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Development of ecological indicators for the U.S. Great
Lakes coastal region — A summary of applications in Lake
Huron
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Our overall goal was to develop indicators that both estimate ecological condition and suggest plausible
causes of ecosystem degradation across the U.S. Great Lakes coastal region. Here we summarize data
gathered along the U.S. Lake Huron coastline for breeding bird, diatom, fish, invertebrate, and wetland
plant communities. We sampled these biotic communities on 88 sites in Lake Huron coastal wetlands,
uplands, estuaries/bays, and high-energy shorelines. The sites were selected as part of a larger, stratified
random design for the entire U.S. Great Lakes coastal region using gradients of anthropogenic stress
that incorporated over 200 stressor variables (e.g. agriculture, land cover, human populations, and point
source pollution). The U.S. Lake Huron coastal region exemplified wide variation in human-related stress
relative to the entire U.S. Great Lakes coast. In general, levels of stress decreased from south to north
partly reflecting the change in climate and physiography, but also due to the greater human influences
in the southern region as compared with the north. The primary stressors in the southern region are
due to agriculture and human development, while the northern region has substantially less agriculture
and less human population. The biotic communities sampled were strongly related to the environmental
stress gradients, especially agriculture and urbanization. The following indicators were developed based
on responses to stress: 1) an index of biological condition for breeding bird communities corresponding
to land use, 2) a diatom-inferred total phosphorus indicator corresponding to water quality, 3) exotic fish
(carp [Cyprinus carpio/ and goldfish [Carassius auratus/) corresponding to agriculture, and 4) a multi-taxa
index for wetland plants corresponding to a cumulative stress index. These communities can all serve as
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useful indicators of the ecological condition of the
Lake Huron coast. The ecological indicators provide
a baseline on selected conditions for the U.S. Lake
Huron coastal region and a means to detect change
over time.

Keywords: Birds, diatoms, fish, macroinverte-
brates, plants, wetlands

Introduction

Recently there has been substantial interest in
the development of environmental indicators to as-
sess condition and to potentially diagnose causes
for current or future changes in conditions (Niemi
and McDonald, 2004). In 2001 we initiated an ex-
tensive study of selected biotic communities in the
U.S. Great Lakes coastal region to develop indi-
cators of ecological conditions and potentially to
diagnose causes for these conditions (Niemi et al.
2006). Our study, the Great Lakes Environmental
Indicators (GLEI) project, was part of a large scale
effort by the U.S. Environmental Protection Agency
(U.S. EPA) to develop indicators for the entire U.S.
coastal region (marine and Great Lakes) (Niemi et
al. 2004; Brady, 2007). Results from GLEI were
intended to supplement and complement on-going
efforts in indicator development within the Great
Lakes region (e.g. Bertram and Stadler-Salt, 1998;
Lawson, 2004; Environment Canada and U.S. EPA,
2005; Seilheimer and Chow-Fraser, 2006).

Here our primary goal is to report on selected re-
sults from the GLEI project for data gathered on the
U.S. portion of the Lake Huron coastal region. In a
previous analysis, we found that lake identification
was an important classification factor to consider in
indicator development (Brazner et al., 2007a). In-
cluded in the data gathered here are biotic communi-
ties for birds, diatoms, fish and macroinvertebrates,
and wetland vegetation. A substantial amount of in-
formation for the entire U.S. basin has already been
published and is summarized in Niemi et al. (2006,
2007, also http://glei.nrri.umn.edu). However, this
paper represents the only paper specifically dedi-
cated to an analysis of Lake Huron from the GLEI
efforts.

