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Ecosystem changes across the Great Lakes have increased the importance of understanding the role of nearshore
zones (b30 m depth) in lake-wide dynamics. We evaluated spatiotemporal dynamics of nearshore fish commu-
nities in theMichiganwaters of theGreat Lakes, focusing on Lakes Huron andMichigan, usingmultiple long-term
gill net surveys.We assessed temporal dynamics of nearshore fish community composition,metrics of species di-
versity, and catch-per-unit-effort (CPUE) of key fish species across fifteen nearshore areas in exposed coastlines
and coastal embayments. Permutation multivariate analyses of variance demonstrated significant differences in
the composition of fish communities between sites. Canonical correspondence analyses indicated thiswas driven
by differences between exposed coastlines and coastal embayments, which differed in productivity, depth, tem-
perature, and the relative composition offish from thermal and eutrophication tolerance guilds. Dissimilarities of
fish communities among locations were primarily driven by differences in the relative abundance of a few nu-
merous, ubiquitous species that represent only a small subset of total species richness. Analyses of diversity pro-
files via Hill numbers indicated that species composition was unevenly distributed within nearshore fish
communities andwas dominated by approximately five species within a location.Warm- and cool-water species
richness generally increased over time. While CPUE of most species decreased, some top predators increased at
some locations. These results highlight that local environmental conditions, such as temperature and productiv-
ity, drive nearshore fish community heterogeneity, requiring that researchers and managers use caution when
extrapolating local trends to the wider range of environmental conditions found at broader scales.

© 2016 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
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Introduction

Coastal and nearshore ecosystems are complex, heterogeneous
freshwater and marine environments that provide valuable ecosystem
services for humans (Barbier et al., 2011) and critical habitats for
many organisms. Coastal and nearshore ecosystems are also some of
the most heavily used and threatened ecosystems globally (Lotze et
al., 2006; Worm et al., 2006). Common drivers of ecosystem change
for coastal and nearshore ecosystems include climate change, eutrophi-
cation, altered hydrological regimes, invasive species, overharvest, and
tural Resources, 101 S.Webster
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coastal development, such as dredging, shoreline hardening, and
beach grooming (Barbier et al., 2011). These anthropogenic drivers
can reduce the social, economic, and ecologic value of coastal and near-
shore ecosystems by altering ecosystem processes, which reduces their
capacity to provide rawmaterials, erosion control, maintenance of fish-
eries, tourism, recreation, and other ecosystem services. Anthropogenic
drivers can also reduce the ecological integrity of coastal and nearshore
ecosystems; however, characterizing broad scale heterogeneity of eco-
system andfish community changes remains challenging despite recent
progress (Ludsin et al., 2001; Uzarski et al., 2005; Trebitz et al., 2009;
Bhagat and Ruetz, 2011; Larson et al., 2013; Ivan et al., 2014; Janetski
and Ruetz, 2015).

Nearshore ecosystems in the Great Lakes Basin are typically defined
by the 30 m depth contour (Edsall and Charlton, 1997) and comprise
.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jglr.2016.12.003&domain=pdf
http://dx.doi.org/10.1016/j.jglr.2016.12.003
mailto:william.fetzer@wisconsin.gov
http://dx.doi.org/10.1016/j.jglr.2016.12.003
http://www.sciencedirect.com/science/journal/03801330
www.elsevier.com/locate/jglr


320 W.W. Fetzer et al. / Journal of Great Lakes Research 43 (2017) 319–334
many habitat types, including wetlands, river estuaries, drowned river
mouths, protected bays, rocks, sand, and vegetation beds, all of which
differ in their physical, chemical, and biological properties (Uzarski et
al., 2005; Wang et al., 2015). Over the past century, nearshore habitats
underwent dramatic ecological changes similar to those experienced
in coastal and nearshore areas across the globe (Seelbach et al., 2013).
These include changes in thermal profiles and trophic state which are
expected to exert a strong influence on spatial and temporal fish com-
munity dynamics (Wehrly et al., 2012). Thermal profiles indicate a
warming trend, driven by a longer duration of summer stratification
(McCormick and Fahnenstiel, 1999) and warmer summer surface
water temperatures (Dobiesz and Lester, 2009). Dynamics of trophic
status are more heterogeneous. Initially, trophic status increased via
cultural eutrophication; however, reductions in nutrient loadings and
introductions of dreissenid mussels increased the complex mosaic of
primary production in nearshore habitats. At lake-wide scales, primary
production shifted from offshore to nearshore habitats (Hecky et al.,
2004; Vanderploeg et al., 2010), but at regional and local scales, changes
in the trophic status of nearshore habitats were more variable.

