
Patterns in fish assemblages from coastal
wetland and beach habitats in Green Bay,
Lake Michigan: a multivariate analysis of abiotic
and biotic forcing factors
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Abstract: From May to September in 1990 and 1991, 24 coastal wetland and beach sites in Green Bay, Lake Michigan, were
sampled to investigate abiotic and biotic factors influencing fish assemblages; half the sites were modified by human
developments, and half were relatively undeveloped. The greatest assemblage differences were observed among regions, but
there also were strong differences among assemblages from different habitats. Degree of development had less of an effect on
site differences, although assemblages at undeveloped wetlands were unique, and those from developed and undeveloped sites
in the upper bay were relatively distinct. The most influential abiotic factors were turbidity, reflecting the trophic gradient in
the bay, and a suite of variables associated with macrophyte coverage and diversity, which were critical components of
nursery habitats for the primarily immature fishes we captured. The volatile and unpredictable nature of shoreline habitats in
the Great Lakes apparently precluded competition and predation from having a strong organizing role. This study
demonstrates that undeveloped wetlands are a valuable and intensely utilized fish habitat, particulartly as nursery areas, that
should receive special consideration in ecosystem management plans for the Great Lakes.

Résumé: De mai à septembre, en 1990 et 1991, 24 sites riverains constitués de terres marécageuses et de plages ont été
échantillonnés dans la baie Green, lac Michigan, pour étudier les facteurs abiotiques et biotiques influant sur les assemblages
de poissons; la moitié des sites ont été modifiés par l’activité humaine et la moitié étaient relativement peu développés. Les
plus grandes différences d’assemblage ont été observées entre les régions, mais il y avait également des différences
prononcées entre les assemblages des différents habitats. Le degré de développement avait un effet moins grand sur les
différences entre les sites, bien que les assemblages dans les terres marécageuses non développées aient été uniques et que les
assemblages caractéristiques des sites développés et non développés dans la partie supérieure de la Baie aient été relativement
distincts. Les facteurs abiotiques ayant l’effet le plus grand étaient la turbidité, qui reflète le gradient trophique dans la baie, et
une série de variables liées à la superficie couverte par les macrophytes et à leur diversité, qui étaient des constituants
déterminants des habitats d’alevinage pour les poissons principalement immatures que nous avons capturés. La nature volatile
et imprévisible des habitats riverains dans les Grands Lacs a apparemment empêché la compétition et la prédation d’exercer
un rôle important au niveau de l’organisation. Cette étude démontre que les terres humides non développées constituent un
habitat précieux et intensément utilisé par le poisson, particulièrement comme aire d’alevinage, qui mérite une attention
spéciale dans les plans de gestion de l’écosystème des Grands Lacs.
[Traduit par la Rédaction]

Introduction

Comparative studies of north-temperate lakes indicate that fish
assemblages are structured by a variety of abiotic and biotic
factors. Two principal abiotic factors implicated in structuring
fish assemblages are low pH (Rahel 1986) and low dissolved
oxygen in winter (Tonn and Magnuson 1982; Magnuson et al.
1989). Predation has been identified as the principal biotic
factor involved in structuring fish communities, although

competition for food also appears to play a role (Keast 1978;
Tonn 1985). Typically, small or soft-rayed forage species are
reduced or absent from lakes where large piscivores are abun-
dant (Robinson and Tonn 1989; He and Wright 1992). Other
factors, such as lake area (Johnson et al. 1977; Matuszek and
Beggs 1988), habitat heterogeneity (Eadie and Keast 1984;
Benson and Magnuson 1992), productivity (Gascon and Leg-
gett 1977; Kelso 1988), and biogeography (Eadie et al. 1986;
Jackson and Harvey 1989) may also influence structural pat-
terns. Distinct patterns in fish communities have even been
shown to correspond to broad patterns in topography, land use,
vegetation, and soils within a watershed (Whittier et al. 1988).
Although fish assemblage patterns in relation to biotic and
abiotic factors within lakes have been documented
(e.g., Werner et al. 1977; Keast and Harker 1977), most con-
clusions have been derived from comparisons among lakes.

Numerous studies in streams have related fish community
structure to human-induced stresses (Reeves et al.1993;
Weaver and Garman 1994; Wichert 1995), but relatively few
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have been done in lakes. However, the effects of eutrophica-
tion (Schindler et al. 1971; Persson et al. 1991), heavy metals
(Somers and Harvey 1984), acid deposition (Schindler
et al.1985; Tremblay and Richard 1993), and elevated turbid-
ity (Hayes et al. 1992) on lake fish communities have been
examined. With the exception of this study and a few others
from around the Great Lakes basin (for review see Jude and
Pappas 1992; Brazner 1994), lake-edge wetland and littoral
fish assemblages have largely been ignored.

Because the ecology of coastal wetland fishes is not well
understood in the Great Lakes, and because degradation of
coastal wetlands due to shoreline development and other stres-
sors continues to be a problem (Bosley 1978; Whillans 1982;
Krieger et al. 1992), further study of fish assemblages from
these habitats seemed warranted. Indications are that a high
percentage (>75%) of Great lakes fishes depend upon coastal
wetlands for some part of their life cycle (Stephenson 1990;
Whillans 1992). Using a univariate, demographic approach,
Brazner (1997) found that there were differences in the com-
position and abundance of fish assemblages related to regions,
habitats, and human development intensity in Green Bay
coastal habitats. However, the specific factors driving these
differences were not identified. Here, our goals were to identify
abiotic and biotic factors producing differences in assemblage
patterns, using a community-based approach to characterize
differences among types of sites and their species structure.

We expected variables associated with trophic status to
have an important influence on fish assemblage patterns be-
cause a strong trophic gradient is a predominant feature in
Green Bay (Sager and Richman 1991), and a similar produc-
tion gradient had a key role in structuring littoral zone fish
communities in Lake Memphremagog (Nakashima et al. 1977;
Gascon and Leggett 1977). We also expected that variables
associated with site-specific differences in habitat complexity
would lead to differences in fish assemblages based on obser-
vations made in littoral zones of other freshwater (Guillory
et al. 1979, Benson and Magnuson 1992) and coastal marine
environments (Heck et al. 1989, Lenanton and Caputi 1989).
Although we were unsure what the relative influence of human
development might be in this study, we expected the effects of
development to be readily apparent because of the high degree
of shoreline modification in various parts of Green Bay
(Bosley 1978; Harris et al. 1988). Differences in the physical
stability of wetland and beach habitats led us to believe that
biotic interactions would be more important at wetland sites.
High environmental instability, such as the high degree of ex-
posure to wind and waves at beach sites, was expected to de-
crease the importance of interactions like competion and
predation (Menge and Sutherland 1987; Winemiller and Rose
1992) and increase the influence of abiotic factors (Wiens
1984; Jennings and Philipp 1994).

Methods
The study sites, experimental design, and fish sampling methods were
described in detail elsewhere (Brazner 1997). Fish assemblages from
24 sites (12 wetland, 12 beach), primarily along the western shoreline
of Green Bay, Lake Michigan (Fig. 1), were sampled five times from
May to September during 1990 and 1991 with small-meshed (≤5 mm)
fyke nets, seines, and minnow traps. Sites spanned the 193 km length
of the bay, from the city of Green Bay in the south to the northern end
of Little Bay de Noc in the north. Eight sites were selected in each of

three geographic regions (lower, middle, and upper bay) to encom-
pass the trophic gradient that is present (Sager and Richman 1991).
Half of the sites were among the least developed within each region;
the other half were modified by human developments (e.g., residen-
tial and (or) industrial development). Sites were 100-m wide, bounded
by the shoreline on the inshore edge, and the 1-m depth contour
offshore. Coastal wetlands were defined as contiguous, lacustrine
habitats less than 2 m deep that had free exchange with the bay and
emergent, floating, and (or) submergent vegetation. Beaches were
more open, unprotected sites defined by the predominance of fine-
textured sand substrates; most had little or no macrophyte cover.