Methods

Study sites were selected across gradients of an-
thropogenic stress using a stratified random design

as part of the larger sampling design for the entire
U.S. Great Lakes coastal region (Danz et al., 2005);
over 88 sites in coastal wetlands, uplands, estuar-
ies/bays, and high-energy shoreline were selected in
the Lake Huron basin (Figure 1). For site selection,
land-based stress was quantified in a geographic in-
formation system (GIS) for 762 coastal segment-
sheds that encompassed the entire U.S. basin; each
segment-shed consisted of the land area that drained
into a segment of coastline extending in either di-
rection from 2nd-order or larger streams to one-half
the distance to the adjacent stream. Since the origi-
nal selection of the sites by Danz et al. (2005), and
also described in detail by Johnston et al. (2007),
more detailed watersheds were delineated specific to
each sampled site (Hollenhorst etal. 2007). Sampled
sites were represented within the GIS by polygons
encompassing the sampling points for all GLEI in-
dicator groups at a selected locale. Watersheds were
delineated specifically for wetlands and embay-
ments from 30 m digital elevation models (DEMs)
using ArcInfo’s WATERSHED command (ESRI,
2000). Watersheds for high-energy sites were de-
lineated using ArcHydro (Maidment, 2002) and ag-
glomerated until an area size-threshold was reached
(Hollenhorst et al., 2007).

For each type of watershed summary, over 200
environmental variables in seven categories of en-
vironmental variation (Danz et al., 2005) were
summarized. Principal components analysis (PCA)
within each category of environmental variation was
used to reduce dimensionality and derive overall
gradients (Danz et al., 2007). Similar gradients were
created for atmospheric deposition, human popula-
tion and development, land cover, point source pol-
lution, and soils. Variations of these gradients used
in analyses for particular biotic assemblages are de-
scribed in their respective sections below.

Birds

Birds were sampled at 321 points (69 in Lake
Huron) in 215 watershed polygons (45 in Lake
Huron) using a standard protocol described by Ribic
et al. (1999). A reference gradient of anthropogenic
stress (Howe et al., 2007) was derived by PCA anal-
ysis of 39 variables describing land use (e.g. pro-
portion of cultivated land within 100 m, 500 m, 1
km, and 5 km of wetland center), wetland attributes
(e.g. proportion wetland area within 100 m, 500 m,
1 km, and 5 km), and eight principal component
scores from the Danz et al. (2005) analysis (e.g.
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Figure 1. Location of study sites for breeding birds, diatoms, fish and invertebrates, and wetland vegetation in Lake Huron (triangles
= birds, stars = diatoms, circles = fish and invertebrates, and plus sign = wetland vegetation).

agricultural stress gradient PC1, atmospheric depo-
sition stress gradient PC1). Scores from the first
five principal components of this analysis, account-
ing for 68% of the overall variation, were scaled
from lowest to highest level of anthropogenic im-
pact and combined into a single value by weight-
ing each principal component score by the percent
variation associated with each principal component.
Results were scaled to form a reference gradient
ranging from 0 (poorest condition or highest an-
thropogenic stress) to 10 (best condition or lowest
anthropogenic stress). Bird sample points were as-
signed to categories based on the wetland reference
condition (0 to 10). Among categories of reference
condition, the proportions of points at which a given
bird species was observed (Figure 2) defined a four
parameter logistic function reflecting the response
of the species to anthropogenic stress. Once the lo-
gistic functions were established, a bird community
indicator, or IBC, was calculated for specific wet-
lands using the probability method of Howe et al.
(2007). We limited our analysis to 23 species of
birds (Table 1) that showed the strongest responses,
either positive or negative, to the anthropogenic
stress gradient. Sites with highly sensitive species
such as swamp sparrow (Melospiza georgiana) and
sandhill crane (Grus canadensis) yielded high val-
ues of biotic condition, whereas sites with tolerant

species like common grackle yielded low values of
condition.

Diatoms

Coastal sample locations were selected as de-
scribed in detail by Danz et al. (2005) (Figure 1)
and diatom assemblages were collected from surface
sediments and other substrates; sampling and pro-
cessing protocols are described in detail by Reavie
et al. (2006). A set of water quality measurements
was concurrently collected at each sample location
to be related to diatom assemblages (see Reavie et
al., 2006).