Despite significant efforts to characterize offshore fish community
responses to anthropogenic drivers (e.g., changes in productivity, intro-
ductions of non-native species, etc.; Madenjian et al., 2002; Bronte et al.,
2003; Mills et al., 2003; Dobiesz et al., 2005; Bunnell et al., 2014), at-
tempts to characterize spatial and temporal dynamics of nearshore
fish community dynamics have proved challenging. Previous attempts
have primarily focused on spatial dynamics (Uzarski et al., 2005;
Trebitz et al., 2009), temporal dynamics (Ludsin et al., 2001; Ivan et
al., 2014), or very nearshore areas (Bhagat and Ruetz, 2011; Larson et
al., 2013; Janetski and Ruetz, 2015), while attempts to characterize spa-
tial and temporal fish community dynamics across multiple habitat
types and broad scales are limited. Over the long-term, fish communi-
ties have responded to improved water quality by shifting community
composition to include a greater proportion of species that are moder-
ately-tolerant and intolerant to eutrophication (Ludsin et al., 2001;
Ivan et al., 2014). Across spatial scales, fish communities are structured
by physical, chemical, and biological drivers (Uzarski et al., 2005;
Trebitz et al., 2009), suggesting that spatial variation in the effects of an-
thropogenic perturbations on environmental conditions could limit the
ability to extrapolate local observations to broader scales. For instance,
environmental context can influence how ecological perturbations in-
fluence patterns of fish community dynamics in nearshore habitats
and lead to inconsistencies across broader scales. Developing a mecha-
nistic understanding of why fish community responses to ecosystem
perturbations are often inconsistent remains difficult, but could be im-
proved by assessing the magnitude of fish community responses along
environmental gradients, such as productivity or temperature.

Many challenges exist to characterize broad-scale spatial and tem-
poral ecological dynamics in coastal and nearshore habitats. In general,
there is a lack of lake-widemonitoring programs for nearshore habitats,
and sampling tends to be fragmented acrossmultiple federal, state, trib-
al, and academic assessment programs. Without cohesive monitoring,
information sharing can be limited and data deemed incompatible for
comparisons across space and time. Scale-dependent differences in
physical, chemical, and biological conditions, in addition to geographic
differences in the relative importance of multiple anthropogenic
drivers, alsomake it difficult to identify the appropriate grain and extent
of analyses. This lack of a spatiotemporal framework limits our ability to
identify which ecosystems are most susceptible to perturbations, which
species are most susceptible to anthropogenic drivers, and which
drivers of ecosystem change have the strongest effect on ecological dy-
namics. By identifying how environmental conditions and species traits
mediate resilience to ecosystem perturbations, conservation and man-
agement strategies can bedeveloped to address the ecological perturba-
tions that pose the greatest risk to coastal and nearshore ecosystems.
However, development of these strategies is contingent upon our ability
to extrapolate results from a subset of locations to broad spatiotemporal
scales through a mechanistic, theoretical framework (i.e., environmen-
tal gradients).