Environmental measurements

Physicochemical variables
Environmental variables expected to influence the littoral fish assem-
blages in Green Bay were measured concurrently with fish sampling.
Water temperature, conductivity, dissolved oxygen and pH were
measured at mid-depth along the 1-m depth contour with a Hydrolab
4041 multiprobe sensing unit (Hydrolab Corp., Austin, Tex.) cali-
brated weekly. Wind speed and direction were determined with a
hand held anemometer (Wind Wizard, Davis Instruments, Hayward,
Calif.) and wave height was recorded as the mean of the three largest
waves measured at the 0.5-m depth contour during a 2-min observa-
tion period. Turbidity was estimated in the field from a surface water
sample at the 0.5-m depth contour using a model TTM turbidity test
kit (LaMotte Chemical, Chestertown, Md.) as Jackson Turbidity
Units (JTU). Bottom slope was estimated by averaging the distance
from shore to the 1-m depth contour at the two ends and center of each
100-m site transect. Sites were assigned geographic positions (latitude
and longitude; Brazner 1997) using a portable Global Positioning
System unit (Trimble Transpak, Sunnyvale, Calif.) with a reported
accuracy of 33 m. Because of the primarily north–south orientation of
the shoreline (i.e., limited longitudinal variability) only latitude was
included in statistical analyses. Length of continuous habitat along the
shoreline surrounding each site was estimated to the nearest 100 m
using a mechanical range finder (Rangematic 1200, Ranging Inc.,
Rochester, N.Y.).

Substrate variables
Predominant substrate types (comprising≥25% of total sample) were
subjectively determined for each site from three, randomly selected,
1.0-L grab samples taken during August–September in 1990 and
1991. Samples were scored on a seven-point scale (1, sand; 2, sand
with muck or silt; 3, sand with cobble or gravel; 4, muck with woody
debris; 5, gravel with cobble; 6, sand with silt and muck; 7, sand with
muck and cobble or wood, or silt with gravel and cobble or wood) to
provide a scale of increasing substrate diversity similar to those cal-
culated by Tonn and Magnuson (1982) and Benson and Magnuson
(1992). Substrate samples were frozen and analyzed later for organic
carbon using a combustion method (Dean 1974). Sediment diversity
and organic carbon estimates are means of values from the 2 years of
study. Sediment diversity was rounded to the nearest integer.

Macrophyte community variables
The number of macrophyte species and the percentage of area covered
by macrophytes were estimated. Any species observed during a
15-min wading survey between the 1-m depth contour and the daily
seiche line was counted. Percentage cover (recorded to the nearest
10%) was a subjective estimate of total areal coverage by all macro-
phyte species in the designated study areas. A diversity index of
macrophyte growth forms (Fassett 1930) similar to the ones described
by Tonn and Magnuson (1982) and Benson and Magnuson (1992)
was calculated. Macrophyte growth form diversity ranged from 1 to
7 (1, no macrophytes; 2, flexuous forms only; 3, rosette forms only;
4, emergent and flexuous forms; 5, emergent, flexuous, and rosette
forms; 6, emergent, floating and flexuous forms; 7, emergent, floating,
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flexuous, and rosette forms); assigning the highest scores to sites with
the greatest number of growth forms.

Overall macrophyte diversity was calculated from percentage
cover, the number of species and growth form diversity:

MD = C(S/MS)(F/7)

where MD is macrophyte diversity,C is percent cover,Sis number of
species, MS is maximum number of species found at any site, andF
is growth form diversity. This index of macrophyte diversity poten-
tially ranged from 0 to 1; sites with no macrophytes received a score

of 0 and sites with 100% cover, the maximum number of species
observed and a growth form diversity of 7 receiving a score of 1. The
highest macrophyte diversity actually calculated for any site was 0.74.

Human development variables
Three measures were utilized to characterize human development ad-
jacent to a site. These were (i) distance to the nearest city (Green Bay,
Oconto, Peshtigo, and Marinette Wis., and Menominee, Escanaba,
and Gladstone, Mich.); (ii ) distance to the nearest federal or state
highway measured from 1 : 30 000 scale NOAA navigation maps for

Fig. 1.Map of Green Bay showing its relative position in the Great Lakes region and Lake Michigan, as well as locations of 24 sites sampled
during the study (undeveloped wetland sites,s; developed wetlands,d; undeveloped beaches,,; developed beaches,.; more site details are
given in the Appendix).
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the Great Lakes printed in 1986, and (iii ) a relative index of human
development within 1.0 km of the center each site. The index ranged
from 1 to 4 (1, little or no human development; 4, extreme develop-
ment) and was estimated from the area and intensity of physical al-
teration (e.g., landfilling, road building, home and industrial
development, cottage use).

Data analysis and summary

Environmental distinctness
To evaluate the differences in environmental conditions at different
types of sites, values for each variable averaged over all sampling
dates were analyzed with three-way ANOVA using region (lower,
middle, upper), habitat type (wetland, beach) and development status
(developed, undeveloped) as main factors and a habitat-by-development
status interaction term. Fisher’s least squared difference (LSD) was
used for multiple mean comparisons. All environmental variables
were log(n + 1) transformed to increase variance homogeneity except
for latitude, pH, and those based on an index or percent scale.

Fish assemblage structure
We used classification and ordination methods to examine patterns in
littoral fish assemblages. Because of their complementary nature,
classification and ordination together provide a powerful tool for
identifying pattern in the structure of community data (Gauch 1982;
Pielou 1984; Ludwig and Reynolds 1988). Several different classifi-
cation and ordination methods, distance measures, and transforma-
tions were tested using data from 1990. These preliminary analyses
examined sites in species space, and species in site space matrices to
determine which of these analyses would be most suitable. Those
techniques that produced the most ecologically meaningful and inter-
pretable patterns were selected for the full data set.

Ward’s method was selected as a clustering technique (Lance and
Williams 1967; Pielou 1984). The relative euclidean distance measure
used with this technique is Wishart’s (1969) objective function, which
measures information loss as agglomeration proceeds (McCune
1991). A modified version of the Bray–Curtis ordination technique (Bray
and Curtis 1957) that incorporates a variance-regression approach for
endpoint selection (Beals 1984) provided clearer site separation and
greater ecological interpretability than detrended correspondence
analysis or nonmetric multidimensional scaling. Sørensen’s (1948)
coefficient as a distance measure and a log(n + 1) transformation of
abundances provided the best results with this technique. By eliminat-
ing species that were rarely captured (fewer than five individuals
captured or two or fewer sites of capture) the analytical problems
associated with many zeros in the data matrix were reduced (Legendre
and Legendre 1983; Tonn et al. 1990). The influence of rare species
can obscure analysis of the data set as a whole (Gauch 1982), and rare
species are usually the least adequately sampled. Although finding an
appropriate reduction in the species data matrix can be problematic
and bias results (Rahel et al. 1984; Yant et al. 1984), a reduced matrix
(36 species) that omitted rare species was selected because it pro-
duced a more ecologically meaningful and workable representation of
the data than when all 54 species were included.