Using weighted averaging regression and cali-
bration, we developed and tested several diatom-
based transfer functions derived from the diatom
assemblages and corresponding water quality data
(Reavie etal. 2006). In brief, the Great Lakes coastal
diatoms were calibrated for selected water quality
variables. Using phosphorus as an example, species
coefficients (optima and tolerances) for phospho-
rus were calculated by relating diatom assem-
blages to corresponding phosphorus measurements.
These coefficients comprised the phosphorus trans-
fer function (indicator model), which were then used
to provide diatom-inferred estimates of phospho-
rus from a given assemblage. This was performed
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Figure 2. Species-specific responses to environmental condition for sedge wren (SEWR), a sensitive species, and European starling
(EUST), a tolerant species. Probability (y-axis) is the probability of observing the species in a coastal wetland during a 10-minute
breeding season point count. Condition is based on a multivariate analysis of land cover and other environmental variables, where 0
= highly impacted by human activities (maximally stressed) and 10 = least impacted by human activities (minimally stressed). Solid
line represents the best-fit logistic function described by Howe et al. (2007).

by taking the variable optimum of each taxon in
the assemblage, weighting it by its percent abun-
dance in that sample, and calculating the average
of the combined weighted optima (Battarbee et al.
2001).

Reavie et al. (2006) developed diatom trans-
fer functions to infer nutrient concentrations, water
clarity, and loading from road salt pollution. To-

tal phosphorus (TP) was found to be strongly re-
lated to patterns in the diatom communities, and
was selected for transfer function development be-
cause of its ecological and management importance.
Diatom-inferred total phosphorus (DITP) was re-
gressed against anthropogenic (e.g. agricultural and
urban development) and natural (e.g. soil charac-
teristics) watershed properties (i.e. respective PC1



Niemi et al./ Aquatic Ecosystem Health and Management 12 (2009) 77-89

81

Table 1. Bird species used to calculate indices of biotic condition for Great Lakes coastal wetlands. List includes 23 species
exhibiting the strongest associations with a reference gradient based on intensity of human activities. P(10) — P(0) describes the
difference in probability of finding the species at minimally stressed sites vs. the probability of finding the species at highly stressed
sites. Species with positive values of P(10) — P(0) are sensitive to stress (i.e. they are more likely to be found at minimally stressed
sites), whereas species with negative values are tolerant of anthropogenic stress (i.e. they are more likely to be found at highly
stressed sites). Scientific names are from AOU (1998) and recent supplements.

Common name Scientific name P(10)-P(0)
Swamp sparrow Melospiza georgiana 0.62
Common grackle Quiscalus quiscula —0.61
Common yellowthroat Geothlypis trichas 0.55
Sandhill crane Grus canadensis 0.55
American robin Turdus migratorius —0.54
European starling Sturnus vulgaris —0.52
Northern cardinal Cardinalis cardinalis —0.48
Sedge wren Cistothorus platensis 0.46
Mallard Anas platyrhynchos —0.42
American goldfinch Carduelis tristis —0.40
Mourning dove Zenaida macroura —0.38
Alder flycatcher Empidonax alnorum 0.35
Marsh wren Cistothorus palustris —0.35
Gray catbird Dumetella carolinensis —-0.28
Bobolink Dolichonyx oryzivorous 0.26
Baltimore oriole Icterus galbula —0.25
American redstart Setophaga ruticilla 0.25
Bald eagle Haliaeetus leucocephalus 0.24
Northern harrier Circus cyaneus 0.22
Brown-headed cowbird Molothrus ater —0.21
Brown thrasher Toxostoma rufum 0.20
White-throated sparrow Zonotrichia albicollis 0.20
Killdeer Charadprius vociferus —0.20

scores) using multiple linear regression to identify
the ability of diatom assemblages to reflect water-
shed stressors.

Fish and invertebrates

Fish and macroinvertebrates were collected from
17 Lake Huron coastal wetlands in 2002 and 2003.
Fish were collected using fyke nets set overnight
(see details in Brady et al., 2007). Benthic macroin-
vertebrates were collected using D-frame dip nets.
Habitat data collected throughout each wetland in-
cluded aspects of physical structure, vegetation,
and human disturbance. Measured water quality
variables included water clarity, pH, conductivity,
temperature, and dissolved oxygen. Water quality
parameters were measured at each sample loca-
tion with a multi-probe YSI 556. Probe calibra-
tion for dissolved oxygen and pH occurred daily

based on standard procedures (see below) and ver-
ified by technicians on individual field sheets. Re-
maining parameters were calibrated approximately
every nine days. Lake Huron fish and macroinver-
tebrate species and metrics were regressed against
five stress PCs (agriculture, atmospheric deposition,
point sources, urbanization, and land cover) as well
as a cumulative stress gradient (sum of the five PCs,
see Danz et al., 2007).

