h o r e   r e g i o n s   ( F i g .   4 )  as f o l l o w s :  

C h l a  = (0.242 TP) - 1.636 ( r 2  = 0.92)  (10) 

Hav ing   der ived   re la t ionsh ips   be tween  these  th ree   water   qua l i t y   parameters ,  
t h e   n e x t   s t e p   i n   t h e   d e v e l o p m e n t   o f   t h e   t r o p h i c   i n d e x   i s  t o  de te rm ine   t roph ic  
s ta te   boundary   cond i t ions   based on  these  parameters. Dobson  and Chapra  (1977) 
se t   t roph ic   boundar ies   based on speci f ic   Secchi   depths,  and then   de r i ved  
corresponding  boundary  va lues  for   the  o ther   two  parameters  on  the  bas is   o f  
t h e i r   p a r a m e t r i c   r e l a t i o n s h i p s   f o r  open waters .   Th is  same general  approach i s  
used  here. However, t h e  open water  Secchi  depth  values  chosen  by Dobson and 
Chapra  could  not  be used t o   e s t a b l i s h   i n i t i a l   t r o p h i c   b o u n d a r i e s   f o r   n e a r s h o r e  
wa te rs   because   o f   t he   h ighe r   t u rb id i t y   exh ib i t ed   by   t hese   wa te rs .  O f  t h e  
th ree   wa te r   qua l i t y   pa ramete rs ,   Ch la  - i s   t h e  one fo r   wh ich   t roph ic   boundary  
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FIGURE 4:  

I 

CHLOROPHYLL a AND  TOTAL  PHOSPHORUS  RELATIONSHIP  FOR  GREAT LAKES  NEARSHORE 
WATERS  COMPARED  WITH  DOBSON  AND  CHAPRA'S  RELATIONSHIP  FOR  OFFSHORE  WATERS. 
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cond i t ions   be tween  o f fshore  and n e a r s h o r e   w a t e r s   a r e   l i k e l y   t o  be  most 
comparable. A s u r v e y   o f   t h e   l i t e r a t u r e   i n d i c a t e d   c o n s i d e r a b l e   s i m i l a r i t y  
among t h e   t r o p h i c   b o u n d a r i e s   e s t a b l i s h e d   f o r   C h l a .  - Concen t ra t i ons   o f  2 pg/L 
and 6 pg/L, as es tab l i shed  by   Ras t  (1978; Rast and  Lee, 1978) , were f i n a l l y  
chosen as boundar ies  between  ol igotrophic-mesotrophic  and  mesotrophic-  
e u t r o p h i c   c o n d i t i o n s ,   r e s p e c t i v e l y .   S u b s t i t u t i n g   t h e s e   v a l u e s   i n t o   E q u a t i o n s  
7 th rough 10 e s t a b l i s h e s   c o r r e s p o n d i n g   t r o p h i c   s t a t e   b o u n d a r i e s   f o r  SD and TP 
(Tab le  2). I t  i s   n o t e d   i n   T a b l e  2 tha t   on l y   t he   Secch i   dep th   va lues   va ry  
among t h e   g r o u p s   i d e n t i f i e d   i n   t h i s   s t u d y .  

I n   o r d e r   t o  compare t h e   t r o p h i c   b o u n d a r i e s   f o r   a l l   t h r e e   p a r a m e t e r s  on a 
common scale,  a T roph ic   I ndex   (T I )  was es tab l i shed .   Fo r   s imp l i c i t y ,   t he   upper  
mesotrophic  boundary  for   each  parameter was a r b i t r a r i l y   s e l e c t e d   t o  be 10 T I  
u n i t s ,   f o l l o w i n g   t h e   m e t h o d   o f  Dobson  and Chapra (1977).  For  Chla, - t h i s  
' s t a n d a r d i z a t i o n '  was accomp l i shed   by   mu l t i p l y ing   t he   Ch la  - concent ra t ions   by  a 
f a c t o r  which, when Chla - e q u a l l e d  6 pg/L,  gave a v a l u e   o f  10 T I   u n i t s  
(Equat ion 11). Since   t he   re la t i onsh ip   be tween   Ch la  - and TP used t o   d e t e r m i n e  
t h e  TP c o n c e n t r a t i o n   c o r r e s p o n d i n g   t o  6 pg /L   o f   Ch la  - i s   l i n e a r ,   t h e  TP 
c o n c e n t r a t i o n s   w e r e   a l s o   m u l t i p l i e d   b y  an a p p r o p r i a t e   f a c t o r   ( E q u a t i o n  12).  
Therefore,  based on the  upper  mesotrophic  boundary  values  presented i n   T a b l e  
2, t h e   f o l l o w i n g   T I   e x p r e s s i o n s   f o r   C h l a  - and TP were  obtained: 