Several basin-level projects have recently mapped environmental
conditions (Great Lakes Aquatic Habitat Framework; Wang et al.,
2015) and stressors (Great Lakes Environmental Assessment and Map-
ping project; Allan et al., 2013) to identify and prioritize restoration and
preservation objectives across the Great Lakes; however, both of these
projects currently lack fish community data. Our study lays the ground-
work for future inclusion of fish community data into thesemapping ef-
forts by investigating both spatial and temporal dynamics of nearshore
fish assemblages in theMichiganwaters of the Great Lakes. Specifically,
our approach was to conduct analyses of existing data sets to quantify
spatial and temporal hetergeneity offish communities in nearshore eco-
systems by: 1) defining nearshore fish community assemblages across
broad spatial scales and relating these to environmental conditions
(e.g., depth, temperature, and productivity), 2) assessing temporal dy-
namics of community compositionwithin individual sites by comparing
metrics of species diversity and the relative contribution of eutrophica-
tion tolerance and thermal guilds to total species richness, and 3) deter-
mining temporal and spatial trends of individual species to identify if
particular species demonstrate local or regional trends in abundance.
We hypothesized that fish community structure would be heteroge-
nous across locations, but asynchronous spatiotemporal fluctuations in
abundant, cosmpolitan species will drive dissimilarity among sites
(Mathews and Marsh-Mathews, 2016). We also hypothesized that,
over time, the number of species intolerant to eutrophication (e.g., sen-
sitive to low dissolved oxygen and high productivity) and warm-water
species would increase, while the number of species tolerant to eutro-
phication and cold-water species would decline (Ludsin et al., 2001;
Ivan et al., 2014) based on observed environmental changes in the
Great Lakes (Dobiesz and Lester, 2009). Finally, we predicted these
changes would be driven by abundance trends of individual species at
specific locations.

Methods

Study site description

The Michigan Department of Natural Resources (MDNR) maintains
four field stations that are responsible for conducting fish community
surveys across the Michigan waters of the Great Lakes. In general, indi-
vidual field stations focus survey efforts within an individual lake (e.g.,
Alpena — Lake Huron, Charlevoix — Lake Michigan, Marquette — Lake
Superior, and Lake St. Clair— Lake St. Clair and Lake Erie). Sampling pro-
tocols vary and a variety of gears are deployed to monitor fish popula-
tions, including gill nets, bottom trawls, mid-water trawls, trapnets,
and creel surveys. To date, coordination to standardize sampling across
surveys and locations has been limited. As a result, experimental design,
gear design and size, and datamanagementwere location-specific to re-
tain comparability within, and not across surveys. This, however, made
large-scale comparisons more difficult. To overcome this challenge and
ensure the greatest potential for cross-site comparisons, we limited our
analyses to only the gill net datasets (Table 1). Across field stations, gill
nets consisted of similar mesh sizes (Table 2) and were typically fished
for a similar duration of time (e.g., overnight). Additionally, gill nets are
a passive gear and less likely to have catchability affected by the specific
vessel used to employ them in a fish community survey (Zale et al.,
2012), contrary to trawls, the second most common and widespread
gear used by the MDNR.

We increased comparability within the time series of individual sur-
veys by limiting analyses only to years when a consistent gill net config-
urationwas used and only including those sites that were sampled in all
years of the time series, when possible. Additionally, gill net catch was
converted to a standardized catch per unit effort (CPUE) for each sam-
pling event within a survey, typically based on a catch per net night or
catch per defined length of gill net (Table 2). Formost surveys, sampling



Table 1
Survey descriptions for MDNR gill net datasets.

Location Lake Shoreline type Timing of survey Years

Les Cheneaux Islandsa Lake Huron Coastal embayment September–October 1969–2012
Bays de Nocb Lake Michigan Coastal embayment August–October 1989–2012
Saginaw Bayc Lake Huron Coastal embayment September 1996–2012
St. Mary's Riverd Lake Huron Coastal embayment August 1975, 1979, 1987, 2002, 2006
South Havene Lake Michigan Exposed coastline April–June 2002–2012
Saugatucke Lake Michigan Exposed coastline April–June 2002–2012
Grand Havene Lake Michigan Exposed coastline April–June 2002–2012
Arcadiae Lake Michigan Exposed coastline April–June 2002–2010, 2012
Lelande Lake Michigan Exposed coastline April–June 2002–2009, 2012
Charlevoixe Lake Michigan Exposed coastline April–June 2002–2007, 2012
Grindstone Cityf Lake Huron Exposed coastline May–June 1977–2014
AuSablef Lake Huron Exposed coastline May–June 1979–2012
Sturgeon Pointf Lake Huron Exposed coastline May–June 1995–2014
Thunder Bayf Lake Huron Exposed coastline May–June 1995–2014
Presque Islef Lake Huron Exposed coastline May–June 1991–2014

a Fielder (2008).
b Schneeberger (2000).
c Fielder and Thomas (2014).
d Fielder et al. (2007).
e Schneeberger et al. (1998) and Makauskas and Clapp (2012).
f He and Bence (2007).
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events that occurred at depths N30m (100 ft)were removed to limit the
analyses to those sites that represent nearshorefish community dynam-
ics (Edsall and Charlton, 1997). Several sampling events were included
fromearly in the LakeHuron time serieswhere theminimumdepthwas
b30m andmaximumdepth was b35 m becausemultiple net sets were
pooled.