Wetland plants

A total of 14 Lake Huron wetlands were sam-
pled for wetland vegetation. Sampling was done in
I m x 1 m plots distributed along randomly placed
transects (Bourdaghs et al., 2006; Johnston et al.,
2007). Within each plot all vascular plant species
were identified to the lowest taxonomic division
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possible, and percent cover was estimated visu-
ally for each taxon according to modified Braun-
Blanquet cover class ranges: <1%, 1 to <5%, 5 to
<25%, 25 to <50%, 50 to <75%, 75 to 100%. Veg-
etation cover data were used to compute an FQI for
each of the 14 sites (Bourdaghs et al., 2006). Cover
data for individual plant species were analyzed using
hierarchical partitioning to identify taxa sensitive
to anthropogenic stress, using methods described in
Brazner et al. (2007a). These candidate taxa for Lake
Huron wetlands were used in a stepwise multiple re-
gression against the stress index developed for site
selection by Danz et al. (2007) to create a multi-taxa
vegetation indicator (Johnston et al., 2008).

Results

Altogether 88 Lake Huron coastal sites were
sampled by GLEI investigators studying birds, di-
atoms, fish and macroinvertebrates, and wetland
plants (Figure 1). These include 67 wetlands, 3
embayments, and 18 high energy/open water sites.
The U.S. Great Lakes coastal region of Lake Huron
shows relatively poor condition in the southern re-
gions compared with relatively low overall stress in
the northern regions (Figure 3). This is primarily due
to heavy agricultural land use, higher human popu-
lation densities (e.g. near Detroit and Saginaw), and
point sources in the south, while the north is primar-
ily forested with relatively sparse human population
densities. In Lake Huron, gradients of stress are long
compared to gradients in the other lakes and across
the basin as a whole (from Danz et al. 2007). For ex-
ample, segment-sheds in Lake Huron covered 91%
of the gradient in land cover from heavily forested
areas to non-forested agricultural areas, while the
gradient in point sources was relatively narrow in
Lake Huron due to a lack of segment-sheds with
high densities of point source dischargers (Table 2).

Birds

Bird species indicating high quality biotic con-
dition (Table 1) are characteristic of a vari-
ety of natural wetland habitats, including shal-
low marshes (sandhill crane), wooded wetlands
(alder flycatcher), and mixed upland-wetland mo-
saics (bobolink). The index of biotic condition
(IBC) based on birds, therefore, can be ap-
plied to sites with different vegetation attributes.
Species adapted to agricultural or urbanized land-
scapes (common grackle, American robin, Eu-

ropean starling) indicate generally lower quality
conditions.

In coastal wetlands of Lake Huron, the IBC based
on birds (Figure 4) ranged from 0.0 to 9.8, nearly
the entire range of possible values (0—10). Reference
condition covered a similarly broad but somewhat
narrower range (1.5-8.7). Bird-based IBCs in Lake
Huron wetlands were similar to values across the
Great Lakes (Table 3) and similar to IBC values
for Lake Michigan coastal wetlands. Lake Superior
wetlands yielded the highest IBC values, whereas
lowest values were found in Lake Erie and Lake
Ontario, respectively. Overall, bird communities of
Lake Huron coastal wetlands appear to be represen-
tative of the Great Lakes as a whole, covering nearly
the full range of conditions.