Three forms of the data matrix were used for the cluster and ordi-
nation analyses to explore patterns in the data set and generate hy-
potheses about the patterns. A matrix of sites in species space was
used to examine similarities and discontinuities among groups of sites
based on fish species composition and abundance. To help interpret
patterns in the ordinations, product–moment correlations were calcu-
lated between positions of sites along each ordination axis and species
abundances and environmental characteristics at those sites. Strength
of the groupings were estimated with multiple discriminant analysis
(Wilkinson 1990). Abundances of the eight fishes most closely corre-
lated with the first three ordination axes were inputs to a discriminant
analyses; the number of misclassifications in the site-classification
matrices estimated the strength of relationships hypothesized from the

ordinations. We limited the number of input variables to eight because
the number of samples to be grouped with discriminant analyses
should be three to four times greater than the number of predictor
variables to assure stability of the discriminant function loadings
(Williams and Titus 1988) and that canonical correlations reflect ac-
tual underlying relationships (Smith 1981). A matrix of species abun-
dances in site space (the transpose of the first matrix) was used in a
cluster analysis to identify which species were associated with par-
ticular types of sites.

A third form of the data matrix was used to ordinate species di-
rectly in environmental space and determine which abiotic factors
were most important to the distribution of individual species. The
original site by species matrix was transposed (A′) and postmultiplied
by the environmental matrix (E) to produce a matrix (A′E) of species
scores for each environmental variable (McCune 1991). TheA′ and
E matrices were first standardized by the mean and standard deviate
for each variable. This third matrix provides a direct and efficient way
to investigate relationships between species and environment, but like
all ordination comparisons with environmental variables, it is con-
strained by the presumption that the important environmental vari-
ables have been measured (Beals 1984; McCune 1991).

Species scores for each environmental variable were overlayed
onto the ordination plot to identify which environmental variables
contributed most. Ordination points for each species were sized in
proportion to their standardized score for each environmental variable
(McCune 1991). Contour lines based on these proportionally sized
points and judged to correspond with major breaks in the species
scores were drawn to provide three or four groups of species. Over-
lays were plotted for the six environmental variables that were highly
correlated with ordination axes and provided clear separation between
contours.

Species distributions
The utility of different abiotic factors as predictors of species abun-
dances and community structure was evaluated with multiple regres-
sion. The interactive stepwise procedure included both forward
selection and backward elimination (Wilkinson 1990) to select the
two best models with less than five predictor variables based on the
highest overall significance andr2 values, the lowest residual vari-
ance, and normality of residual plots. Simpler models were selected
over more complex models when the amount of explained variance
was not significantly less with the reduced model based on anF-test
comparison of the residual variances associated with the two models
(Neter et al. 1983).

The importance of species interactions was estimated using con-
tingency and correlation analysis to examine the distribution of spe-
cies co-occurrences among sites. Contingency analysis was based on
a two by two contingency table approach and was therefore limited to
presence–absence data; correlations were based on log-transformed
abundances. For both analyses, the number of statistically significant
positive and negative co-occurrences were recorded for all pairwise
combinations of species (n = 496) captured at more than five sites to
avoid bias in test statistics (Zar 1974). Fisher’s exact test (p < 0.01)
and product–moment correlations (p < 0.10, Bonferroni corrected)
were calculated to measure statistical significance. Basing the overall
importance of species interactions on the total number of co-
occurrences that were positive, negative, or neutral (Tonn et al. 1990)
was deemed more appropriate than strict hypothesis tests for each
species pair because statistical independence assumptions are violated
with the latter approach (Bowers and Brown 1982).

Results

Environmental conditions
Differences in environmental conditions between sites from
different regions and habitat types were larger and more
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statistically significant than between undeveloped and devel-
oped sites (Table 1). Physicochemical conditions differed
greatly between regions; turbidity decreased from south to
north (Table 1C) reflecting the strong trophic gradient and
phytoplankton-induced turbidity in the highly eutrophic south-
ern part of the bay (Richman et al. 1984; Sager and Richman
1991). Conductivity, pH, and water temperature exhibited
similar but weaker gradients and were positively correlated
with each other and turbidity (r ≥ 0.5 for all combinations
except water temperature with conductivity,r = 0.2). Macro-
phyte cover and diversity were highest in the north where
mesotrophic conditions result in greater water clarity (Harris
et al. 1991). Compared with beaches, wetlands generally had

more diverse macrophyte communities, more areal coverage in
macrophytes, more diverse substrates, higher sediment organic
carbon, and smaller waves (Table 1A). These differences re-
sult from the more protected nature of wetland sites. Wetlands
develop in locations less influenced by storms and currents
(Geis 1979; Herdendorf 1990). Compared with developed
sites, undeveloped sites tended to have more macrophyte cover
and lower conductivity (Table 1B). Undeveloped wetlands
had the highest macrophyte diversity and cover, while devel-
oped beaches had the lowest Table 1D).

Patterns among sites in species space
Over 40 000, primarily immature (>90%), fish from 54 species

(A) Habitat differences.

Wetlands Beaches

Variable Mean Range Mean Range p

Macrophyte cover (%) 36.3 0–76 5.1 0–39 <0.001
Substrate diversity (1–7) 5.3 3–7 2.0 1–5 <0.001
No. of macrophyte species 10.5 0–18 1.6 0–8 <0.001
Macrophyte diversity (0–1) 0.23 0.00–0.74 0.02 0.00–0.17 0.002
Macrophyte GFD (1–7)* 5.5 1–7 2.6 1–7 0.006
Waves (cm) 3.2 1–7 7.4 1–16 0.008
Organic carbon (%) 2.7 0.7–10.1 0.9 0.4–1.7 0.041

(B) Development differences.

Undeveloped Developed

Variable Mean Range Mean Range p

Development index (1–4) 1.5 1–2 3.2 2–4 <0.001
Macrophyte cover (%) 26.8 0–76 14.6 0–66 0.025
Conductivity (µS/cm) 273 220–374 297 248–386 0.042

(C) Regional differences.

Lower Bay Middle Bay Upper Bay

Variable Mean Range Mean Range Mean p**

Latitude 44.6a 44.5–44.7 45.0b 44.8–45.1 45.8c 45.7–45.9 <0.001
Turbidity (JTU) 104a 86–137 32b 20–72 16c 9–26 <0.001
Conductivity 336a 292–386 257b 242–290 262b 220–316 <0.001
Nearest highway (km) 2.7ab 0.8–4.4 6.4a 2.4–12.3 1.4b 0.1–2.2 0.002
Macrophyte cover (%) 14a 0–42 12a 0–31 32b 0–76 0.003
Substrate diversity 4.3a 1–7 2.4b 1–6 4.3a 1–7 0.018
Macrophyte diversity 0.06a 0.00–0.26 0.07a 0.00–0.18 0.25b 0.00–0.74 0.020
pH 8.0a 7.6–8.4 7.7b 7.4–8.2 7.6b 7.2–8.0 0.027

(D) Habitat× development differences.