TIChla = = 1.67 Chla 10 - - 

TITP = lo = 0.31 TP (12)  

However,  on t h e   b a s i s  o f  t he   d i scuss ion   p resen ted   ea r l i e r   conce rn ing   Secch i  
depth  (Equat ions 1 t o  3 ) ,  i t  was necessary t o   t r a n s f o r m  and l i n e a r i z e   S e c c h i  
depth  such  that  F$" was p r o p o r t i o n a l   t o   C h l a   p l u s  an e s t i m a t e   o f   t h e  sum o f  t h e  
e x t i n c t i o n   c o e f f i c i e n t  components, n Is ,  n and nw ( t h e   r e a d e r   i s   r e m i n d e d  
t h a t   t r a n s f o r m a t i o n   i s   n e c e s s a r y  because  Secchi  depth i s   i n v e r s e l y   p r o p o r t i o n a l  
t o  Chla, - w h i l e   l i n e a r i z a t i o n   i s   n e c e s s a r y  because t h e   r e l a t i o n s h i p  between  these 
two  parameters i s   h y p e r b o l i c .   T h e r e f o r e ,   r a t h e r   t h a n   t h e   u n a l t e r e d   S e c c h i  
depth,   the  t ransformed and l inear ized   Secch i   depth  was t h e  

2 3  
- 

P 
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TABLE 2 

TROPHIC  STATE BOUNDARY CONDITIONS FOR  CHLOROPHYLL  a, 
TOTAL PHOSPHORUS AND SECCHI DEPTH 
FOR  GREAT  LAKES NEARSHORE REGIONS 

- 

Trophic   State  Boundary  Condi t ions 

Group A Group B Group C 

Chl   orophyl   12  (pg/L ) 
upper  mesotrophic 
lower  mesotrophic 

Total  Phosphorus  (pg/L) 
upper  mesotrophic 
lower   mesotrophic  

Secchi  Depth (m) 
upper  mesotrophic 
lower  mesotrophic 

6 
2 

32 
15 

2.1 
4.0 

6 6 
2  2 

32 
15 

1.3 
3.6 

32 
15 

0.8 
2.1 
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paramete r   t o  be  standardized.  Equat ions 4,  5 and 6 can, t h e r e f o r e ,  be 
r e w r i t t e n  as: 

S D ' A  = ( g j "  2 * 3  - 0.310) = 0.134 C h l a  (13)  

S D ' B  = ( - g -  * 0 3  - 0,091) = 0.273 C h l a  (14)  

S D ' C  = (m ' 0 3  - 0.119) = 0.486 C h l a  (15 1 

where SD'  i s   t h e   t r a n s f o r m e d  and l i n e a r i z e d  SD p r o p o r t i o n a l   t o   C h l a  - and 
e q u i v a l e n t   t o   t h e   e x t i n c t i o n   o f   l i g h t  due t o   n I s ,  n and  nw. SDIA,  
S D ' B  and S D I C  were   t hen   s tandard i zed   t o   p rov ide   t he   T I   exp ress ions  as 
f o l l  ows: 

P 

(2 .1  " 2 * 3  0.310 2.3 
T I  

SDA 10 1 ( g y -  - - - 0.310) = - 28'52 - 3.84 (16)  SD 

" 2 * 3  0.091  2.3 
T I  - - (1 .3 10 1 ( g j "  - 0.091) = - l4 O4 - 0.556 ( 1 7 )  

SDB SD 

" 