Highest indices of biotic condition (based on
birds) were recorded in the northernmost part of
Lake Huron between St. Ignace and Drummond
Island, near Presque Isle (north of Alpena), and
in Wigwam Bay on the western coast of Saginaw
Bay. Lowest IBCs were recorded mainly in south-
ern Lake Huron (e.g. near Port Hope north of Har-
bor Beach), at several localities in Saginaw Bay, and
near Cheboygan in northern Lake Huron. Interest-
ingly, IBCs based on birds tended to be higher than
reference condition along the western coast of Sag-
inaw Bay but lower than reference condition along
the eastern coast of Saginaw Bay, although there
were several exceptions (e.g. near Fish Point). On
average, IBCs in Lake Huron were similar to ref-
erence condition (Table 3), unlike Lakes Ontario
and Erie where bird-based IBCs tended to be lower
than reference condition and Lake Superior, where
IBCs tended to be higher than reference condition
(Table 3).

Diatoms

Reavie et al. (2006) confirmed that the diatom-
based transfer function was able to provide robust
reconstructions of phosphorus concentrations
along Great Lakes coastlines. Also, DITP was
strongly correlated with the watershed properties
that determine nutrient conditions in these coastal
areas (Figure 5). Most remarkably, DITP provided a
set of phosphorus inferences that were more highly
correlated to watershed characteristics than were the
corresponding snapshot TP measurements, owing
to the ability of algae indicators to integrate environ-
mental information. Lake Huron was particularly
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Figure 3. A cumulative stress index consisting of 5 component stress gradients (agriculture, human population, land cover, atmo-
spheric deposition, and point source pollution, see Danz et al., 2007) for Lake Huron watersheds. The index was created by scaling

each gradient from 0-1 (low to high stress) and summing.

well suited to these diatom-based approaches de-
veloped using the whole Great Lakes basin because
Lake Huron spans much of the anthropogenic stres-
sor gradient, including agricultural development,
and to a lesser degree, urban development (Figure
5). When shown in the context of DITP, soil char-
acteristics have a relatively narrow gradient in Lake

Huron’s watershed, and thus Huron provides a case
where anthropogenic influences are less confounded
by this natural gradient (Kireta et al., 2007). Con-
trast this with Lake Erie, where inter-correlations
are much stronger among natural (e.g. arable land)
and anthropogenic (e.g. agriculture) factors, so
teasing apart natural and anthropogenic controls on

Table 2. Relative length of environmental gradients on a scale of 0-1. Values indicate the within-lake difference between
the segment-shed, with the minimum and maximum values as a proportion of the total basin-wide range in the gradient
(gradients are first principal components from PCAs using 762 segment-sheds, see METHODS).

Category
Lake Agriculture  Atm. dep. Land cover Humanpop. Pointsource Soils CSI*
Erie 0.42 0.16 0.36 0.45 0.88 0.60 0.39
Huron 0.76 0.41 091 0.58 0.69 0.62 0.75
Michigan 0.84 0.50 0.80 0.87 1 1 0.92
Ontario 0.23 0.50 0.64 0.43 0.70 0.65 0.33
Superior 0.33 0.28 0.77 0.70 0.80 090 0.64

*Cumulative stress index comprised of the five individual stress gradients (i.e. excludes soils)
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Table 3. Mean values of environmental condition for coastal wetland sites in the U.S. portion of Great Lakes. Reference condition
is based on a multivariate analysis of land use and human-related environmental stressors. The index of biotic condition is based on
occurrences of 23 bird species with documented responses to anthropogenic stress (Table 1). Condition scores range from 0 (poorest
condition) to 10 (best condition). Standard deviations are indicated in parentheses.

Lake Mean reference condition Mean index of biotic condition (birds) Sample points
Erie 3.48(2.13) 1.83 (1.80) 40
Huron 4.99 (2.01) 4.88 (2.60) 69
Michigan 5.38 (2.07) 4.98 (2.65) 110
Ontario 3.49 (1.73) 2.51(2.49) 80
Superior 6.87 (1.76) 8.09 (0.93) 72
All lakes 5.03 (2.25) 4.75 (3.01) 371
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Figure 4. Relationship between index of biotic condition (IBC) in coastal wetlands, based on presence absence of 23 indicator
bird species (Bird Condition), and Reference Condition, based on land use and other variables associated with anthropogenic stress.
Values for Lake Huron (solid diamonds) are shown with values (open triangles) for wetlands of Lakes Superior, Michigan, Erie, and
Ontario.
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indicator assemblages can be more difficult. Be-
cause the diatoms clearly respond to anthropogenic
stressor influences from the watershed, monitoring
and management programs on Lake Huron will
benefit from diatom assessments in the future.

