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Abstract

Quantitative analysis of siliceous microfossils in a ?!°Pb dated core from Green Bay of Lake Michigan
shows clear evidence of eutrophication, but a different pattern of population succession than observed
in the main deposition basins of the Great Lakes. Sediments deposited prior to extensive European
settlement (ca A.D. 1850) contain high relative abundance of chrysophyte cysts and benthic diatoms.
Quantity and composition of microfossils deposited during the pre-settlement period represented in our
core is quite uniform, except for the 30-32 cm interval which contains elevated microfossil abundance
and particularly high levels of attached benthic species. Total microfossil abundance and the propor-
tion of planktonic diatoms begins to increase ca 1860 and rises very rapidly beginning ca 1915. Maxi-
mum abundance occurs in sediments deposited during the 1970’s, with a secondary peak in the late
1940’s — early 1950’s. Increased total abundance is accompanied by increased dominance of taxa tol-
erant of eutrophic conditions, however indigenous oligotrophic taxa, particularly those which are most
abundant during the summer, are not eliminated from the flora, as in the lower Great Lakes. It appears
that a combination of silica resupply from high riverine loadings and replacement of indigenous popu-
lations by periodic intrusions of Lake Michigan water allow sequential co-existence of species usually
exclusively associated with either eutrophic or oligotrophic conditions.

Introduction

Green Bay is a large, semi-enclosed, embayment
of Lake Michigan (Fig. 1). It was formed during
the Wisconsin glaciation, apparently as the result
of differential glacial scour of relatively friable do-
lomitic shales lying between the more resistant
Platteville-Galena dolomite to the west and the
Niagara dolomite to the east. The resultant con-
figuration is a long (190 km), narrow (mean width

37 km), shallow (mean depth 40 m) bay with a
northeast-southwest median axis. The southern
part of the bay is separated from Lake Michigan,
except for the Sturgeon Bay Canal, by the Door
Peninsula, a region of high local relief formed by
exposures of the Niagara dolomite. To the north
and east these exposures continue, as several large
and numerous smaller islands, to the Garden
Peninsula. Thus, although the northern region of
Green Bay is partially separated from Lake Mich-
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Fig. 1. Outline map of Green Bay, showing coring locality (¥).

igan, water is freely exchanged through several
passages such as Death’s Door, the Rock Island
Passage, and the St. Martin’s Island Passage.
Contrasted to the bedrock exposures which dom-
inate the physiography of the northeastern part of
Green Bay, the southwestern border consists of
low-relief glacial terrains and glacial lacustrine
plains. These trends are reflected in the bay’s
bathymetry, with greatest depths (> 60 m) occur-

ring in the eastern and northern regions and ex-
tensive shallows (< 20 m) along the southern and
western shores (Moore & Meyer, 1969). The sur-
face area of the bay is approximately 4200 km?
and its volume is approximately 70 km’. Although
these are very minor fractions of the total surface
area and volume of Lake Michigan, 0.07 and
0.014, respectively, Green Bay’s drainage is rel-
atively large, constituting more than 339, of the



total Lake Michigan drainage basin. Physical fac-
tors affecting the distribution of terrestrial load-
ings are complex (Ahrnsbrak, 1971; Heaps, Mor-
timer & Fee, 1982; Miller & Saylor, 1985). In
general, the bay tends to set up two circulation
cells, one in the southern and one in the northern
region. However, the dispersion of materials is
highly subject to stochastic meteorological events,
particularly those forcing exchange of water with
the main body of Lake Michigan.

Based on the above considerations, Green Bay
has likely always been one of the more productive
regions of the Great Lakes system. Actual his-
torical data supporting this supposition is mini-
mal, and it is clear that the modern trophic sta-
tus of Green Bay has been strongly modified by
human activities in its watershed (Bertrand ez al.,
1976). European influence in the region dates to
the original explorations of Nicolet in 1634. How-
ever, it was not until approximately 200 yrs later
that opening of land offices in the area attracted
large numbers of western settlers and large scale
modification of the Green Bay watershed began.
Once initiated, the process occurred rapidly. De-
forestation of the watershed began during the
1860’s and 1870’s and was essentially complete
by 1900. Intensive agriculture began during the
1890’s and has remained important in the region
together with paper production and other forms
of industry (Bertrand et al., 1976).