Undeveloped wetlands Developed wetlands Undeveloped beaches Developed beaches

Variable Mean Range Mean Range Mean Range Mean Range p**

Development index 1.7a 1–2 3.2b 3–4 1.3a 1–2 3.2b 2–4 0.001
Substrate diversity 5.0a 3.0–6.0 5.5a 3.0–7.0 2.0b 1.0–5.0 2.0b 1.0–3.0 0.003
Macrophyte GFD (1–7)* 6.0a 5.0–7.0 5.0ab 1.0–7.0 2.8b 1.0–7.0 2.4b 1.0–5.0 0.020
Macrophyte cover (%) 45.5a 24–76 27.2b 0–66 8.2c 0.39 2.0c 0–11 0.020
No. of macrophyte species 13.7a 10.0–18.0 7.3a 0.0–15.0 2.2b 0.0–8.8 1.0b 0.0–4.0 0.030
Waves (cm) 3.3a 1.0–7.0 3.0ab 1.0–6.0 8.0bc 1.0–16.0 6.8c 4.0–15.0 0.046
Macrophyte diversity 0.32a 0.14–0.74 0.15b 0.00–0.58 0.03b 0.00–0.17 0.00b 0.00–0.02 0.048

Note: Means followed by different letters are significantly different (p ≤ 0.05); *GFD, growth form diversity; ** maximum significance value from ANOVA
associated with differences between means.

Table 1.Environmental differences between site types that had significant differences (p ≤ 0.05) between
means in ANOVA.
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and 20 families were captured during the study (see Brazner
1994, 1997 for details); thus, data reflect primarily the ecology
of young individuals. To simplify the process of discerning
patterns, initial analyses were conducted for wetland sites
only. Cluster analysis of these data revealed distinct clusters
among sites from different regions and sharp differentiation
associated with development status (Fig. 2). Ordination also
revealed strong separation between regions along axis 1, with
some separation between developed and undeveloped sites
along axis 2 (Fig. 3). These two axes accounted for 88% of the
original distances calculated among sites. In addition, some of
the variation along axes 1 and 3 apparently was related to ex-
posure of the sites; wave height was one of the most highly
correlated abiotic factors with these axes (raxis 1= –0.80,
raxis 3= –0.66). Sites that scored lowest along axes 1 and 3
tended to be the more exposed wetland sites (e.g., AM1,
SWR1, OM1; see Table 2 for site codes) while those that
scored higher on these axes were among the most protected
sites (e.g., PM1, PR2, WR1).

Differentiating patterns became more complicated when all
sites were included, but some of the same trends were appar-
ent. A strong regional signal was still discernable in the ordi-
nation of these data (Fig. 4). Regional separation occurred
primarily along axis 1. This axis accounted for 50% of the
original distances among sites of the 83% accounted for by the
first three axes together. Gizzard shad(Dorosoma cepedi-
anum), emerald shiners (Notropis atherinoides), spotfin shin-
ers (N. spilopterus), white bass (Morone chrysops), and yellow
perch(Perca flavescens) were the fish species that were most
closely correlated with axis 1 (Table 3). Except for yellow
perch, which was caught consistently throughout the bay (es-
pecially at wetland sites), these species were nearly always
most abundant in the lower bay and could be characterized as
lower bay species. The environmental variables that were most
highly correlated with axis 1 were turbidity, latitude, water
temperature, conductivity, and pH (Table 3).

Separation among sites based on habitat differences was
also apparent but weaker than the regional differentiation.
Middle and upper bay sites had the most distinct separation
between beaches and wetlands (Fig. 4). Separation among the
different types of sites was the weakest in the lower bay. Habi-
tat separation among sites was primarily along the third axis
with most sites (9 of 11) scoring less than 0.4 as wetlands and
most sites (10 of 13) with scores greater than 0.4 as beaches.
This axis accounted for 23% of the original distances calcu-
lated between sites and was most closely correlated with
pumpkinseeds (Lepomis gibbosus), largemouth bass (Microp-
terus salmoides), golden shiners(Notemigonus chrysoleucas),
johnny darters (Etheostoma nigrum), and bowfin (Amia calva)
(Table 3). These fishes are indicative of wetlands except for
johnny darters, which had a significant beach component to
their catch (Table 2). However, 84% of johnny darters from
beaches came from the upper bay beach site (WR2) that ordi-
nated closest to wetland sites. The environmental variables that
correlated most closely to axis 3 were the four macrophyte-
related variables and wave height (Table 3). This suggests that
the diversity and physical structure of the macrophyte commu-
nity influenced the fish assemblages. The negative correlation
with wave height is consistent with the positive correlation
with macrophytes (Geis 1979, 1985; Keddy 1983).

Separation between sites based on development was
weaker than separation between habitat or region. However,
some separation was apparent along axis 2 which accounted
for 10% of the original distances between sites (Fig. 4). Sepa-
ration associated with development was more nonlinear than
regional or habitat associated separation, but within regional
clusters of sites, development-associated separation was fairly
clear. The fish species that were most closely correlated with
axis 2 were smallmouth bass, common shiner (Luxilus cornu-
tus), alewife (Alosa pseudoharengus), rock bass (Ambloplites
rupestris), and spotfin shiner (Table 3). The positively correlated
smallmouth bass were more prevalent (76% of all captured) at

Fig. 2.Cluster analysis (Ward’s method) of wetland sites in species space (text annotations included to aid in cluster interpretations; site codes
detailed in Appendix).
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developed sites, while the negatively correlated spotfin shiners
were more prevalent (70% of all captured) at undeveloped
sites. Environmental factors most closely correlated with
axis 2 were distance to the nearest highway, turbidity, latitude,
water temperature, and wind speed (Table 3). This suggests
that a combination of regional and development-related factors
influenced patterns along this axis.

Discriminant analyses helped quantify the statistical dis-
tinctness of the ordination patterns. Using the eight species
with the strongest regional signals (e.g., highest correlations
with axis 1) in the ordinations (Table 3), discriminant analysis
classified 23 of 24 sites correctly (Table 4). Only one middle

bay site (SB2), was misclassified as an upper bay site. This
misclassification is consistent with ordination results where
SB2 clustered closely with developed sites from the upper bay
(Fig. 4). Discriminant analysis using species with strong habi-
tat affiliations in the ordinations classified only 18 of 24 sites
correctly (Table 4). All but 1 (92%) of the wetland sites and 7
of 12 (58%) beach sites were classified correctly. The middle
bay wetland, PP1, was the only wetland misclassified, but all
lower bay beaches and the upper bay beach, WR2, were mis-
classified as wetlands. WR2 also mapped closest to wetlands in
the ordination (Fig. 4). These results suggest that wetland fish
assemblages were more distinctive than beach assemblages

Fig. 3.Bray–Curtis ordination (variance-regression endpoint selection) on wetland sites in species space (correlations between site distances
along each of the ordination axes and distances in the originaln-dimensional data matrix space tabled in inset box).
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across the regional and developmental range of sites sampled
in the bay. The discriminant analysis using species most
closely associated with development-related axes in the ordi-
nations classified only 16 of 24 (67%) of the sites correctly.
Differences in fish assemblages resulting from development
were apparently weak, at least when considered irrespective of
habitat. However, discriminant analysis using species most
closely correlated with both habitat and development-related
axes (axes 2 and 3) provided additional insight. Here, the over-
all correct classification rate was poor (58%), but all undevel-
oped wetland sites were classified correctly.

Cluster analysis of species in site space resulted in seven
main groups that were separated by overall abundance and
particular site affinities (Fig. 5). Species highest on the den-
dogram were among the most abundant (e.g., spottail shiners,
N. hudsonius, yellow perch) while those near the bottom were
rarer. Distinct groups of species were abundant in the lower
bay (e.g., emerald shiner, gizzard shad, white bass), or com-
mon in the upper bay (e.g., sand shiner,N. stramineus, white
sucker,Catostomus commersoni, smallmouth bass). Species
typical of undeveloped wetlands in the upper bay clustered into
two groups, differing in abundance: commonly captured fishes
(e.g., golden shiners, pumpkinseeds, and largemouth bass) and
less common species (bowfin and walleye,Stizostedion
vitreum). Several species typically captured at developed sites
also clustered together but were separated by lower bay
(e.g., freshwater drum,Aplodinotus grunniens, quillback,Car-
piodes cyprinus, channel catfish,Ictalurus punctatus) or

middle bay (e.g., yellow bullhead,Ictalurus natalis, trout-
perch,Percopsis omiscomaycus, rainbow smelt,Osmerus
mordax) affiliations.

