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INTRODUCTION

In an effort to examine relationships between parameters in a system so
complex as western Lake Erie it 1is often desirable to define areas having
similar characteristics. Previous studies (Hartley et al. 1966; Herdendorf
1969) have suggested that because the western basin of Lake Erie receives flow
from several sources the nearshore zone of this basin may be characterized by
several distinct water masses. To explore relationships between nutrient
concentrations and chlorophyll a distributions, an attempt was made to
identify these water masses by performing a series of cluster analyses and
examining the patterns.

METHODS

A cluster analysis is a technique where objects are partitioned into
optimally homogenous groups on the basis of an empirical measure of similarity
among the objects (Johnson 1967). The Statistical Analysis System (SAS) was
used to perform the analysis (Barr et al. 1976). Data used in the analysis
were collected at seventy-seven nearshore stations along the United States
portion of the western basin of Lake Erie during the 1978-1979 intensive study
(Figure 1). The Lake Erie intensive study included four cruises each year:

Cruise No. 1978 , 1979
1 April 14-29 March 29-April 15
2 June 26-July 12 - July 25-August 5
3 August 23-September 11 September 9-23
4 October 3-17 ' October 9-23

Two sets of clusters were formed, both using parameters believed to influence
primary productivity. One set of clusters used the parameters of temperature
conductivity, total phosphorus, soluble reactive phosphorus, nitrate +
nitrite, ammonia, silica and total Kjeldahl nitrogen; the second set used
conductivity, temperature, transparency as measured by secchi, and turbidity.
Temperature and conductivity were included in both groups because earlier
investigations (Hartley et al. 1966; Herdendorf 1969) have shown these
parameters are the most reliable indicators of water masses regardless of
productivity potential.

The algorithm used by SAS was outlined by Stephen C. Johnson (1967).
This procedure initially considers each case (in this instance each station) a
cluster that consists of one station. The two clusters with the smallest
Euclidean distance are joined together, forming one cluster of two stations
and one less cluster. This procedure is repeated until only one cluster
remains.




The Euclidean distance between clusters I and K is defined by:
. 1 )
D(IK) = ( 1IN A(LJ) - A(K,3) 2)%

where:  D(I,K) is the Euclidean distance between cluster I and cluster
K

J is the number of parameters on which the distance is to be
calculated.

A(*,d) is the value of parameter J at cluster *.

This is simply the sum of the difference of each parameter between two
clusters. ,

Many parameters were measured in different units; therefore, it is
necessary to prescale the variables to make their values comparable (Hartigan
1976; Engleman 1979). Hartigan recommended dividing each observation by the
variance of that parameter. Using this weighting factor the Euclidean
distances are invariant under changes in units of measurement, and all
var;§b1es make the same average contribution to the distance (Sokal and Sneath
1963).

A weakness of cluster analysis is that there are no established criteria
for determining the proper number of clusters. The authors of this paper
chose the number of groupings presented here by combining information about
the average distance between clusters and the number of clusters, graphic
representations of the groups, and previous experience with water flow
patterns in the study area.

RESULTS AND DISCUSSION

The first set of parameters were used to form what will be referred to as
"nutrient clusters" and the second set to form "turbidity clusters." The
results of the analysis were used to prepare maps of the study area; separate
maps for six through ten clusters were generated. Eight clusters appeared to
be the most appropriate number to discriminate water masses, based on previous
experience with water flow patterns in western Lake Erie. This number is used
for the cluster maps (Figures 2-7). Figure 2 depicts the nutrient clusters
from 1978 for all cruises, and Figure 3 depicts the nutrient clusters for all
cruises except the period of spring runoff (Cruise 1). In a similar way,
Figures 4 and 5 show nutrient clusters for 1979. Figures 6 and 7 present
turbidity clusters for all cruises in 1978 and 1979, respectively.

Nutrient Clusters

One of the most obvious features of the nutrient clusters for both 1978
and 1979 is a concentration of clusters at major tributary mouths which empty
into restricted or semi-restricted bays, such as Sandusky Bay and Maumee Bay.
From these bays a series of clusters extend to open portions of the lake,
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generally increasing in surface area in a lakeward direction. This apparent
gradation pattern suggests sources of water masses and modifications of these
masses as they disperse and mix with open lake water. The nearshore water
beyond the areas impacted by major tributaries is relatively consistent as
evidenced by small number of clusters both offshore and inshore along reaches
without tributaries.