For approximately the past 50 years Green Bay
has shown progressive evidences of cultural eu-
trophication, including deoxygenation of bottom
waters, reduced transparency, and modification
of biological communities (Bertrand et al., 1976).
In the case of algal communities, many popula-
tions associated with very eutrophic environments
are present, however the distribution of particu-
lar taxa and community associations is extremely
variable spatially and temporally (Holland &
Claflin, 1975; Stoermer & Stevenson, 1980). It is
noteworthy that several diatom species which
have been eliminated from the flora of the lower
Great Lakes (Stoermer eral., 1985; 1987) are
present, and in some cases remain abundant, in
Green Bay even though it has undergone severe
eutrophication according to most measures.
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The objective of the present investigation is to
determine the history of eutrophication in Green
Bay and to evaluate the factors which distinguish
the population responses in this system from
those observed in other areas of the Great Lakes
system.

Materials and methods

Material used in this study was derived from a
core taken from 31 m depth at a location (Fig. 1)
on the margin of the southern deposition in Green
Bay in 1983 (Conley, 1987). The 40 ¢cm core was
taken with a 7.5 cm diameter Wildco gravity
corer. Surface sediments were apparently undis-
turbed and there were no apparent physical dis-
turbances of lithology in the section. The core was
transversely sectioned immediately after retrieval,
using a hydraulic extruder. Sections were taken at
0.5 cm intervals to 10 cm at 1 cm intervals be-
tween 10 and 20 cm, and at 2.0 cm intervals to
40 cm. Samples were frozen immediately after
sectioning and remained frozen until they were
returned to the laboratory. In the laboratory, fro-
zen sediment samples were weighed, freeze dried,
then re-weighed for determination of dry weight
and porosity. The freeze dried material was then
sub-divided for dating, chemical analysis, and mi-
crofossil analysis.

The chronology of the core was obtained from
non-destructive, direct gamma counting of 2!°Pb
using an intrinsic Germanium well detector and
a 4096 channel multichannel analyzer calibrated
at 0.5 kev/channel. The applications and benefits
of this method have been discussed by Appleby
et al.(1986). Freeze-dried samples were weighed
and pressed in 14 mm diameter plastic vials to a
nominal depth of 30 mm and then sealed with
epoxy resin. Samples were then stored for at least
two weeks to allow for ingrowth of supported
21°ph and 2*Bi from the decay of **?Rn. Activ-
ities of the 46.52 kev and 609.1 kev gamma en-
ergies of >'°Pb and ?'*Bi, respectively, were mea-
sured. The activity measured as *'°Pb represented
total >'Pb in the sample. Excess *'°Pb was ob-
tained by subtracting the activity of *'*Bi from
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that of total >'°Pb. A factor to correct for changes
in efficiency with height was used to calculate
activities for each sample. Ages were calculated
with a CRS model.

Biogenic silica concentrations were determined
using methods described by Conley et al. (1986)
and have been reported by Conley (1987).

Methods detailed by Stoermer et al. (1985a)
were used for siliceous microfossil preparation
enumeration, and data analysis.

Results

Results of excess *'°Pb calculations showed a
departure from the ideal logarithmic decrease with
cumulative weight (or sediment depth) that would
be expected if the mass sedimentation rate were
constant. The upper 2.5 cm of the core had rel-
atively constant activity, indicating a mixed layer.
A zone of relatively high sedimentation was found
from 3 to 11 cm. Mass sedimentation generally
increased in this zone from 27 mg cm 2 yr~ ! at
11cm to S0mg cm ™2 yr~ ! at 3 cm. Mass sedi-
mentation rates were much lower from 12 cm to
24 c¢m and, with one exception, ranged from 18 to
25mgcm ? yr~'. Below 24 cm, levels of unsup-
ported *'°Pb were too low for reliable estimates
of sediment ages and sedimentation rates. Much
of the increase in apparent sedimentation rate
above 11 cm can be attributed to increased dep-
osition of biogenic silica. Concentrations of bio-
genic silica above 12 cm ranged from 15 to 20
percent of sediment dry mass, whereas concen-
trations below 15 cm were generally less than 3
percent. Based on data from other cores from
eutrophied areas of the Great Lakes (Schelske
etal., 1988), we would assume that the rate of
organic carbon accumulation also increased up-
core and contributed to higher mass sedimenta-
tion rates.