0.8 = (7) ($$ - 0.119) = 7.91 - 0.409 (18) 2 * 3  0.119 
T I  

SDC 

Hav ing   es tab l i shed  a- T I   f o r  each  parameter above ( a n d   n o t i n g   t h a t   t h e r e  
a r e   t h r e e   T I   v a l u e s   f o r  SD, depending  on  whether  the SD-Chla - r e l a t i o n s h i p  was 
der ived  f rom  nearshore  Group A, B o r  C), a Composite  Trophic  Index  (CTI)  based 
on TP, C h l a  and SD can now be   de r i ved .   Der i va t i on   o f  a CTI   a l lows an 
"averag ing"   o f   the   da ta   va lues ,   thereby   smooth ing   ou t   the   e f fec ts   o f   a typ ica l  
r e l a t i o n s h i p s   i n   s p e c i f i c   n e a r s h o r e   r e g i o n s .   S i n c e   t h r e e   b o u n d a r y   c o n d i t i o n s  
a r e   n e c e s s a r y   t o   d e f i n e   t h e   t h r e e   g r o u p s   o f   n e a r s h o r e   r e g i o n s   h a v i n g   d i f f e r e n t  
SD and Chla - r e l a t i o n s h i p s ,  i t  i s  necessary t o   d e f i n e   t h r e e  Composite  Trophic 
I n d i c e s   f o r   t h e   n e a r s h o r e  zone. The CTI i s  s imp ly  an a v e r a g i n g   o f   t h e   T I   o f  
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the three parameters for each  of these three groups, as foll ows: 

CTIA = 

CTI - - 

CTI - - 

(3- 28*52 - 3.84) + (1.67 Chla) + (0.31 TP) 

( m -  - 0.556) + (1.67 Chla) - + (0.31 TP) 

( T i "  - 7*91 0.409) + (1.67 Chla) - + (0.31 TP) 
" 

3 

In this manner, the upper mesotrophic boundary for each  of the nearshore 
regions is also  established as 10.0 CTI  units. Similarly, the lower 
mesotrophic boundary, corresponding t o  2.0 pg/L  of Chla - (Table Z), was 
determined  to  be 3.8 CTI units. 

RESULTS 

The CTI for each nearshore region  was subsequently determined  using  the 
appropriate expression (i.e. , Equations 19-21). The data and resultant CTI 
are  included in Table 1. 

It  is  noted that it  is unrealistic  to  assume that trophic state boundaries 
in nearshore waters o f  the Great Lakes  are  as clearly defined  as  suggested by 
a single CTI value. Consequently, five trophic states were  established 
(Table 3) such that transitional  trophic  states exist between  the 
oligotrophic, mesotrophic and eutrophic conditions. The range of CTI  units 
for these two  transitional  trophic  states were also arbitrarily selected to 
provide an approximately equal range of CTI units  about the pre-established 

as  indicated in Table 3 ,  
more than 11.0 units, 
TI units and oligotrophic 
3.0. On the basis of the 
trophic conditions of the 
years identified,  have  been 

upper and 
eutrophic 
mesotroph 

lower mesotrophic boundaries. Thus, 
conditions are  indicated by a CTI of 
ic conditions range from 4.6 to 8.9 C 

conditions are  indicated by a CTI o f  less  than 
classification scheme detailed in Table 3, the 
Canadian Great Lakes nearshore waters, for the 
mapped in Figure 5. 
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TABLE 3 

TROPHIC  STATE AND ASSOCIATED  COMPOSITE 
TROPHIC  INDEX  (CTI)   VALUES 

Trophic  State  (Water  Quality) C T I  

Eutrophic  (poor) 

Eutrophic/mesotrophic 

Mesotrophic  (fair) 

Oligotrophic/mesotrophic 

Oligotrophic (good) 

- >11 .o 
9.0 - 11.0 

4.6 - 8.9 

3.1 - 4.5 

> 3.1 - 
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FIGURE 5: NEARSHORE  TROPHIC CONDITION OF  THE  GREAT  LAKES 