When Cruise 1 data (March and/or April) for both years is eliminated from
the data set, the influence of the major tributaries on the formation of
clusters is greatly reduced (Figures 3 and 5). A1l of the major western Lake
Erie tributaries experience their highest flow in the spring and decline
dramatically in the summer and fall. For example, the flow rates of the
Maumee River for each cruise period are listed below:

Flow Rate (Cubic Meters/Sec)

Cruise No. ' 1978 1979
1 376.9 442.6
2 171.2 117.3
3 10.5 33.4
4 7.1 13.4

Data Source: U.S. Geological Survey (1979, 1980, 1981)

The high tributary flows during Cruise 1, for each year, are apparently
responsible for carrying large volumes of water to the lake with distinct
nutrient characteristics resulting in the formation of the cluster series
described earlier. The mean concentration of each water quality parameter
used in a particular cluster analysis is shown on each cluster figure. For
example, for all cruises in 1978 (Figure 2), the mean phosphorus concentration
for the cluster at the mouth of the Maumee River (no. 5) was 301 ug/1, while
the furthest offshore cluster (no. 1) was only 113 ug/1. When Cruise 1 was
eliminated from the data set (Figure 3), the Maumee River mouth cluster (no.
5) concentration for total phosphorus was 252 upg/1 and the offshore cluster
(no. 1) was 103 pg/1. Water masses do not appear to flow as strongly lakeward
after the spring cruises as evidenced by clusters for Cruises 2-4 being packed
close to the shore. After the high spring flow, the nearshore waters of the
study area appear to be dominated by water masses emanating from the Detroit
River (cluster no. 1 in 1978 and cluster no. 3 in 1979).

Turbidity Clusters

Clusters for turbidity parameters (Figures 6 and 7) showed patterns
similar to those for nutrient parameters, except the nutrient clusters
generally graded further offshore before an open Take or "background" cluster
was formed. This can be interpreted as consistent movements of distinct water
masses and is indicative of particulate settling at a more rapid rate than the
dispersion or mixing of dissolved material as the water masses progress in an
offshore direction.
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Consistent patterns of turbidity clusters are formed for both 1978 and
1979. The most turbid clusters are located in Sandusky and Maumee Bays and at
the mouths of the Raisin and Huron Rivers, indicating the tributaries as
source areas. The least turbid cluster each year 1is located offshore from
Stony Point, Michigan. It is 1ikely that this water mass originated in the
clearer, upper lakes and entered Lake Erie through the mid-channel of the
Detroit River. Inshore turbidity clusters, exclusive of the bays, are
generally twice as turbid as the offshore clusters. For example, in 1978, the
clusters adjacent to the Michigan and Ohio shorelines range from 24- 31 NTU
(cTluster nos. 1, 5 and 6) while the offshore cluster (nos. 3 and 4) range from
9-14 NTV. A1though the patterns are similar for both years, the 1979
turbidity values are considerably higher than those for 1978. Presumably this
is due to an earlier cruise schedule in 1979 which included measurements
during the a spring runoff event in March and April when the Maumee River and
other tributaries were extremely turbid.

Chlorophyll Patterns

Figures 7 and 8 depict the annual (March/April1-October) distribution of
corrected chlorophyll a in the United States nearshore water of western Lake
Erie for 1978 and 1979, respectively. The distribution patterns indicate high
productivity in the bays and adjacent to the shoreline, particularly along the
Michigan shoreline. The area of Jlowest concentration of chlorophyll a is
offshore near Stony Point, Michigan. The regions of high chlorophyTl a
concentrations correspond to clusters with high nutrient and turbidity
values, particularly those associated with the major tributaries.
Converse]y, Tow chlorophyll a concentrations are found in areas with clusters
low in nutrient and suspended solids, especially well offshore of the Michigan
shore in the region of the Take strong]y influenced by mid-channel Detroit
River flow.

Sandusky Bay consistently shows a series of clusters, indicating three
distinct, but intergrading water masses. This sequence is verified by a
gradation of values for total phosphorus, turbidity, chlorophyll a and most
other parameters. This bay contains the highest annual concentrations of
- chlorophy11 a (in excess of 100'pg/1) in western Lake Erie. Maumee Bay is the
area of next highest concentration (over 170 ug/1). Nutrient conditions are
more favorable and inorganic turbidity is s11ght1y Tess in Maumee Bay, but the
algal populations are not as abundant as in Sandusky Bay. Herdendorf et al.
(1977) speculated that high ammonia concentration in the Maumee River can
inhibit algal production. Figures 2-5 show Maumee River clusters with ammonia
concentrations between 400-500 ug/1, the approximate level of algal
inhibition determined by Abeliovich and Azov (1976).