A total of 242 morphologically identifiable en-
tities were noted during the study. Of these 229
were diatoms. Chrysophytes were represented by
11 cyst and 2 scale types. Many of the entities
noted were present in such low numbers that sta-
tistically reliable estimates of their abundance

were not obtained with our analysis methods.
These taxa will not be discussed further but com-
plete data listings can be obtained from the senior
author.

Total abundance of benthic and planktonic di-
atoms is shown in Fig. 2. For convenience in dis-
cussion, a depth-date zonation developed on the
basis of cluster analysis (Euclidean distance mea-
sure, average clustering method) of the relative
abundance of populations constituting more than
1%, of the assemblage in at least 5 samples (Fig. 3)
is also given in Fig. 2 and in subsequent plots of
microfossil abundance. The relative abundance
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Fig. 2. Abundance (values mg~') of planktonic and benthic
diatoms relative to depth (cm) in core. Zonation indicated by
horizontal rules is based on cluster analysis. Dating of inter-
vals is based on *'°Pb.
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Fig. 3. Cluster dendrogram (Euclidian distance, average clus-
tering method) based on relative frequency of most abundant
taxa. Dates associated with inferred sample groupings are
based on 2'°Pb.

of most abundant diatom genera and chryso-
phycean cysts is shown in Figs. 4 & 5. Plots of the
absolute abundance of major diatom genera and
numerically important species are shown in
Figs. 6-14.

With the conspicuous exception of sample 36,
diatom abundance (Fig. 2) is low and relatively
uniform in samples from below 20 cm in the core.
Abundance, particularly of planktonic species,
begins to increase in zone E3, undergoes slight
further increase in zone E2, then begins marked
increase in zone El, particularly the upper sam-
ples. Following this initial increase, there are no-
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table abundance peaks in zones D and B. Most
of the increase noted is attributable to planktonic
species. Benthic populations undergo some in-
crease in abundance, particularly in zone El, but
remain a relatively minor fraction of the total as-
semblage in samples above 17 cm.

The relative abundance (Figs 4 & 5) of chrys-
ophycean cysts and predominantly benthic dia-
tom genera generally declines in zone E, partic-
ularly between zone E3 and zone E2, and these
populations never regain their former relative im-
portance. They are minor constituents of the flora
in zones A—D. Conversely, predominantly plank-
ton diatom genera increase in zone E and remain
dominant in the upper sections of the core. There
are, however, differences between genera in the
pattern of increase and decline. Cyclotella (Fig. 4)
is most abundant in zone E1 and declines in rela-
tive importance thereafter. Fragilaria (Fig. 4) has
relative abundance peaks in both the upper and
lower sections of the core, but this is somewhat
deceptive, since the lower peaks consist mostly of
benthic species, such as Fragilaria (Staurosirella)
pinnata, while the upper peaks consist mostly of
planktonic {(Fragilaria crotonensis) and tycho-
planktonic (F. capucina) species. Species of
Melosira (Aulacoseira) reach maximum relative
abundance in zone D and decline strongly in zone
A, whereas Stephanodiscus species constitute par-
ticularly large proportions of the total assemblage
in zones El and A and Tabellaria species are
particularly abundant in zones E3 and A (Fig. 5).
It should be noted that sample 36 contains par-
ticularly large proportions of some typically ses-
sile (Achnanthes and Cocconeis) and vagile (Na-
vicula) benthic genera.