As n o t e d   e a r l i e r ,   t h e  U.S. nearshore  data  were  ne i ther  as c o n s i s t e n t   n o r  
complete as the  Canadian  nearshore  data  (Table  1) .   Only  total   phosphorus  data 
were a v a i l a b l e   f o r   a l l  U.S. nearshore  regions.  Consequent ly,   for   those  zones 
l a c k i n g   C h l a  - and SD data,   the TP concent ra t ions   a lone  were   used  to   de l ineate  
t h e   t r o p h i c   s t a t u s .   T h i s  method  has  been  used p r e v i o u s l y   b y  Dobson (1974) and 
the   Research   Adv isory   Board   ( IJC,   1978a)   to   de l ineate   the   t roph ic   s ta tus   o f  
t h e  open waters   o f   the   Great   Lakes .   Th is   approach  to   de l ineate   t roph ic   s ta te  
assumes tha t   nea rsho re  TP concen t ra t i ons   adequa te l y   de f i ne   t roph ic   cond i t i ons  
f o r  most  nearshore  regions. 

To i l l u s t r a t e   t h e   g e n e r a l  adequacy o f   t h i s  assumption, a comparison was 
made o f   t h e   t r o p h i c   s t a t u s  of s e l e c t e d  U.S. and Canadian  nearshore  regions as 
de te rm ined   by   ch lo rophy l l  - a, Secchi  depth and t o t a l  phosphorus  versus  that  
based on t o t a l  phosphorus  alone  (Table  4) .   Examinat ion  of   Table 4 shows t h a t ,  
a l t hough   the re   a re  a few  exceptions, TP a lone  p rov ides  a reasonable 
d e l i n e a t i o n   o f   t r o p h i c   s t a t u s ,  compared t o   t h a t   i n d i c a t e d   b y   t h e   C o m p o s i t e  
Trophic   Index.   Consequent ly ,   a l though  not   complete ly   sat is factory ,  TP 
concen t ra t i on   a lone  was used t o   d e l i n e a t e   t h e   t r o p h i c   s t a t u s  where  data f o r  
the   o ther   parameters  were l a c k i n g .  However, o ther   ava i lab le   da ta   were   a lso  
used t o   c o r r o b o r a t e   t h e   t r o p h i c   s t a t u s   d e t e r m i n e d   s o l e l y  on t h e   b a s i s  of TP, 
i n c l u d i n g   l o c a t i o n s   o f   p o i n t   s o u r c e   i n p u t s  and da ta   concern ing   cur ren ts  and 
mic rob io logy .  As noted i n  Table 2, t h e   t r o p h i c   b o u n d a r y   c o n d i t i o n s   i n   t h e  
Great  Lakes  nearshore  zone  are  del ineated  by TP concent ra t ions  of 15 pg/L 
(oligotrophic/mesotrophic boundary) and 32 ug/L  (eut rophic /mesotrophic  
boundary). 

DISCUSSIONS AND CONCLUSIONS 

De l inea t ion   o f   t he   bas in -w ide   t roph ic   s ta tus   o f   t he   Grea t   Lakes   nea rsho re  
w a t e r s   i s   d i f f i c u l t  because o f   t h e  need t o   e v a l u a t e  a complex  system  having a 
r e l a t i v e l y   l i m i t e d   d a t a  base.  However, t h e   r e s u l t s   o f   t h i s   t y p e   o f   a n a l y s i s  
are  encouraging and sugges t   t h i s   app roach   has   t he   po ten t i a l   t o   p rov ide   use fu l  
and m e a n i n g f u l   r e s u l t s .  
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TABLE 4 