CONCLUSIONS

Cluster analysis provides a useful technique for assessing the
homogeniety water masses, their sources and their movements. The impact of
major tributaries on the formation of water masses in the nearshore region can
be readily demonstrated by clustering techniques. In western Lake Erie
nutrient- and turbidity-based clusters showed a positive relationship to
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algal productivity as measured by chlorophyll a concentrations. The
similarity of cluster patterns over a two-year period indicates a consistency
within the lake and provides some verification of the reliability of this

approach.

<5



REFERENCES

Abeliovich, A. and Y. Azov. 1976. Toxicity of ammonia to algae in sewage
oxidation ponds. Applied and Environ. Microbiol. 31(6):801-806.

Barr, A.J., J.H. Goodnight, J.P. Sall and J.T. Helwing. 1976. A user's guide
to SAS. SAS Institute, Raleigh, N.C. 329 p.



FIGURES



"SLSALeuy 491SN[) 404 PBS(} SUOLFLIS DUOYSJARBN BLAT e U4dIS3M T 24nblL 4

aro’

.ov_.No | 05).29 008 Oll.58 _ 02 Tm o€ (.8

- £v0*
S¥0sk05,0, wo*

0s0° 2v0° 2v0* £
O
ol

0¥0a 620%7

0%
st

*s| sAa|}o)

o2 [¢]] 0
PSSR ~ R N T
SHIALINOUN NI 3IVIS

Y

o
‘5] mmom%
o SIS0 %E% o
Q

&

*s] ssog ‘N

‘s 491515 'M @

's] a3jad P
's7 Jaisis 39

's] Jaisis 3PpIN @

BOIUON

[Yd4




z voy  19T¢ 91 80L 922 a2y 8.1 8

z 66y T9S§ 6L 059 92 g2z £9p 81 L

Z 189 8612  E¥e 6202 9y 062 0/ €12 g

1 826 990t  OTv £0EE 8g 10€ 12y 9°02 g

b4 L6E  GETZ 12 682 6 S8T €£9€ 0°81 14

61 gac 8621 €L 19/ 61 It e L[1 3

6 85y €SI €6 812l 02 €91 90¢ €761 2

8¢ 1€ 19 19 91€ L €11 sv2 §°8T I

"SNOLLYLS (L/6n) (L/Bn) (14Bn)  (1/8n) (L/Bn) (1/Bn) (wo/soqun)  (34)  ON
WIOL  NML  S¥a  CHN ON+CON  d¥S  dL anod dW3L ¥31SN1a

(8£6T) ¥~T S3SINUD

SYILSNTD INFTULAN HOA SANTVA UALIWVUYL NYAW

9=




*(8L6T) -2 SOSLNUD

“SUD1SN|) FUBLUALINN DAOYSARDN DLAT OYeT r;mpmwz "¢ 2unbL4

8-
L~
o~ [II

1 185 v662 L 11 78 01z - Sev £°61 8

1 [0 0¥y 9 9€€ 1 €92 £9¢ 681 L

2 02y WS 6 812 92 ez 98t 1°61 9

1 ge6 2502 62 0z2/2 26 252 o1y 9°12 g

2 805 88 981 166 2 £92 0gg 2°02 ¥

£ 19§ /91  9ST 9901 %€ 52 168 17 €

€ 01€  €9ST 9 52 € et 25€ 5 61 2

£9 682 6§ 9% 81 L £0T £52 2702 T
SNOLLYLS (1/6n) (L/Bn) (L£BR) mﬁp\mzv (L/Bn} (L/6n) (wa/soqun) (35}  ON
T Pl0L ML sud HN ON+“ON  dis  dL aNod diW3L ¥31sn1d

(8£61) -2 S3SIN¥D

SYILSNTD INITULAN ¥4 SINTVA HILIWVAV NYaW

!

!
%,

i
(m

' l
| =

=10~




“(6L6T) “v-1 SASLNAY ©SA8ISN[) JUSLUINN BJAOYSARBN BLuF 84T UJB]ISaM § B4nbL4

!

N
)
&

~
!