Fifteen locations from six different surveys remained following re-
moval of data from inconsistently sampled sites or years when net con-
figurations differed from the rest of the time series (Tables 1, 2; Fig. 1).
Survey design differed across locations, but typically sampled the same
depths and locations across years (see citations in Table 1 for more de-
tails). Four surveys were located in coastal embayments or river corri-
dors. These included: Saginaw Bay, Lake Huron; Les Cheneaux Islands,
Lake Huron; Big and Little Bay de Noc (Bays de Noc), Lake Michigan;
and St. Marys River (Lake Superior and Lake Huron corridor). Six sites
were along the eastern shoreline of Lake Michigan and five sites were
along the western shoreline of Lake Huron. These eleven sites sampled
exposed coastlines that are not associated with an embayment. Mesh
sizes were consistent across time within a location and were similar
across surveys, though some differences were present at the upper
and lower sizes ofmeshesfished (Table 2). Time series duration differed
across sites, and the number of years when consistent data were avail-
able ranged from five to 40 years (Table 1).
Table 2
Gear descriptions for MDNR gillnet datasets. Mesh sizes correspond to stretch-mesh.

Location # sampling events Depth sampled (m) Ne

Les Cheneaux Islands 171.7a 1–8.5 30
Bays de Noc 363 1.8–3.0 18
Saginaw Bay 204 1.5–9.0 30
St. Marys River 182 Unknown 30
South Haven 68 9.0–30.0 61
Saugatuck 66 9.0–30.0 61
Grand Haven 65 9.0–30.0 61
Arcadia 60 9.0–30.0 61
Leland 54 9.0–30.0 61
Charlevoix 41 9.0–30.0 61
Grindstone City 280.8a 5.8–35.0c 27
AuSable 155.7a 9.4–34.4c 27
Sturgeon Point 53.1a 7.9–35.4c 27
Thunder Bay 79.2a 8.2–32.3c 27
Presque Isle 124.2a 9.1–32.3c 27

a Early data reported as length of nets not number. Number of nets represents each time 10
b 38, 127, 140, and 152 were added in 2002. Length of net declined from 1200′ to 1000′ in 2
c Sites were included if the minimum depth was b30 m and maximum depth was b35 m.
At each location, GLAHF provided temperature, productivity, and
depth (m) data (Table 3;Wang et al., 2015). To calculate environmental
metrics, latitude and longitude for every sampling eventwithin a survey
were incorporated into GLAHF's hierarchical spatial framework to cre-
ate a convex hull containing all sampling locations. Environmental
data from all grid cells contained within a convex hull were extracted
from GLAHF's spatial database and used to calculate each metric. Tem-
perature was summarized as annual cumulative degree days (CDD)
for all days when surface temperatures were above 10 °C (averaged an-
nually from 1995 to 2013). Chlorophyll a was measured as μg/L (aver-
age from 2008 to 2013).

Spatial structure

We tested for spatial differences in nearshore fish community struc-
ture using multivariate analyses of species matrices for each year data
were collected at a site. For each survey, the total annual catch for
each species was calculated by summing the catch from all sampling
events remaining after filtering inconsistent sampling events and stan-
dardizing for effort. Years were not pooled within individual sites. To
improve consistency and remove the effect of varying effort across
sites/surveys on absolute catch rates, total annual catch of each species
was converted to a proportion of the total annual catch. A permutation
t length (m) Height (m) Mesh sizes (mm)

5 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
.3 1.8 25, 38, 51, 64, 76, 102
5 1.8 38, 51, 57, 64, 70, 76, 83, 89, 102, 114, 127
5 (366b) 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152b