Species co-occurrence analyses suggested that biotic inter-
actions, such as competition and predation, were unimportant.
The summary of species co-occurrences obtained from both
contingency and correlation analysis revealed that approxi-
mately 95% of the 496 possible species co-occurrence distri-
butions were neutral (Table 5). Both analyses produced similar
and nearly equal numbers of positive co-occurrences (17 for
contingency and 18 for correlation analysis) and fewer and

Axis 1 Axis 2 Axis 3

Fish species
Gizard shad –0.854
Emerald shiner –0.812
Spotfin shiner –0.807 –0.537
White bass –0.798
Yellow perch –0.742
Smallmouth bass 0.672
Common shiner –0.565
Alewife –0.539
Rock bass 0.521
Pumpkinseed –0.806
Largemouth bass –0.732
Golden shiner –0.708
Johnny darter 0.704
Bowfin –0.680

Environmental variables
Turbidity –0.915 –0.558
Latitude 0.893 0.482
Water temperature –0.609 –0.445
Conductivity –0.601
pH –0.577
Highway distance –0.596
Wind speed –0.273
% Macrophyte cover –0.793
Macrophyte growth form diversity –0.714
Macrophyte diversity –0.710
Macrophyte species richness –0.691
Waves 0.670

Table 2.Fish species and environmental variables most closely
correlated (r) with Bray–Curtis ordination axes 1–3.

Fig. 4.Bray–Curtis ordination (variance-regression endpoint
selection) on all sites in species space (smallest circles, lower bay
sites, medium-sized circles, middle bay sites, largest circles, upper
bay sites; lines surrounding and separating groups are aids for
pattern interpretation but not statistically based; correlations
between distances along each of the ordination axes and distances
in the originaln-dimensional data matrix space appear as inset box
in lower plot).
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different numbers of negative co-occurrences (10 for contin-
gency and 2 for correlation analysis). Species with significant
positive co-occurences all had strong affinities for a particular
region, usually the lower bay. Nearly all negative correlations
could be explained by the strong differences in regional distri-
butions. One exception might be the rock bass – alewife rela-
tionship identified with correlation analysis. Rock bass and
alewife occurred in the same types of sites in both the middle
and upper bay, but their abundances were negatively related
(r = –0.78), indicating the possibility of a competitive or
predator–prey relationship.

The influence of several abiotic factors on species distribu-
tion patterns was evident through ordinations of species di-
rectly in environmental space. The first three axes accounted
for 99% of the original distance calculated among sites; 83%
with axis 1, 13% with axis 2, and 3% with axis 3. Based on
the correlations of environmental variables with each ordina-
tion axis, species locations along axis 1 were driven by re-
gional factors, along axis 2 by habitat, and along axis 3 by
development. Latitude, turbidity, and pH were most closely
correlated with axis 1 (r > 0.95); macrophyte diversity, sub-
strate diversity, and wave height were most highly correlated
with axis 2 (r > 0.80); and the development index, conductiv-
ity, and macrophyte growth form diversity were most closely
correlated with axis 3 (r ≥ 0.60).

Six of the environmental variables closely correlated with
ordination axes of species in environmental space had particu-
larly clear gradients. Contour overlays revealed marked sepa-
ration primarily along axis 1 among three species groups
corresponding to their scores (for details see Brazner 1994) for
latitude and turbidity (Figs. 6E and 6F). Species positioned
low along axis 1 were usually from lower bay sites with high
turbidity, while species positioned high along axis 1 were usu-
ally from upper bay sites with low turbidity. Thus, the three
species groups were typical of lower, middle, and upper bay
assemblages. Contour overlays for other factors that varied on
a regional scale, such as conductivity, pH, and water tempera-
ture, were similar to those for turbidity and latitude, but sepa-
ration among species groups was less distinct.

Contour overlays also revealed clear separation primarily
along axis 2 among three species groups corresponding to their
scores for substrate diversity (Fig. 6D). Species positioned
highest along axis 2 were usually from sites of low substrate
diversity (beaches) while species positioned lowest along this
axis included typical wetland fishes. The response to sediment
organic carbon was similar but not as clear as the response to
substrate diversity. Another important gradient related to habi-
tat was the macrophyte gradient. Contour overlays for number
of macrophyte species, growth form diversity, and areal cov-
erage all revealed clear separation among fish along both
axes 1 and 2. The clearest response was apparent for the com-
bined macrophyte diversity index, which divided fishes into
four groups (Fig. 6C). Fish from sites with the highest macro-
phyte diversity (undeveloped wetlands) were positioned in the
lower right hand corner of the plot, while those in the upper
left hand corner were usually from sites with little or no macro-
phyte cover (developed beaches). Contours for wave height
were similar to those for macrophyte diversity in that there was
separation along axes 1 and 2 (Fig. 6B). However, separation
along axis 3 also was observed when plotted against axis 2
suggesting that wave height is related to a variety of factors

(e.g., regional, habitat, development). A gradient in fish re-
sponse was clearly apparent for one development-related vari-
able, the development index. Contours of species scores for
the development index were most clearly separated along
axes 1 and 3 (Fig. 6A). Species usually from sites with the
highest development index (e.g., channel catfish, quillback,
green sunfish) were in the upper left hand corner of this plot,
while those typifying undeveloped sites (e.g., johnny darter,
bowfin, largemouth bass) were in the lower right portion of the
plot. Contours of conductivity and slope along these same axes
provided similar but less distinct separation.

Regression analysis provided a more predictive and quan-
titative approach for understanding which abiotic factors were
driving a limited number of species distributions (the five most
abundant fishes and five other species of special ecological
interest in Green Bay), as well as patterns in species richness
and overall fish abundance. The two best models for each fish
or community structure variable (Table 6) were used to evalu-
ate which environmental factors were most predictive of fish
species abundance and assemblage structure. Only two models

(A) Axis 1 (regional discrimination).

Predicted region

Actual region Lower Middle Upper % Correct Species

Lower 8 0 0 100 GZ, ES, WB
Middle 0 7 1 88 SF,RB, SB
Upper 0 0 8 100 LP, SS
Total 8 7 9

(B) Axis 2 (development discrimination).

Actual
development

Predicted development

Undeveloped Developed % Correct Species

Undeveloped 8 4 67 AW, SF, GZ, CS
Developed 4 8 67 SB, RB, SS, TP
Total 12 12

(C) Axis 3 (habitat discrimination).

Predicted habitat

Actual habitat Wetland Beach % Correct Species

Wetland 11 1 92 GS, PS, JD, BF
Beach 5 7 58 AW , RS, TP, ST
Total 16 8

(D) Axes 2 and 3 (habitat× development discrimination).

Predicted site type

Actual site type UW DW UB DB % Correct Species

UW 6 0 0 0 100 GS, PS,AW
DW 1 2 1 2 33 TP, SB, RB
UB 1 2 2 1 33 SF, CS
DB 0 1 1 4 67
Total 8 5 4 7

Note: Two-letter species codes are given in the Appendix.
UW, undeveloped wetland; DW, developed wetland; UB, undeveloped
beach; DB, developed beach.