The absolute abundance of Cyclotella (Fig. 6)
begins to increase in zone E3, reaches near max-
imum abundance at the boundary between zones
El and D, then remains fairly stable except for a
peak in zone B. Individual constituent popula-
tions behave somewhat differently. Cyclotella
comta, the most common species in Green Bay,
is most abundant in samples around the bound-
ary between zones El and D. It then declines
through zone B, with a slight increase in zone A.
Other species show a more consistently increas-
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Fig. 4. Relative frequency of diatom genera and chrysophyte cysts relative to depth in core. Zonation indicated by horizontal rules

is inferred from cluster analysis.

ing trend, which continues to the surface in
C. michiganiana but terminates in zone B in C.
kuetzingiana and C. operculata. Several Cyclotella
species (Fig. 7) which are, or were, numerically
important in other areas of the Great Lakes (Sto-
ermer etal., 1985a, b; 1987; 1990, Wolin et al.,
1988) are less abundant in Green Bay and their
pattern of occurrence is erratic. Among these,
C. comensis is most abundant in the bottom sam-
ples of zone A, C. ocellata increases through zone
C, then declines and C. stelligera has a single
strong abundance peak in zone B.

An unknown species of Cyclostephanos (Fig. 7)
first occurs in zone C, becomes abundant in zone
B, then continues at reduced abundance through
zone A.

Fragilaria capucina, a tychoplanktonic species
particularly associated with eutrophication in the
Great Lakes (Hohn, 1969; Stoermer, 1978) is the
most abundant species of the genus, particularly
in the upper sections of the core (Fig. 8). It is
most abundant in zone B, with minor peaks in
zones A and D. Fragilaria crotonensis, a more
eurytopic planktonic species follows the same
general pattern, while the other important eu-
planktonic species, F. intermedia var. fallax is
most abundant in the upper part of the core, par-
ticularly zone A. Primarily benthic taxa, such as
F. (Staurosirella) pinnata are much less abundant,
and their abundance is more uniform throughout
the core,

The most abundant Melosira (Aulacoseira) spe-
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Fig. 5. Relative frequency of diatom genera relative to depth in core.

analysis.

cies reach maxima in zones B and D (Fig. 9). Of
these, M. granulata is a summer blooming form
(Stoermer & Ladewski, 1976). Within the Great
Lakes, its distribution is largely limited to near-
shore water and areas shallow enough to be wind-
mixed during the summer (Stoermer, 1978). Hol-
land (1968) noted its abundance in southern
Green Bay. Among the more generally distributed
Melosira species which bloom during cold-season
mixing, M. italica subsp. subarctica has the same
general pattern of occwrrence as M. granulata, al-
though it reaches maximum abundance in zone
D, rather than zone B, while M. islandica becomes
most abundant in zone D then declines, particu-
larly in zone A. Melosira undulata, which is rare
in the modern flora of the Great Lakes, is present

Zonation indicated by horizontal rules is inferred from cluster

in low numbers throughout the lower section of
the core but declines in zone E2 and it was not
found in samples above the lower part of zone C.
This species was also noted in sediments from the
Bay of Quinte (Stoermer eral, 1985¢) but in
smaller numbers.

Species of Stephanodiscus (Figs. 10 & 11) gen-
erally begin to increase in zone E and reach max-
imum abundance in zone B or the bottom of zone
A. Exceptions are S. binderanus and S. bindera-
nus var. oestrupi which first occur in zones D and
C, respectively, S. hantzschii which has bimodal
peaks in zones D and E, and S. minutus, which
is only abundant in samples from zones E1-B.
Most species of Stephanodiscus present are toler-
ant of varying degrees of eutrophication. Both
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from cluster analysis.

S. binderanus and S. binderanus var. oestrupi are
apparent introductions to the Great Lakes
(Brunel, 1956; Stoermer et al., 1979) which occur
in disturbed areas, particularly during thermal bar
conditions (Stoermer, 1968; Lorifice & Munawar,
1974). Both S. alpinus and S. niagarae are widely
distributed in the Great Lakes and both have
significant variations in morphology, apparently
in response to trophic conditions (Theriot & Sto-
ermer, 1984; Theriot et al., 1988). Both have re-
mained abundant in the lower Great Lakes, al-
though S. niagarae may no longer be able to
complete sexual reproduction in Lake Ontario
(Stoermer er al., 1989). They, together with a spe-
cies of uncertain taxonomic affinities, here desig-
nated as Stephanodiscus sp. # 10, begin to increase