0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
0 1.8 38, 51, 64, 76, 89, 102, 114, 127, 140, 152
5 1.8 51, 64, 76, 89, 102, 114, 127, 140, 152
5 1.8 51, 64, 76, 89, 102, 114, 127, 140, 152
5 1.8 51, 64, 76, 89, 102, 114, 127, 140, 152
5 1.8 51, 64, 76, 89, 102, 114, 127, 140, 152
5 1.8 51, 64, 76, 89, 102, 114, 127, 140, 152

00′ of net were set.
002 also.
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Fig. 1.Map of sampling locations across coastal Great Lakes habitats. Polygons are drawn around all sampling events to indicate the area sampled by each survey.
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multivariate analysis of variance (PERMANOVA) test was used to test
for differences in the centroid of the distance matrix for each survey in
an analysis of variance experimental design usingpermutationmethods
(e.g., Bray-Curtis; Anderson, 2001). Observed data were compared to
1000 random permutations to determine if community structure was
significantly different across surveys. Canonical Correspondence Analy-
ses (CCA) was used to visualize differences between locations on two
dimensions, ordinate the species associated with the grouping of indi-
vidual years across surveys, and relate species composition to environ-
mental predictors (e.g., depth, chlorophyll a, and CDD). The proximity
of individual years within the plot indicates their degree of similarity.
Similarity percentages (SIMPER) were calculated for each pairwise
comparison of all sampling locations to identify the species that contrib-
uted the greatest amount to dissimilarity between sites. Species were
considered important contributors to dissimilarity by sequentially
adding the largest contributors until a cumulative dissimilarity of 90%
was reached. All species remaining after the 90% cutoff was reached
were considered unimportant because they contributed little to dissim-
ilarity between sites. All analyses were done using the ‘vegan’ package
in R (Oksanen et al., 2013; R Core Team, 2013).

Temporal diversity trends

Within individual locations, species richness trends were
deconstructed to assess temporal trends in specific ecological guilds
by grouping species according to eutrophication tolerance and thermal
guilds.We defined species as tolerant, moderately tolerant, and intoler-
ant to eutrophication (following Ludsin et al., 2001; Grabarkiewicz and
Davis, 2008; Kornis et al., 2012; Ivan et al., 2014) or warm-, cool-, and
cold-water based on classifications available in the literature (Table 4;
Becker, 1983; Coker et al., 2001; Hasnain et al., 2010; Froese and
Pauly, 2015).



Table 3
Depth, cumulative degree days (CDD), and chlorophyll a (Chl a) for all study sites.

Location Depth (m) CDD (C) Chl a (μg/L)

Les Cheneaux Islands 1.5 2153.4 3.9
Bays de Noc 5.3 2905.2 6.5
Saginaw Bay 5.7 3332.8 11.2
St. Marys River 7.4 2502.1 4.5
South Haven 20.2 3260.3 0.9
Saugatuck 20.6 3197.0 1.3
Grand Haven 22.5 3078.4 2.1
Arcadia 23.4 2618.0 1.0
Leland 25.0 2643.8 0.7
Charlevoix 41.4 2686.1 1.0
Grindstone City 15.0 2869.0 1.5
AuSable 21.5 2670.8 0.8
Sturgeon Point 16.1 2551.9 0.6
Thunder Bay 14.6 2517.1 0.9
Presque Isle 29.2 2330.2 0.4
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We also tested for significant temporal trends in fish community
structure using different “orders” of Hill numbers (q = 0, 1, 2; Hill,
1973) to assess both total species richness and the effect of species rel-
ative abundances on evenness within communities by creating a diver-
sity profile. As the “orders” of Hill numbers increase, species relative
abundances become increasingly important in affecting Hill number
calculation by taking into account how evenly individual species are
spread across the community (Gotelli and Chao, 2013). Hill numbers
(qD) are calculated by their “order” q based on the equation:

qD ¼
XS
i¼1

pqi

 !1= 1−qð Þ

where pi is the relative abundance of species i and S is the total number
of species in the community. At q=0, relative abundances of species are
not considered, therefore, this metric represents simply species rich-
ness. A Hill number at q=1, represents the number of “typical species”
in the community. At q = 1, the Hill number is undefined, therefore its
limit as q approaches 1 is used, represented as the exponent of the Shan-
non diversity index. When q = 2, abundant species are weighed more
heavily and the resulting Hill number represents the number of “abun-
dant species” and is equal to the inverse of Simpson's diversity index.
Combined, these metrics provide complementary indices to assess
how fish communities are structured over time both in terms of abso-
lute diversity and evenness through a diversity profile.When communi-
ties are evenly distributed, Hill numbers of q = 0, 1, 2 will be similar;
however, when species within communities are unevenly distributed,
Hill numbers of q=1 and q=2will be lower than the q=0. Hill num-
bers of q=1 and q=2will increase in similarity as evenness decreases
(see Gotelli and Chao, 2013 for further description). Linear regression
was used to test for significant changes in species richness metrics and
Hill numbers over time for individual surveys locations.