Lake 

O n t a r i o  

E r i e  

Huron 

S u p e r i o r  

COMPARISON OF TROPHIC STATUS OF U.S.  GREAT LAKES 
NEARSHORE ZONE AS DETERMINED BY CTI  AND TP 

Reg i on 

20 
1 

20 
22 

1 
21* 
22* 
28* 

11 (MINN)* 
13(MINN)* 
14(MINN)* 

15(MINN)* 

18* 
19* 
20* 
21* 
22* 
23* 
24* 
25* 

14(WISC)* 

15(WISC)* 

T roph ic   S ta tus  
Based On 

CTI** 

E/M 
O/M 

M 
E 

O/M 
0 

O/M 
O/M 

0 
0 

O/M 
O/M 
O/M 
O/M 

0 
0 
0 
0 
0 
0 
0 
0 

T roph ic   S ta tus  
Based On 

TP*** 

E 
M 

E 
E 

0 
0 
0 
0 

0 
0 
0 
M 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

* deno tes   annua l   va lue ;   da ta   sou rces   i nd i ca ted   i n   Tab le  1 
** b o u n d a r y   c o n d i t i o n s   p r e s e n t e d   i n   T a b l e  3 
* * * b o u n d a r y   c o n d i t i o n s   p r e s e n t e d   i n   T a b l e  2. 
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There are obvious limitations within  the Canadian nearshore data file 
(Gregor, 1977; Gregor and Ongley, 1978) and  additional restrictions with the 
U.S. nearshore data.  It  is interesting  that three distinct Canadian  data 
groups are  discerned on the basis of the + and Chla relationships 
(Figures 2 and 3). Indeed,  given the dynamics and variability of the 
nearshore zones of  the Great Lakes, it  is encouraging that only three 
groupings are evident and that these can be explained  on the basis of known 
conditions with the nearshore waters. For example, Group A (Figure 2), which 
includes 32 regions of Lakes Ontario and Erie, as  well  as region 12 o f  
Georgian Bay, appears to be strongly influenced by both inorganic and organic 
turbidity. Conversely, the majority of the regions of the Upper Lakes 
(Group B) demonstrate overall  low  turbidity. Transformed Secchi  depths and 
Chla - concentrations for Group B are essentially an order of magnitude lower 
than those noted for Group A. Group Cy on the other hand, exhibits a high 
level o f  inorganic turbidity, even  though  possessing Chla - concentrations an 
order of magnitude below those of  Group A. Within Group C, regions 8 and 9 of 
Lake Superior receive considerable tributary inputs  of suspended solids 
(Ongley, 1974). Region 8 (Black Bay), a shallow, elongated embayment,  may 
also experience resuspension of  bottom sediments during  wind  events.  Region 1 
of Lake Huron and regions 8 through 13 of Lake Erie experience high shoreline 
erosion rates and/or longshore transport of  eroded  bluff  material (Gregor, 
1977; Gregor and Ongley, 1978; Environment Canada, 1976; St. Jaques and 
Rukavina, 1973). Region 20 of Lake Erie is directly affected by the highly 
turbid Detroit River, while region G of Lake Ontario is directly  affected by 
its  high  wave energy environment (located at the eastern  end  of the lake, 
which allows considerable fetch for wind  wave  generation),  resulting in bluff 
erosion and longshore transport o f  suspended particles as  well  as erosion of 
lake-bottom sediments (Rukavina, 1970). 

2 3  
- 

The Chla - and TP relationship for the nearshore waters of the Great Lakes 
reveal a strong  linear relationship which differs from that of the open water 
(Fig. 3). There is some scatter of  the  data at very  low concentrations of 
either parameter (primarily for Lake Superior), suggesting that, at  least for 
these waters, some phytoplankton growth occurs at lower phosphorus 
concentrations than  normally  required for algal growth in other nearshore 
regions.  It  is  also  noted that considerable scatter about the regression line 
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i s   e v i d e n t   f o r  most o f   t h e   r e g i o n s   w i t h  TP concent ra t ions  less than 35 
pg/L. However, t h e r e   a r e  a s u f f i c i e n t  number o f   reg ions   hav ing   h ighe r  TP 
and Chla - concen t ra t i ons   t o   p rov ide   reasonab le   con f i dence  i n  the   reg ress ion .  

A r e l a t i o n s h i p  between  Chla - and TP has  been  recognized i n   l i m n o l o g i c a l  
s t u d i e s   f o r  some t ime. An example i s   t h e   r e l a t i o n s h i p   d e v e l o p e d   b y   D i l l o n  and 
R ig le r   (1974)  : 

I n  Chla - = (1.449 I n  TPV) - 2.616 (22  1 

where TPV i s   t h e   s p r i n g   o v e r t u r n   c o n c e n t r a t i o n   o f   t o t a l   p h o s p h o r u s .  The 
Canadian  nearshore  data  presented i n   t h i s   r e p o r t  can  also  be  expressed 
n o n l i n e a r l y   i n  a manner analagous t o   t h a t   o f   D i l l o n  and R i g l e r  as f o l l o w s :  

I n  Chla - = (1.360 I n  TP) - 3.079 
( n  = 66, r2 = 0.86) 

The r e l a t i o n s h i p   e x p r e s s e d   i n   E q u a t i o n  20 i s   s i m p l y  a l i n e a r   r e g r e s s i o n   o f  
t h e   n a t u r a l   l o g a r i t h m s   o f   t h e   d a t a   i n   T a b l e  1 and i s   p r o v i d e d   h e r e   s o l e l y   f o r  
comparison  wi th  Equat ion 21. 