L © ~ ©
I
mE & &

Tvze se8E 92 it~ 81 bl agy

3 st 8 =%

T 252 E£6vy B9V 95z 1. 102 65y  §OT L f
; z Tz 0902 612 gy 1€ 8L 9 L9T 9 —3
; g  6I0E SET 62l 11z 0T8Il 68 2§ § N—
_, €1 212 e6 2L 091 L 901 S0 L°ST ¥ 7

8 . 9/zz €981 89 gosT €1 gel ove  L9T €

0T ~ S6ET VEIT 96 629 5 66 2z TS 2

ve  212¢ €8L €5 t18 g 99 gez  §°§T 1

SNOILYLS (L/Bn) (1/6n) (1g6r)  .(1/8n) (L/Bn) (1/6n) (wd/souun) (39) — ON
WI0L WAL S¥Q CHN ON+ON  d¥S  dL GNOD  dW3L ¥3LSNTD

(6£6T) v=T SASINUI
SHILSNTD INITULAN ¥04 SANTHA WILINVHVA NV3H

1le



"(6£6T) Y=z SOSLNUAY ©SABISN|) JUDLJINN DAOYSARBN SLAT 4T U4dISAM G m;:mwg

-

ﬁ ;

LLvE
962¢€
1012
8€8E
9SL

ov 965

€T 1822
8 £6SE

O~
- .

8LE
962¢€
1012
8E8E
9SL
965
8vE
228

2

‘€

961
88¥
gy
91
22
44

9 - 8
€L2 LT
0282 o€
0LvE 89
98¢ - ¥
822 . €
Sv6 €
94 g

991 814 v-02

- 88T 88Y - 502

. 0ST . 99%% - B6'T2
281 €l v°6T

- -:16.  :.'€98° 2761
99 .. JAz4 - 1761
)5 862 = §°81
01 ¥62 2°6T -

M S DO~

SNOLLYLS (L/Bn) (L/Bm) (1¢6n)

Wi0L NIL

Sya

HN

m:.\mzv (L/6n) (L/Bn) (wo/soyun) (99)
0

N+"ON dis

dL aNo3

ON

dW3L H31sSN1d

(6£6T) $-2 SISINYD

SY3LSMHII INITYULAN ¥0d mu:._E., Y3LINYHYd NY3IK

~-t N M <

~12=

H
i
|




*(8L6T) “p=1 dSLNAJ “SudISN|) AILpLQUN] SAOYSARDN BLAT B4RT U4BIS3M  °9 a4anbL 4

0 O M~
|
E M 3

%

€ €°81 65¥ €70 of 8
12 0°0e 6l ¥'0.  SE L
¥ 0702 € ¥o e 9
8 2°6T - G9E S°0 1€ §
€ 9°8T 681 0°t 6 ¥
1€ 6°LT 444 01 §! €
€ 881 162 970 91 [
¥4 281 €9¢ 9°Q 2 1

SNOILYLIS (Do) (wo/soywn) “(w) (niN) oN
TWI0L  dW3L  GONOD SNVl BuNL ¥3LSNID

(8£6T) -1 S3SINYD
SYILSNTD ALTATSHNL ¥04 SINTVA YILIWVEYL NYIW

=13~



“(6461) ‘v-1 SeSLnUY sudisn|) A1LpLQun] 840ysdeay aLu4j @)e7] UJa3saM  */ 84nbLd

- N o™ <
!
Or B B

0 O ~ ©
!

T prer . Lib 2°0  ¢6t 8
g jaFAS ver €0 89 L
T 1°LL 60€ g0 v 9
8 9L ¥6¢ €0 &v § .
JAS 8°SLT 11¢ 50 €F ¥
T Tt el "t 6 €
T 8Ll Ste L0 SOT e
£ £°a1 e 60 12 T

e

SNOILYLS (Do) (wo/soyun)  (w)  (NIN) ON
Lol dWil  ONOD  SNvHL gHnl ¥31sn1d

e

(6261) ¥-T S3ASIMI
SUILSNTD ALIISHNL W04 S3NTVA ¥ILIWVHYd NYIW

~14=




_ *(QL6T) “§-T1 SBSLNA) SuOLIRAIUBIUO)
Lenuuy ueay (L/6m) e ||Aydoao|y) peOBUU0) BJAOYSJURSN BL4T e U4dlsay g dunbly




"(646T) “p-T1 SOSLNJI) uOLRUIUDIUOY
Lenuuy uea °(1/6m) e | [AYydoao|y) paOBUUL0] BUAOYSUEBN BLUT B34eT U4SISBN

*6 d4nblL4