around the boundary between zone El and E2
and reach maximum abundance in zone A. Al-
though the general distribution of S. parvus is
poorly known (Stoermer & Héakansson, 1984),
within the Great Lakes it has become particularly
abundant in the Bay of Quinte and Lake Erie
(Stoermer et al., 1985¢; 1987). The apparent ex-
ception to Stephanodiscus species tolerance of eu-
trophication is S. fransilvanicus. It is the most
abundant species of the genus in samples from
zone E3 and below, and is one of few species
which are virtually absent from surficial sedi-
ments. A similar increase and decline was noted
in Lake Ontario (Stoermer et al., 1985a).
Several minor species (Fig. 12) first become
abundant in zone E. Asterionella formosa and
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Diatoma tenue var. elongatum increase in zone E1.
Increase in Synedra spp. and Tabellaria spp. be-
gins somewhat earlier. Surirella spp., most of
which have epipelic growth habit but apparently
are entrained in the plankton and become impor-
tant in Lake Ontario and Lake Erie sediment
assemblages (Stoermer et al., 1985a; 1987), be-
come consistently abundant in zone El1 and in-
crease slightly in more recent sediments,

A number of pennate genera which are usually
rare in sediment assemblages from deep basins
are surprisingly well represented in Green Bay
(Figs. 13 & 14). Species of Nitzschia first increase
in zone E1, then become even more abundant in
zones A and B. The first rise in abundance is due
mainly to increased numbers of N. dissipata, a

species common in plankton collections from the
Great Lakes. The second increase is due to in-
creased abundance of several species usually
found in epipelic communities and N. confinis
which commonly grows in the matrix surround-
ing colonial cyanophytes. Genera with normally
attached growth habit, such as Achnanthes, Am-
phora, Cocconeis, Cymbella, and Gomphonema
reach maximum, or near maximum abundance in
sample 36, then increase again in samples from
zones A-D, particularly in zone A. Navicula, a
genus with mostly vagile benthic species shows
the same general pattern. In this case, the large
peak in sample 36 is formed by exceptional abun-
dance of N. radiosa var. tenella. Smaller peaks in
the upper section of the core are formed by smaller
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increases in a variety of species. Other mostly
epipelic genera show different responses. Species
of Gyrosigma generally increase from the bottom
to the top of the core. Species of Entomoneis are
more abundant in zones A-D than in lower lev-
els of the core. One of the more unusual aspects
of plankton communities in Green Bay is the ex-
ceptional abundance of Amphipleura pellucida
(Holland & Claflin, 1975; Stoermer & Stevenson,
1980). This is also the case in our sediment sam-
ples, particularly in zone B.

Discussion

It seems reasonably clear that eutrophication is
the major factor driving the succession of sili-

ceous microfossils observed in our samples. In-
crease in total diatom abundance, independently
confirmed by increased biogenic silica levels
(Conley, 1987) which follow the same trends as
our diatom enumeration data, progressive addi-
tion of taxa reported to be tolerant of eutrophic
conditions, and reduction or elimination of some
species associated with oligotrophic conditions
all are consistent with this conclusion. The overall
timing of changes observed is also consistent with
the known history of western settlement and
modification of the Green Bay drainage basin
(Bertrand et al., 1976). Our data also indicate that
algal communities which produce siliceous mi-
crofossils were relatively stable over a long period
of time prior to western settlement. Proceeding
from this basic conclusion, there are, however, a
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number of features which distinguish the succes-
sional pattern in Green Bay from those observed
in other areas of the Great Lakes and most smaller
lakes.

The first is the exceptionally high abundance of
species normally associated with benthic environ-
ments in pre-settlement samples. Although it is
generally true that populations derived from
benthic habitats are relatively more abundant in
pre-settlement samples from cores taken in the
deep sedimentation basins of the Great Lakes
(Stoermer er al., 1985a; 1987; 1990), even most
oligotrophic regions (Stoermer etal., 1985b;
Wolin et al., 1988), relative abundance of benthic
populations comparable to those found in Green
Bay were only observed in pre-settlement sam-

ples from the Bay of Quinte (Stoermer efal.,
1985¢). It thus appears that the benthic contri-
bution to production during the pre-settlement
era was even more important in large bays than
in open areas of the Great Lakes.