Dobson and Chapra  (1977)  present a l i n e a r   r e l a t i o n s h i p   f o r   G r e a t  Lakes 
o f fshore   waters ,   us ing  summer surface  data,  as f o l l o w s :  

Chla - = 0.272 TP (24)  

T h i s   r e l a t i o n s h i p   ( E q u a t i o n   2 4 )   i s  compared t o   t h a t   d e t e r m i n e d   i n   t h i s  
r e p o r t   f o r   t h e   n e a r s h o r e   w a t e r s   i n   F i g u r e  4. A l though  there  i s  cons iderab le  
para l le l i sm  be tween  the   nearshore   da ta   p resented   here in  and the   obse rva t i ons  
o f  Dobson  and  Chapra (1977) and Dil l o n  and R ig le r   (1974) ,   the   nearshore   waters  
have a u n i q u e   r e l a t i o n s h i p   r e l a t i v e   t o   e i t h e r   t h e   G r e a t   L a k e s '  open waters   o r  
t o   i n l a n d   l a k e s .   T h i s   u n i q u e   r e l a t i o n s h i p   i n d i c a t e s   t h a t   t h e   n e a r s h o r e   w a t e r s  
o f  the   Great   Lakes   con ta in  a l o w e r   c h l o r o p h y l l   c o n c e n t r a t i o n   f o r  a g i v e n   t o t a l  
phosphorus  concentrat ion  than do Great  Lakes  open  waters o r  i n land   l akes .  
Thus, i t  can  be  concluded  that  i t  i s   i n a p p r o p r i a t e   t o   c l a s s i f y   G r e a t  Lakes 
nearshore  waters  using a who le   lake   t roph ic   index   deve loped  fo r   the   Great  
Lakes o r   sma l le r   i n land   l akes .  
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D e l i n e a t i o n  o f  t h e   t r o p h i c   s t a t u s  o f  the  Great  Lakes  nearshore  zone 
( F i g u r e  5) ,  u s i n g   t h e   c a t e g o r i e s   d e f i n e d   i n   T a b l e  3, i s   i n t u i t i v e l y  
acceptable.  The most   eut rophic   reg ions  occur  i n  a r e a s   o f   r e l a t i v e l y  
r e s t r i c t e d   c i r c u l a t i o n   a n d / o r   h i g h   n u t r i e n t   l o a d i n g s ,   i n c l u d i n g   t h e  Bay o f  
Quinte,   Toronto and Hamilton  Harbours, and p o r t i o n s   o f   L a k e   E r i e ' s   W e s t e r n  
Basin, as w e l l  as the   C leve land   reg ion .   H igh   l oad ings   a l so   a f fec t   t he  
southwest   corner   o f   Lake  Ontar io   ( reg ions  17 t o  ZO) ,  as w e l l  as the   Toronto  
and Roches te r   a reas .   Su rp r i s ing l y   good   wa te r   qua l i t y   (o l i go t roph ic -  
m e s o t r o p h i c )   i s   n o t e d   f o r   r e g i o n s  6 through 9 o f  Lake   E r ie .   Th i s   i s   p robab ly  
a r e s u l t   o f   g e n e r a l   l a k e   c i r c u l a t i o n   e a s t  of Long  Point,  Ontario.  There i s  a 
l a c k   o f   c o n s i s t e n t   d a t a   f o r   t h e   s o u t h e a s t   p o r t i o n   o f   t h e  U.S. Lake E r i e  
nearshore zone. The Upper   Lakes  are  genera l ly   character ized  by a l o w   t r o p h i c  
s t a t u s   ( o l i g o t r o p h i c ) ,   w i t h  somewhat p o o r e r   w a t e r   q u a l i t y   n o t e d   f o r   t h e  
Penetanguishene-Midland  area  (region 12 o f  Lake  Huron),  Black and  Thunder  Bays 
( r e g i o n s  8 and 9 of  Lake  Superior),  Saginaw Bay ( r e g i o n s  23 t o  27 o f  Lake 
Huron) , lower  Green Bay ( r e g i o n  7 of Lake  Michigan) , and the  Milwaukee, 
Wisconsin and Gary  Ind iana  areas  ( reg ions 12 and 15 o f  Lake  Michigan). 