Species-specific trends

In addition to fish community dynamics, we explored CPUE trends
for species of management importance across surveys. Species selected
included apex predators (lake trout, walleye, northern pike,
smallmouth bass, burbot), important prey fish or intermediate preda-
tors (yellow perch, alewife, lake whitefish, rainbow smelt), and a wide-
spread benthivore (common white sucker). We limit our analyses to
include only those surveys where a species was consistently captured.
To reduce heteroscedasticity in the datasets, we log-transformed the
CPUE plus one (e.g., ln (CPUE + 1)). Temporal trends in transformed
catch rates were detected with linear regressions calculated for each
survey where a species was commonly captured.
Results

Community dynamics across space

Fish communities within coastal habitats of the Michigan waters of
the Great Lakes were clearly differentiated by unique species assem-
blages among locations. The PERMANOVA test indicated that location
was a significant predictor of fish community centroids (F14,255 =
47.28, p b 0.001). Coastal fish community separation was strongest be-
tween shoreline types (coastal embayments versus exposed coastlines),
though additional separation was only visible within coastal embay-
ments (Fig. 2). This indicated that the composition of fish communities
in exposed coastlines of Lake Michigan and Lake Huron were very sim-
ilar. Separation between shoreline types was primarily driven by pro-
ductivity (chlorophyll a) and depth, while separation within shoreline
types was primarily driven by thermal profiles (CDD; Fig. 2).

Separation between shoreline types was primarily driven by the
dominance of warm- and cool-water species in coastal embayments,
while exposed coastlines in eastern Lake Michigan and western Lake
Huron sites were dominated by cold-water species that were intolerant
to eutrophication. Pair-wise comparisons through the SIMPER analyses
identified individual species driving dissimilarity within and across
shoreline types. Within shoreline types, abundant, ubiquitous species
drove dissimilarity among sites based on site-specific differences in
their relative abundances. Warm and cool-water species and those tol-
erant and moderately tolerant to eutrophication drove dissimilarity
within embayment sites (Figs. 2, 3, 4). These species included yellow
perch, white sucker, northern pike, walleye, rock bass, brown bullhead,
and small mouth bass small mouth bass (Table 5). The fish community
in Saginaw Bay contained unique warm-water, tolerant species such as
freshwater drum, white bass, goldfish, and longnose gar, among others
(Fig. 2). In contrast, the Les Cheneaux Islands samples contained a mix
of warm- and cool-water species with moderate tolerances, such as
bowfin, largemouth bass, northern pike, rock bass, and pumpkinseed.
Bays de Noc, which sits intermediate to Saginaw Bay and Les Cheneaux
Islands on the CCA plot, were dominated by amix of warm-water, toler-
ant species (e.g., small mouth bass small mouth bass, common carp)
and cool-water, moderately-tolerant species (e.g., common shiner,
trout perch).

Eastern Lake Michigan and western Lake Huron sites were com-
prised of cold-water, intolerant species and included alewife, lake
trout, round whitefish, lake whitefish, longnose sucker, and burbot.
Eastern Lake Michigan sites were slightly segregated by latitude, as eu-
trophic-tolerant andwarm-water species present at southern sites, par-
ticularly yellow perch were not present at northern sites (Figs. 2, 3, 4).
This division occurs between Grand Haven and Arcadia, as northern
sites were oriented toward the most positive end of Coordinate 1, and
southern sites related to Coordinate 1more negatively (Fig. 2). This sep-
aration roughly corresponds to Muskegon, MI. Western Lake Huron
sites were dominated by cold- and cool-water species, with a greater
prevalence of walleye near sites located near Saginaw Bay.
Community dynamics in time