It should also be noted that some populations
normally associated with benthic environments
are uncommonly abundant in both pre-settlement
and post-settlement samples from Green Bay.
Amphipleura pellucida (Fig. 13) is consistently
present in samples from the upper portion of our
core and is particularly abundant in zone B. Al-
though this species is rarely present in more than
trace quantities from either modern plankton col-
lections or deep basin sediment samples from
most habitats, Holland & Claflin (1975) and Sto-
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ermer & Stevenson (1980) noted it in modern
plankton samples from Green Bay. Melosira
undulata (Fig. 9), is consistently present in pre-
settlement and early post-settlement samples. Al-
though occasional specimens of this species have
been found in modern benthic collections from
the upper Great Lakes, it has only been noted in
abundance in a sedimentary sequence from the
Bay of Quinte (Stoermer e al., 1985c¢).

There is one particular sample in the pre-
settlement sequence that bears further comment.
Sample 36 is a strong outlier to the major cluster
that joins pre-settlement and early post-settlement
samples (Fig. 3). This sample contains the high-
est total abundance of microfossils of any depos-
ited in the pre-settlement era and its atypically
rich in benthic diatoms, particularly taxa usually

found in periphyton communities, such as Ach-
nanthes, Amphora, Cocconeis, Cymbella, and Go-
mphonema (Figs. 4, 13 & 14). A single sample
with atypical abundance of benthic species, in
this case mostly Fragilaria, was also noted in the
pre-settlement sequence from northern Lake
Michigan (Stoermer et al., 1990). Although dates
extrapolated from ?'°Pb are not the same, they
are plausibly within large range of possible etrors
associated with attempting to age older sediments
with *'°Pb (Binford, 1990). Thus, although it is
not clear that these two highly atypical samples
are causally, or even temporally, related, the in-
truiging possibility remains that the Lake Michi-
gan basin was subjected to some major pertur-
bation prior to western settlement.

Although Green Bay is a much modified sys-
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tem (Bertrand er al., 1976) and our study shows
clear evidence of eutrophication, the timing and
degree of change appear to be substantially dif-
ferent than sequences observed in the lower Great
Lakes and the Bay of Quinte. The large pulse of
siliceous microfossil accumulation associated
with western settlement in Lake Ontario (Sto-
ermer et al., 1985a) does not occur in Green Bay.
Instead, a gradual increase in siliceous microfos-
sil concentration in sediments begins in the late
1800’s and does not accelerate rapidly until about
1915. Also, the complete, or near complete, sup-
pression of populations associated with olig-
otrophic conditions observed in Lake Ontario
(Stoermer et al., 1985a), the Bay of Quinte (Sto-
ermer et al., 1985¢c) and Lake FErie (Stoermer

et al., 1987) is not observed in Green Bay. In the
lower lakes the accumulation of chrysophyte
cysts, many species of Cyclotella and certain other
populations, such as Stephanodiscus transil-
vanicus, is enhanced in the immediate post-
settlement era but depressed and reduced to near
zero in later parts of the record. In Green Bay, the
abundance of chrysophyte cysts (Fig. 4) is de-
pressed in zone E2 and remains at low levels
throughout more recent levels of the core. The
abundance of Cyclotella species peaks in zone E1
(Fig. 4). Although some populations (C. kuetzin-
giana, C. operculata; Fig. 6) have much reduced
abundance in zone A, most important popula-
tions remain present in the flora and there is no
marked reduction in abundance of the genus
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Fig. 12. Abundance (valves mg ~!) of Asterionella, Diatoma, Surirella, Synedra and Tabellaria spp. relative to depth in core.
Zonation indicated by horizontal rules is inferred from cluster analysis.

above zone El. It thus appears paradoxical that
many oligotrophic indicator species remain im-
portant elements of the Green Bay flora even
though the bay has been significantly eutrophied
according to other criteria, such as average phy-
toplankton abundance (Stoermer & Stevenson,
1980).