Table 3.Site classification matrices based on discriminant analyses
with eight fishes that were most closely correlated (the four highest
positiveand four highest negativer values) with Bray–Curtis
ordination.
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were single factor regressions; macrophyte cover was highly
predictive of bluegill abundance and macrophyte diversity was
highly predictive of golden shiner abundance. Of the remain-
ing 22 models, 13 required only 2 input variables, while 7
required 3 input variables, and 2 had 4 input variables. The
most predictive variables included both regional and habitat
related factors. Turbidity, latitude, or water temperature was
the most explanatory variable in half of the 24 models, while
one of the macrophyte variables was most explanatory in 10
of the remaining 12 models. Development variables had high
predictive power in only three models: one white sucker model
and the two models of overall abundance.

Discussion

Distinct fish assemblages were present in the shallow inshore
habitats of Green Bay. The greatest differentiation among as-
semblages was observed at a regional scale, but there also were
differences among assemblages from different habitats. Dif-
ferences due to development were least apparent, although as-
semblages at undeveloped wetlands were unique from those at
other habitat-by-development site combinations. In addition,
assemblages from developed and undeveloped sites in the up-
per bay were relatively distinct, as were differences between
very highly developed sites (e.g., AM1, BB1) and all other
sites.

Regional patterns
Site separation within regions was the smallest in the lower bay
and largest in the upper bay. This may reflect the general level
of degradation and mixing in each region. The lower bay is an
Area of Concern (IJC 1987) with a large contaminant load,
hypereutrophic nutrient status, high turbidity, and intense de-
velopment on the shoreline throughout much of the area. The
upper bay has lower population density, lower trophic status,
clearer water, and less human development (Bertrand et al.
1976). The lower bay is also well mixed because of its shallow,

open morphometry; approximately 70% of the water inside of
Long Tail Point and Point Sable is comprised of Fox River
water (Epstein et al. 1974). This results in a high degree of
physical and chemical similarity throughout the lower bay and
may be the reason fish assemblages are most similar there. In
the upper bay, where turbidity is low and mixing is presumably
less because of the protected nature of Little Bay de Noc, there
was greater differentiation among sites and the influence of
development was more apparent. These results are also consis-
tent with the finding that infertile wetlands are more sensitive
to human disturbance and have greater variation in vegetation
than wetlands in fertile areas (Moore et al. 1989).

Environmental influences
Of all environmental factors, turbidity had the most influence
on fish assemblage structure. Turbidity varied primarily on a
regional scale and reflected the trophic gradient. About half of
the turbidity is biotic, while the other half results from erosion,
runoff, and resuspension of sediments in the shallow lower bay
(Harris et al. 1991; Millard and Sager 1994). Other factors that
covary with turbidity also reflect (e.g., conductivity, pH) or
contribute to (e.g., water temperature) the trophic gradient.
They each may have independently influenced fish assem-
blage structure, but turbidity was correlated most consistently
with the major axes of variation in the sites in species space
ordinations, was most predictive in the regression equations,
and had clearly separated contours in ordinations of species in
environmental space.

Turbidity has also been implicated as a primary factor lim-
iting macrophyte communities in the Great Lakes (Phillips
et al. 1978; Stuckey 1989; Crowder and Painter 1991) and in
the lower and middle sections of Green Bay (Harris et al. 1991;
McAllister 1991). This is especially relevant to this study be-
cause, after turbidity, macrophytes were the next most impor-
tant factor structuring the fish assemblages. Macrophyte cover
was correlated with assemblage differences between wetlands

Analytical technique Positive co-occurrences Negative co-occurrences Neutral

Contingency analysis 17 10 469
(χ2, p ≤ 0.01) 3.4% 2.0% 94.6%

White bass (SF, GZ, GR, CP, FD, QB) Sand shiner (GR, GZ, CP, FD)
Green sunfish (GZ, SF, CS, WB, FD) Golden shiner (TP, RS)
Gizzard shad (WB, GR, CP, FD) Rock bass (CS, GR)
Freshwater drum (GZ, WB, GR, CP) Smallmouth bass (CP, GZ)
Common carp (GZ, WB, FM, FD) Gizzard shad (SS, SB)

Common carp (SS, SB)
Green sunfish (SS, RB)

Correlation analysis 18 2 476
(r, p ≤ 0.10, Bonferroni corrected) 3.6% 0.4% 96.0%

Gizzard shad (YP, ES, WB, CP, FD) Rock bass (AW, SF)
White bass (GZ, ES, CP, FD)
Freshwater drum (GZ, ES, WB)
Emerald shiner (GZ, WB, FD)
Golden shiner (PS, BC)
Logperch (JD, LB)

Note: Species with the greatest number of significant co-occurrences have specific pairwise combinations listed separately. Two-letter
species codes are given in the Appendix.

Table 4.Summary of species co-occurrences based on 2× 2 contingency analysis of presence–absence data and correlation
analysis of total abundance data for all species captured at more than five sites.
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and beaches and between undeveloped and developed wet-
lands. Where macrophyte cover and richness was high, fish
species richness and abundance also tended to be high. This
same pattern was apparent in other Great Lakes littoral habitats
(Minns et al. 1994) and in more inland lakes (Keast et al. 1978;
Benson and Magnuson 1992); it is driven by the fact that fish
are attracted to the increased habitat heterogeneity that macro-
phytes provide (Tonn and Magnison 1982; Eadie and Keast
1984; Robinson and Tonn 1989) and the invertebrate prey spe-
cies that utilize macrophytes for substrates and food (Keast and
Harker 1977; Keast 1978; Wiley et al.1984). However, ex-
tremely high densities of macrophytes (>70–80% cover) can

limit their utility to fish and result in lower overall fish species
richness than in moderately vegetated habitats (Crowder and
Cooper 1982; Killgore et al. 1989; Lillie and Budd 1992).
Macrophytes rarely reached high densities during this study,
but heavy macrophyte cover is not uncommon in other Great
Lakes coastal wetlands and may become more common in
Green Bay as the zebra mussel (Dreissena polymorpha) inva-
sion advances and leads to greater water clarity and better
growing conditions for macrophytes (Skubinna et al. 1995). A
better characterization of the relationship between fish distri-
bution and macrophyte community structure would be useful,
since a relationship between areal coverage of vegetated

Fig. 5.Cluster analysis (Ward’s method) of species in site space using all sites (text annotations included to aid in cluster interpretations).
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wetland habitat and open lake fisheries would be important to
quantify. This sort of relationship has been observed in coastal
marine ecosystems (Turner 1977; Boesch and Turner 1984;
Deegan 1993) but is not well established in Great Lakes coastal
systems even though recent studies suggest a wetland–fisheries
connection may exist. (Whillans 1989; Keough et al. 1996).
Studies designed to further examine macrophyte – littoral
fish – open lake fish community interactions are currently in
progress on both Lake Superior and Lake Michigan (D.A.
Wilcox, National Biological Service, Ann Arbor, Mich., per-
sonal communication; J.C. Brazner, unpublished data). Indi-
cations are that there may be a significant relationship that is
dependent upon the morphometry and configuration of littoral
habitats in a particular area (e.g., coastal wetland hydrogeo-
morphic type).