Fish and invertebrates

Across the Great Lakes basin, bluegill (Lepomis
macrochirus) and carp (Cyprinus carpio)+goldfish
(Carassius auratus) were found to be consistent in-
dicators of disturbance, while rock bass (4mblo-
plites rupestris) were found to be associated with
less disturbance (Brazner et al. 2007a, 2007b). Two
community metrics, the proportion of turbidity-
intolerant fish species and the proportion of nest-
guarding species, also were found to be associated
with relatively low amounts of disturbance (Brazner
et al., 2007a).

In Lake Huron, these patterns were generally
consistent with those found for the Great Lakes
basin as a whole. Carp+goldfish and turbidity-
intolerant species responded to agricultural land use
in Lake Huron in a manner consistent with the rest
of the Great Lakes (Figure 6) because the full range
of agricultural stress is represented within the Lake
Huron basin, while the urban gradient is restricted to
a much smaller range (Table 2). As a result, indica-
tors that respond to basin-wide agricultural stress are
also apparently effective for use in the Lake Huron
basin, whereas the only fish indicator of urban stress
in the Lake Huron basin was carp+goldfish. Lake
Huron sites differed from those of the entire basin
in the lack of response of fish indicators to a point-
source stressor gradient.

In contrast to fish, for which individual metrics
or species were found to respond to stress over large
geographic ranges, invertebrate indicators were re-
stricted to a particular ecoregion and geomorphic
type (L. Johnson et al. Natural Resources Research
Institute, University of Minnesota Duluth, USA, un-
published data). For Lake Huron, no single inverte-
brate indicator was found to respond to the cumu-
lative stress index. In contrast, clingers, burrowers,
predators, and filter-gatherer taxa all responded to
agricultural land use. Burrowers and mayflies in the
genus Ephemeroptera: Caenis were positively influ-
enced by urban land use (Figure 7); predators, filter-
gatherers, and clingers were negatively impacted by
both urban and agricultural land use. The negative
impacts of these stressors are primarily due to the
effects of high turbidity and excessive sediments,

which inhibit macrophyte growth and reduce habi-
tat or food quality for clinging and filtering species,
and increase habitat for burrowing species.

In summary, many of the fish species-specific in-
dicators of stress that were observed for the Great
Lakes as a whole also were applicable to Lake Huron
due to the broad range of cumulative stress. In con-
trast, the number of invertebrate indicators of stress
and their specificity to individual stressor types in-
creased when the geographic range was restricted
to the Lake Huron basin from the Great Lakes as a
whole.

Wetland vegetation

The development of indicators for Lake Huron
was complicated by distinct differences in the veg-
etation of Saginaw Bay coastal wetlands in com-
parison with wetlands elsewhere on Lake Huron. In
addition to being floristically different, these two
groups are in different ecoprovinces and have dif-
ferent types and levels of anthropogenic stress: Sag-
inaw Bay wetlands are subject to more stress, par-
ticularly from agricultural sources.

The FQI, an existing index that performed well
within the Laurentian ecoprovince (Bourdaghs et al.
2006), was not a good indicator of anthropogenic
stress for coastal wetlands within Lake Huron.
When FQI values were plotted against the GLEI
segment-shed stress index (Danz et al., 2007), they
were highly clumped into the two geographic groups
(Figure 8a).

The multi-taxa index developed for wetland veg-
etation in Lake Huron (Johnston et al., 2008) was
strongly related (R> = 0.73) to the segment-shed
stress index (Figure 8b). This multi-taxa index used
mean percent cover of two plant species which are
individually significantly related to the overall stress
index: Schoenoplectus tabernaemontani (formerly
Scirpus validus) and Populus deltoides seedlings.
The multi-taxa index developed from these two
species did a much better job of indicating envi-
ronmental condition than did FQI, and requires far
less information.