Temporal trends in species richness and diversity indices (Hill num-
bers) were heterogeneous across nearshore Great Lake sites. Eutrophi-
cation tolerance guilds showed different patterns of species richness
changes across locations. Intolerant species richness tended to decline
or remained stable at most sites (Table 6; Fig. 3); though we did detect
a significant increase in the Les Cheneaux Islands. Moderately tolerant
and tolerant species richness remained stable or increased in most em-
bayments and coastal Lake Michigan, but significantly decreased in the
Bays de Noc and several coastal Lake Huron sites (Table 6; Fig. 3).
Warm-water species increased or remained stable, while cold-water
species either declined or remained stable (Table 6; Fig. 4). Cool-water



Table 4
Fish species, species codes, and ecological guilds of fish captured in MDNR nearshore gill net surveys. Numbers of years each species are captured within a survey are indicated (total number of years per survey are present in parenthesis). Eutro-
phication tolerance guilds include tolerant (T), moderately tolerant (M), and intolerant (I).

Species Scientific name Species
code

Guild Coastal embayments Exposed coastlines — Lake Michigan Exposed coastlines — Lake Huron

Tolerancea Thermalb Les
Cheneaux
Is. (40)

Bays
de Noc
(25)

Saginaw
Bay
(17)

St.
Marys
River
(5)

South
Haven
(11)

Saugatuck
(11)

Grand
Haven
(11)

Arcadia
(10)

Leland
(9)

Charlevoix
(7)

Grindstone
City (30)

AuSable
(38)

Sturgeon
Pt. (20)

Thunder
Bay
(20)

Presque
Is. (16)

Alewife Alosa pseudoharengus aw M Cold 13 15 2 5 9 6 7 10 9 6 16 21 3 8 3
Alligator gar Atractosteus spatula ag T Warm 2
Atlantic
salmon

Salmo salar as I Cold 1

Black crappie Pomoxis
nigromaculatus

bc T Warm 4 2 2

Bloater Coregonus hoyi bl I Cold 1 5 4 1 6 8 7 1
Bowfin Amia calva bo M Warm 23 2 3
Brook trout Salvelinus frontinalis br I Cold 12 1 2 1
Brown
bullhead

Ameiurus nebulosus bb T Warm 38 12 1 5

Brown trout Salmo trutta trutta bt M Cold 2 2 2 2 2 1 1
Burbot Lota lota bu I Cold 16 4 3 6 10 7 10 9 6 29 16 15 19 14
Channel
catfish

Ictalurus punctatus cc M Warm 2 17 3 2 9 1 1 1 1

Chinook
salmon

Oncorhynchus
tshawytscha

ch M Cold 12 4 5 4 5 2 5 3 4 4 9 6 2

Coho salmon Oncorhynchus kisutch co M Cold 3 1 2 3 1
Common carp Cyprinus carpio ca T Warm 14 9 16 4
Common
shiner

Luxilus cornutus cs M Cool 8 1

Common
white
sucker

Catostomus
commersonii

ws T Cool 40 19 17 5 11 7 11 5 9 7 17 13 2 4 1

Eurasian ruffe Gymnocephalus cernua er T Cool 1
Freshwater
drum

Aplodinotus grunniens fd M Warm 1 6 17 3 3 2

Gizzard shad Dorosoma cepedianum gz M Cool 8 15 17 3 2 3 2 3
Golden
redhorse

Moxostoma erythrurum gr M Warm 2 1

Goldfish Carassius auratus gf T Warm 5
Lake chub Couesius plumbeus lc M Cold 3 2
Lake herring Coregonus artedi lh I Cold 28 5 3 1 1 4 1
Lake sturgeon Acipenser fulvescens ls M Cool 4 2 5 3 3
Lake trout Salvelinus namaycush lt I Cold 13 3 2 11 11 11 10 9 7 30 38 20 20 16
Lake
whitefish

Coregonus clupeaformis lw I Cold 9 2 3 5 11 11 11 10 9 6 26 36 13 20 12

Largemouth
bass

Micropterus salmoides lb M Warm 4 2 1

Logperch Percina caprodes lp M Cool 1
Longnose gar Lepisosteus osseus lg M Warm 2 4 16 2
Longnose
sucker