Macrophyte communities in the Great Lakes are structured
by a variety of factors in addition to turbidity (Stuckey 1989).
Water level fluctuation is clearly one of the most important
(Keddy and Reznicek 1985; Keough 1992; Wilcox and
Meeker 1992), and exposure to wind and wave energy is an-
other (Keddy 1982). Exposure also is one of the more obvious
physical differences between wetlands and beaches and may
be the underlying reason why substrate diversity and sediment
organic carbon were closely related to differences in fish as-
semblage structure between these site types. Organic carbon
and particle diversity in sediments reflect differences in expo-
sure (Cole and Weigmann 1983; Wilson and Keddy 1985) and

can affect macrophyte community structure, colonization, and
growth (Keddy 1983; Wilson and Keddy 1985). More pro-
tected sites, less subject to storm, current, and wave action,
have more organic carbon and higher percent silt and clay in
their sediments. It appears that intermediate exposure levels
result in the highest macrophyte species richness (Keddy
1983) and, based on this study, also the highest fish species
richness.

Quantifying development
Although some differences in the fish assemblages were attrib-
uted to human development, particularly when only wetland
site data were included in the analysis, effects of development
were surprisingly weak. The semiquantitative index of devel-
opment was the most useful, while distance to the nearest city
and highway were poorer predictors. A better index of distur-
bance from different types of development is needed. Because
much of the Great Lakes shoreline is fringed with roads and
cities, distances to roads and cities may have been too similar
among sites to represent development effectively. Population
density, road density, or percentages of land in various uses
near a site quantified using a geographic information system
approach (e.g., Detenbeck et al. 1993; Weaver and Garman
1994) might have been more effective. This approach has been
used particularly effectively to compare differences in the fish
community-based Index of Biotic Integrity with varying wa-
tershed conditions in Ontario streams (Steedman 1988).

Species or community
component Best models r p

Yellow perch 44.03– 0.94(latitude)+ 0.18(substrate diversity) 0.80 <0.001
–0.63+ 1.47 log(turbidity)+ 0.14(macrophyte GFD) 0.78 <0.001

Spottail shiner 29.31 – 0.86(latitude)+ 8.53 log(water temperature) 0.70 0.001
–12.48+ 9.59 log(water temperature)+ 0.97 log(turbidity) 0.66 0.002

Alewife 29.62+ 2.39 log(turbidity) – 0.03(% macrophyte cover) – 12.81log(conductivity)+ 0.23(% sed. OC) 0.83 <0.001
18.67+ 1.77 log(turbidity) – 0.02(% macrophyte cover) – 7.89 log(conductivity) 0.76 0.001

Spotfin shiner 45.73– 1.32(latitude)+ 10.88 log(water temperature)+ 0.06(city distance) 0.93 <0.001
47.80– 1.39(latitude)+ 12.13 log(water temperature) 0.91 <0.001

Bluntnose minnow 37.48+ 0.49(macrophyte GFD) – 0.83(latitude) – 0.97(no. of macrophyte species) 0.85 <0.001
32.95+ 0.28(macrophyte GFD) – 0.72 log(latitude) 0.81 <0.001

Bluegill –0.10+ 0.02(% macrophyte cover)+ 0.11(% slope) 0.76 <0.001
0.19+ 0.02(% macrophyte cover) 0.71 <0.001

Northern pike 0.30+ 2.15(macrophyte diversity) – 0.12(% sed. OC) – 0.05(% slope) 0.81 <0.001
0.16+ 1.76(macrophyte diversity) – 0.11(% sed. OC) 0.76 <0.001

Golden shiner 0.11+ 3.43(macrophyte diversity) – 0.11(% sed. OC) 0.87 <0.001
0.01+ 2.59(macrophyte diversity) 0.83 <0.001

White sucker –32.85+ 2.24 log(wind speed)+ 0.73(latitude)+ 0.07 log (city distance) 0.75 0.001
0.15+ 1.96 log(wind speed)+ 0.15(% slope) 0.64 0.004

Sand shiner –42.09 – 2.01 log(no. of macrophyte species)+ 0.94(latitude)+ 0.42(macrophyte GFD) – 0.17(% slope) 0.85 <0.001
–40.07 – 0.49 log(no. of macrophyte species)+ 0.91(latitude) 0.64 0.004

No. of species 2.06+ 8.65 log(turbidity)+ 1.05(macrophyte GFD) 0.79 <0.001
5.71+ 7.66 log(turbidity)+ 4.06 log(no. of macrophyte species) 0.77 <0.001

Log total abundance –4.39+ 5.17 log(water temperature)+ 0.54 log(turbidity) – 0.17(development index) 0.82 <0.001
1.81+ 0.85 log(turbidity) – 0.14(development index)+ 0.06(macrophyte GFD) 0.78 <0.001

Note: The two best models with less than four variables and all coefficients significantly different from zero,p ≤ 0.10, are presented. Models were selected
through interactive stepwise regression procedure; those with the highestr, overall significance values, lowest residual variance, and normal residual plots were
deemed “best.” Simpler models were always selected over more complex models when all else was equal. Constants given in boldface are significantly different
from zero. GFD, growth form diversity; sed. OC, sediment organic carbon.

Table 5.Regression relationships between environmental variables and individual fish species or community structure variables measured at
each site.
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Biotic interactions
Despite the possible exception noted for rock bass and ale-
wives and limitations inherent to the kinds of analyses we used
(Bowers and Brown 1982; Tonn et al. 1990), strong species
interactions appeared to be rare, and their direct influence on

the structure and patterns in the fish assemblages was prob-
ably minimal. The apparent unimportance of biotic interactions
to these fish assemblages may be related to high variability in
physical conditions typical of nearshore habitats in the Great
Lakes. Hourly, daily, seasonal, and annual fluctuations in

Fig. 6.Bray–Curtis ordination (variance-regression endpoint selection) of species in environmental space using all sites; contours for abiotic
variables overlayed (point size based on species scores for each variable; contours are best fit lines that separate species into three or four
response levels for each variable based on species scores for that variable (details in Brazner 1994). The two-letter species codes are defined in
the Appendix. Note that all axis 2 versus axis 1 codes are detailed in the panel for latitude, and upper left panel is the only plot of axis 3 versus
axis 1.
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water level along with strong storm surges, upwellings, seiche
activity, wide daily temperature fluctuations, ice scour, and
other harsh environmental conditions are associated with these
habitats in Green Bay (Heaps et al. 1982; Miller and Saylor
1985; Lathrop et al. 1990). This variability may preclude com-
petition and predation from becoming strong organizing forces
(Wiens 1984; Menge and Sutherland 1987; Winemiller and
Rose 1992). Other studies of intertidal communities (Sousa
1979), coral reef fishes (Sale 1980), birds (Tramer 1969; Ro-
tenberry 1978), and phytoplankton (Tramer 1969) from unpre-
dictable environments support this hypothesis. The fact
that >90% of the fish captured during this study were immature
probably also reduced the likelihood of detecting predator–
prey interactions and reinforces the idea that coastal wetlands
have a primary role as nursery habitats for fish (Stephenson
1990; Brazner 1997).