Discussion

As far as we are aware, this is the first time that
comparative data on the relative amount of environ-
mental variation for the U.S. Great Lakes coastal
region has been quantified. The U.S. Lake Huron
coastal region has a wide variation in the degree of
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human-related stress; generally, levels of stress de-
crease from south to north. The primary stressors in
the southern region are due to agricultural impacts
(e.g. nutrients and pesticides) and human develop-
ment, while the northern region has substantially
less agriculture and more sparsely populated hu-

man settlements. Much of the northern region is still
dominated by forests. The biological communities
sampled and their ecological conditions are reflected
by many indicators. For instance, the breeding bird
communities in the southern regions are dominated
by those species that are highly associated with
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agricultural and urban landscapes such as the Amer-
ican robin (Turdus migratorius), European starling
(Sturnus vulgaris, a European exotic), mourning
dove (Sturnus vulgaris), and brown-headed cowbird
(Molothrus ater) (Howe et al., 2007). In contrast, the
northern region has species more typical of forested
situations (e.g. American redstart [Setophaga ruti-
cilla] and white-throated sparrow [Zonotrichia al-
bicollis]). These changes from south to north were
also strongly reflected in the fish community. Ex-
otic species such as carp and goldfish were more
common in the southern regions with higher propor-
tions of agricultural land. Diatom communities and
wetland vegetation also reflected the gradient from
south to north. In particular, wetland vegetation near
Saginaw Bay was strongly influenced by agricultural
development.

The strong contrast between the southern and
northern regions of the U.S. Lake Huron coastal
region is partly a reflection of the climate and phys-
iographic differences that exist in the Great Lakes
region. The region is divided into the southern East-
ern Broadleaf Forest ecoprovince and the north-
ern Laurentian Mixed Forest ecoprovince (Keys
et al., 1995). Hence, there were natural, pre-human-
influence differences between the two regions. The
U.S. Lake Huron coastal region covers a substan-
tial amount of the variation that exists across the
Great Lakes coastal region. This is illustrated by the
environmental gradients we have observed for the
U.S. coastal region of all the Great Lakes (Table 2),
the breeding bird communities of Lake Huron in
comparison with all of the Great Lakes (Figure 4),
and the diatom communities (Figure 5). The vari-
ation in each of these examples was reflected in
relatively wide variation in the environmental gra-
dients and the biotic communities sampled in the
U.S. Lake Huron coastal region. For instance, the
relative length of the environmental gradients for
Lake Huron were highest for land cover variation
and very similar to the large variation found in Lake
Michigan for agriculture and the overall stress index
(Table 2).

The analyses presented here for selected bi-
otic communities illustrate that each of the sam-
pled taxa can provide important information
on the ecological condition of the U.S. Lake
Huron coastal region. Hence, each could serve
as an “ecological indicator” of the condition
of the coastal region, and each can generally
reflect the potential causes for these conditions.
Clearly, more information is necessary to further

test these indicators and more refinement would
be necessary to link specific causes with the bi-
otic responses observed. For instance, “agriculture”
includes a wide array of potential, but specific stres-
sors to biotic communities. These include influences
from specific fertilizer applications such as nitrogen
and phosphorus, specific pesticide applications, the
habitat changes due to sediment input, or the con-
version of habitat such as wetlands to agricultural
land. Similarly, “human development” has an ar-
ray of specific causes that can influence biological
communities, such as land conversion or alteration,
runoff of pollutants from impervious surfaces, or
herbicide/pesticide applications to lawns.

Conclusions

The information shown here exemplifies the
broad effects that many human activities have had
and will likely have on the ecological condition of
the Lake Huron coastal region in the future. The
ecological indicators provided, along with the wide
breadth of sampling, establish a baseline of condi-
tions for the U.S. Lake Huron coastal region. A rou-
tine sampling framework for these indicators over
time can provide a means to detect improvement or
further deterioration as well as direct management
resources to bring about future improvements.
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