We believe that the explanation of this appar-
ent paradox lies in the morphometric and loading
characteristics of Green Bay. Because the north-
ern section of the bay has expansive direct con-
nections to Lake Michigan, nutrient loadings may
be rapidly diluted, depending upon local metereo-
logical conditions. Previous studies of the mod-
ern phytoplankton flora have shown large regional
differences in community composition {Holland

& Claflin, 1975) at any particular time and simi-
larly large regional differences over time (Stoermer
& Stevenson, 1980). It is not surprising that some
integration of this spatial heterogeneity should be
found in the sedimentary sequence. It should also
be noted that although our coring locality is in the
southern part of the bay, it is on the boundary of
the northern circulation cell (Bertrand eral.,
1976). It is thus possible that the sequence re-
corded is in our core is more representative of
conditions in the northern section of Green Bay.
This possibility is not supported by the limited
evidence available from studies of regional dep-
osition differences in the Great Lakes system. In
their study of diatom distribution in Lake Supe-
rior sediments, Thayer ef al. (1983) found no dis-
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cernible relationship between diatom abundance
in sediments of a given locality and diatom bio-
mass in the immediately overlying waters and
concluded that any such relationship is ‘erased’
by transport. However, considering the unique
physical characteristics of Green Bay, the possi-
bility of regionally constrained deposition cannot
be excluded.

Particularly in the case of the oligotrophic Cy-
clotella association (Hutchinson, 1967) nutrient
supply ratios and their timing may also be impor-
tant. In the Great Lakes these species are most
abundant during the summer (Stoermer &
Ladewski, 1976) and grow primarily in the deep
chlorophyll maximum (Fahnstiel & Glime, 1983).
This growth habitat may be most sensitive to

modification (Moll & Stoermer, 1982), particu-
larly the effects of severe summer silica limitation
(Shelske & Stoermer, 1971). In Green Bay con-
tinuous high silica loadings from both streams
entering the bay and intrusions of hypolimnetic
lake Michigan water may prevent exhaustion of
silica supplies during the summer while, at the
same time, dilution by Lake Michigan water
maintains, at least periodically, other factors
within the tolerance range of Cyclotella species
usually characteristic of oligotrophic habitats.
Although the diatom community in Green Bay
may have been, at least, partially buffered from
the overriding effects of silica limitation charac-
teristic of post-setilement sequences in the lower
Great Lakes (Schelske ef al., 1983; 1986), most
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within-population shifts are consistent with the
hypothesis of increased nutrient loadings, at least
up to zone B. For instance, Melosira granulata, a
species associated with highly eutrophic environ-
ments, increases relative to M. islandica and M. i-
talica subsp. subartica, species associated with
more mesotrophic environments. The same infer-
ence applies to increases in the importance of
species such as Stephanodiscus binderanus relative
to congeners such as S. fransilvanicus.

Our observations thus indicate that Green Bay,
although it has clearly become more eutrophic, in
the strict sense of the term implying increased
production due to increased nutrient loading, has
a substantially different response pattern, partic-
ularly in terms of quantitative measures, than

other regions of the Great Lakes system. Early
settlement (zone E3) produces visible changes in
community structure, but only very modest
change in microfossil abundance. The slight in-
crease in abundance in the upper part of zone E3
may reflect extensive wildfires in the region, the
most extensive of which occurred in 1871, but this
effect is small compared to the sediment record of
settlement in Lake Ontario (Stoermer etal.,
1985a). Although further increases in diatom
abundance, and concomitant changes in relative
species abundance occurred during the late 19th
and very early 20th centuries (zone E2), gross
changes in the Green Bay system apparently did
not begin until approximately the period of World
War I (upper part of zone E1). Once initiated, the



eutrophication process appears to have pro-
gressed rapidly, reaching relatively high levels
during the WW II era (zone D). Following this,
there appears to have been a slight decrease in
loading intensity (or perhaps increased dilution)
during the 1960’s (zone C) before highest levels
were reached in the 1970’s (zone B). The effects
of nutrient loading reductions may be reflected by
apparent decreases in microfossil accumulation
(Fig. 2) and relative increases in some more me-
sotrophic taxa (i.e., Tabellaria, Fig. 5) in the most
recent sediments (zone A), but this conclusion
should be treated with caution. Other taxa asso-
ciated with eutrophic conditions, particularly spe-
cies of Stephanodiscus remain at high levels of
absolute and relative abundance while Melosira
species reach lowest levels in the post-settlement
record. Green Bay continues to undergo ecolog-
ical change, but apparently to a different state
than has previously occurred in its recent history.
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