It i s   a l s o   n o t e d   t h a t   t h e   t r o p h i c   c h a r a c t e r i z a t i o n s   o f   t h e   n e a r s h o r e  
r e g i o n s  compare favorab ly   w i th   geograph ic   land   a reas   in   the   bas in   descr ibed  by  
Johnson e t   a l .   (1978) ,   wh ich   have a h i g h   p o t e n t i a l   f o r   c o n t r i b u t i n g   p h o s p h o r u s  
and sediment  loads  to  the  Great  Lakes,  based on t h e   s o i l ,   l a n d  use  and 
h y d r o l o g i c   c h a r a c t e r i s t i c s   o f   t h e s e   l a n d   a r e a s   ( F i g u r e  6 ) .  The t r o p h i c  
c h a r a c t e r i z a t i o n s   o f   t h e   n e a r s h o r e   r e g i o n s   a l s o   r e f l e c t   t h e   p r o x i m i t y   o f   m a j o r  
urban  areas t o   t h e   G r e a t  Lakes.  Phosphorus  sources i n  urban  areas  inc lude 
storm  water  drainage and municipal  wastewater  discharges.  While  no  attempt i s  
made h e r e   t o   q u a n t i t a t i v e l y   r e l a t e   l a n d  uses,  concomitant  phosphorus  loads  and 
o b s e r v e d   n e a r s h o r e   t r o p h i c   c o n d i t i o n s ,   t h e   q u a l i t a t i v e   r e l a t i o n s h i p s   b e t w e e n  
these  components  are  obvious. 

T h i s   r e p o r t  does no t   p resen t  a d e t a i l e d  assessment o f   n e a r s h o r e   t r o p h i c  
s t a t e ,   s i n c e   t h e   n e a r s h o r e   w a t e r s   g e n e r a l l y   e x h i b i t  a g r a d i e n t   o f   i m p r o v i n g  
w a t e r   q u a l i t y  as  one proceeds  o f fshore .   Th is  has  been i l l u s t r a t e d   i n   s e v e r a l  
r e c e n t  IJC Grea t   Lakes   wa te r   qua l i t y   repo r t s  (IJC, 1977;  1978b). However, t h e  
r a t e  of d i spe rs ion   o f   phosphorus   i npu ts   wh ich   de te rm ine   t hese   wa te r   qua l i t y  
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FIGURE 6: PHOSPHORUS CONTRIBUTING AREAS AND NEARSHORE TROPHIC CHARACTERIZATION 
IN THE GREAT  LAKES BASIN 



g r a d i e n t s  depends  upon  random  processes  (e.g.,  currents,  waves)  operating i n  
the  nearshore zone.  Thus, some average  or   s teady  s ta te  condi t ions  must   be 
determined i f  t h e   t r o p h i c   s t a t u s   o f   t h e   n e a r s h o r e  zone i s   t o  be  assessed, as 
was done i n   t h i s   a n a l y s i s .   F u r t h e r   p a r t i t i o n i n g   o f   t h e   r e g i o n s  used  here in  
c o u l d   p r o v i d e   m o r e   d e t a i l e d   i n f o r m a t i o n ,   b u t   p o s s i b l y   w i t h   l e s s   s t a t i s t i c a l  
conf idence.  Thus, t h i s  approach i s   c o n s i d e r e d   t o   b e  a reasonable  compromise 
i n   t h a t  i t  un ique ly   desc r ibes   nea rsho re   wa te r   cond i t i ons   i n  commonly accepted 
te rms  genera l l y   comparab le   to   o ther   water   bod ies .  
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