Overall, it appears that a combination of regional and site-
specific factors were important in structuring fish assemblages
in Green Bay’s coastal wetland and beach habitats. Tonn et al.
(1990) refer to this as the “balance between local and regional
processes” in their study of patterns in fish assemblages from
small North American and Finnish lakes. Although assem-
blages in a particular location may be primarily the result of
local processes, factors that vary across larger spatial scales,
such as geomorphic conditions or climatic factors, may also
have a significant influence (Ricklefs 1987). Understanding
scale of analysis in the interpretation of patterns may be espe-
cially important for littoral zone organisms. It has been sug-
gested that the high complexity of littoral environments,
compared with more homogeneous pelagic habitats, requires
the ecology of littoral organisms be studied across a hierarchy
of influences that encompass both regional and site-specific
scales (Duarte and Kalff 1990). After completing this sort of
analysis in Green Bay, it appears that regionally varying fac-
tors (e.g., turbidity) had the most influence on littoral fish as-
semblages, and undeveloped wetlands provide the most
valuable and intensely utilized fish habitat, particularly as
nursery areas. These results and studies of fishes associated
with vegetated and beach habitats in smaller inland lakes
(Guillory et al. 1979; Bryan 1992) and altered and unaltered
littoral habitats from the Great Lakes (Poe et al. 1986; Johnson
1989) support the idea that a broad geographic perspective is
important and that wetland habitats should be given special
consideration in ecosystem management plans for the Great
Lakes.
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Site, code, and development* YP ST AW SF BM GZ WS ES CS BG WB SS GR GS

Wetlands
Lower Bay

Long Tail Point Wetland, LTP1, U 3525 789 265 194 285 384 14 113 105 18 52 0 3 1
Little Tail Point Wetland, LT1, U 942 207 142 227 116 264 10 31 34 3 226 0 5 0
Atkinson Marsh, AM1, D 333 224 92 45 15 160 1 251 6 0 106 0 2 0
Sensiba Wildlife Refuge, SWR1, D 1108 241 124 220 259 137 103 224 81 6 9 0 2 3

Middle Bay
Pecor Point Marsh, PP1, U 170 316 151 436 23 13 297 24 174 4 9 0 5 1
Seagull Bar Wetland, SB1, U 267 513 193 82 607 1 53 4 7 42 0 0 24 0
Oconto Marsh, OM1, D 919 985 80 53 544 4 2 2 277 0 0 0 6 0
Peshtigo Marsh, PR2, D 99 176 93 104 520 0 63 0 3 36 0 20 41 0

Upper Bay
Whitefish River Mouth Wetland, WR1, U 99 0 0 0 411 0 388 0 5 327 0 0 0 182
Portage Marsh, PM1, U 20 0 37 0 5 1 8 0 0 205 0 0 0 71
Escanaba River Mouth Wetland, ER2, D 198 236 14 0 18 0 13 2 0 4 0 6 0 12
Gladstone Wetland, GW1, D 517 33 0 0 5 0 0 0 0 1 0 57 0 0

Beaches
Lower Bay

Long Tail Point Outer Beach, LTP3, U 312 386 86 1708 76 208 5 136 19 1 15 0 5 1
Point Sable Beach, PS1, U 695 399 74 7 27 34 13 259 8 0 56 0 193 0
Bay Beach, BB1, D 587 294 49 119 47 195 1 139 1 0 118 0 113 0
Long Tail Point Inner Beach, LTP2, D 709 191 75 250 87 514 12 151 54 0 74 0 23 6

Middle Bay
Seagull Bar Outer Beach, SB3, U 5 106 65 4 3 0 2 2 0 2 0 0 0 0
Peshtigo River Outer Beach, PR4, U 57 242 685 330 83 0 109 1 5 0 0 75 4 0
Peshtigo River Inner Beach, PR3, D 342 2933 1136 465 39 19 30 17 7 0 1 6 0 0
Seagull Bar Inner Beach, SB2, D 29 1 49 0 0 0 4 0 0 0 0 0 4 0

Upper Bay
Whitefish River Mouth Beach, WR2, U 141 79 1 0 534 0 83 0 1 4 0 58 0 2
Portage Point Beach, PM2, U 8 232 868 0 6 0 83 71 19 0 0 385 0 0
Escanaba River Mouth Beach, ER1, D 11 5 14 0 2 0 115 1 0 36 0 2 0 0
Escanaba River Delta Beach, FR3, D 13 2 28 1 8 0 43 0 0 1 0 18 0 0

Totals 11 106 8590 4321 4245 3720 1934 1452 1428 806 690 666 627 450 279

Note: The two-letter species codes are as follows: YP, yellow perch; ST, spottail shiner; AW, alewife; SF, spotfi shiner; BM, bluntnose minnow; GZ, gizzard
shad; WS, white sucker; ES, emerald shiner; CS, common shiner; BG, bluegill; WB, white bass; SS, sand shiner; GR, green sunfish; GS, golden shiner; RB,rock
bass; PS, pumpkin seed; JD, Johnny darter; BL, black bullhead; BR, brown bullhead; SB, smallmouth bass; CP; common carp; BK, banded killifish; FM, fathead
minnow; LB, largemouth bass; BC, black crappie; TP, troutperch; FD, freshwater drum; LP, logperch; RS, rainbow smelt; NP, northern pike; CC, channel
catfish; OB, quillback; YB, yellow bullhead; WY, walleye; BF, bowfin; TS, threespine stickeback.

*D, sites modified by human development; U, relatively undeveloped site.

Appendix. Number of individuals of each species captured by site (reduced data matrix only, which includes the 36 most abundant species of
54 captured.
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RB PS JD BL BR SB CP BK FM LB BC TP FD LP RS NP CC QB YB WY BF TS

0 3 5 6 1 0 19 1 0 1 1 0 4 0 0 0 0 2 2 1 0 1
0 1 0 3 1 0 10 2 4 0 2 0 4 0 1 2 0 0 0 0 0 0
0 0 0 0 0 0 3 0 1 0 1 0 7 0 0 1 3 6 0 0 0 0
0 1 1 2 0 2 1 1 26 1 1 0 1 1 0 0 0 4 0 0 0 0

0 0 5 1 4 0 2 15 0 0 0 0 0 0 0 5 0 0 0 0 0 0
8 0 3 3 0 7 0 15 1 5 0 0 0 0 0 1 1 0 1 0 1 0
0 0 4 0 0 1 1 7 3 1 0 21 0 1 0 1 0 0 1 0 0 4
0 8 7 93 79 0 7 10 1 0 0 0 0 0 0 0 0 3 7 0 1 0

88 88 52 1 3 3 2 0 1 40 12 0 0 10 0 4 0 0 0 3 2 0
1 72 1 5 5 0 4 3 3 0 6 0 0 0 0 13 0 0 0 0 2 1

35 1 6 0 0 1 0 1 0 0 6 0 0 0 0 0 0 0 0 0 0 0
18 0 2 0 3 47 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0

0 1 1 0 0 1 3 0 2 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 3 2 1 12 0 1 0 4 0 4 0 1 0 5 2 0 1 0 0
1 0 1 6 0 0 11 0 5 0 1 1 1 0 0 0 15 5 0 1 0 0
0 0 2 4 1 0 5 0 5 0 4 0 9 0 0 0 0 1 2 0 0 0

9 0 1 0 0 1 1 0 2 0 0 8 0 0 4 0 0 0 0 0 0 1
0 0 4 1 0 1 0 18 1 0 0 1 0 0 1 0 0 0 0 0 0 1
1 1 2 0 0 0 1 1 14 0 0 1 0 0 18 0 0 0 1 0 0 0
8 0 1 0 0 2 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0

43 15 80 2 8 6 0 0 0 10 2 0 0 15 0 1 0 0 0 3 1 0
0 0 3 0 0 2 0 0 0 0 0 3 0 2 1 0 0 0 0 0 1 0
7 0 0 0 0 11 0 0 0 0 2 0 0 0 3 0 0 0 0 0 0 0
5 0 0 0 0 6 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0

224 191 181 130 107 92 82 74 70 58 43 37 31 31 30 28 24 23 15 9 8 8

Appendix (concluded).
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