Catastomus catostomus
catostomus

ln M Cool 4 5 5 11 11 11 10 9 7 25 13 11 14 14
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Muskellunge Esox masquinongy mu M Warm 1
Northern pike Esox luscius np M Cool 40 24 14 5 1
Pink salmon Oncorhynchus gorbuscha pi M Cold 4 3
Pinook Oncorhynchus

gorbuscha x
Oncorhynchus
tshawytscha

pk M Cold 3 1 1

Pumpkinseed Lepomis gibbosus ps T Warm 18 4 1 5
Quillback Carpiodes cyprinus qb T Cool 1 17
Rainbow
smelt

Osmerus mordax rs M Cold 6 2 3 5 7 9 7 7 4 2 6 16 1 7 4

Rainbow
trout

Oncorhynchus mykiss rt I Cold 4 1 4 1 1

Redhorse Moxostoma sp. rh M Cool 3 5 5
River
carpsucker

Carpiodes carpio rc T Warm 1

River
redhorse

Moxostoma carinatum rr I Cool 1

Rock bass Ambloplites rupestris rb I Warm 40 22 11 5 2 1 1 2 2
Round goby Neogobius

melanostomus
rg T Cool 1 6 5 8 9 11 5 5 7 1

Round
whitefish —
menominee

Prosopium
cylindraceum

rw M Cold 11 1 1 4 9 8 11 10 9 7 17 26 12 18 15

Sea lamprey Petromyzon marinus sl M Cold 1 1 3 1 1
Shorthead
redhorse

Moxostoma
macrolepidotum

sr M Warm 3 17 1 1

Shortnose gar Lepisosteus
platostomus

sg M Warm 1

Silver
redhorse

Moxostoma anisurum sv M Cool 3 1 1 1

Slimy sculpin Cottus cognatus sy M Cold 1
Smallmouth
bass

Micropterus dolomieu sb I Warm 17 22 11 5 1 1 5 1

Smallmouth
buffalo

Ictiobus bubalus sm M Warm 2

Splake Salvelinus namaycush x
Salvelinus fontinalis

sp I Cold 16 6 1

Spottail
shiner

Notropis hudsonius st M Cold 19

Stonecat Noturus flavus sc I Warm 8
Striped shiner Luxilus chrysocephalus ss M Cool 1
Trout-perch Percopsis

omiscomaycus
tp M Cool 10 1 1

Unknown
chub

– uc – – 2 1 1

Walleye Sander vitreus we M Cool 22 25 17 5 2 7 1 2 1 1 10 11 8 3 7
White bass Morone chrysops wb M Warm 2 17 2 1 3 2
White
crappie

Pomoxis annularis wc M Warm 1 1

White perch Morone americana wp M Warm 2 10 17 2 4 3 6
Yellow perch Perca flavescens yp M Cool 40 25 17 5 11 11 11 10 7 7 25 15 7 7 3

a Eutrophication tolerance guilds based on Ludsin et al. (2001), Grabarkiewicz and Davis (2008), Kornis et al. (2012) and Ivan et al. (2014).
b Temperature guilds assigned based on Becker (1983), Coker et al. (2001), Hasnain et al. (2010) and Froese and Pauly (2015).
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species remained stable or increased in embayments and coastal Lake
Michigan, but remained stable or declined in coastal Lake Huron.

Temporal changes in diversity indices (Hill numbers)were primarily
limited to sites in Lake Huron. Seven sites showed significant changes in
total species richness (q = 0; Table 6; Fig. 5). Total species richness in-
creased in the Les Cheneaux Islands and Saugatuck, but decreased in
the Bays de Noc and several coastal Lake Huron sites. These patterns
were fairly consistent with overall trends of species richness based on
ecological guilds (Table 6). Overall, total species richness was similar
across all sites, except St. Marys River (Fig. 5), which tended to be
higher, and coastal Lake Huron sites, which tended to be lower. The
number of “typical species” (q = 1) and “abundant species” (q = 2)
was similar across all sites (Fig. 5) and generally remained stable over
time. Only the Les Chenaux Islands showed a significant increase in
the number of “typical species,” though the slope of this line was
small (0.03 species per year; ESMTable S3; Fig. 5) andwas likely a func-
tion of the longer time series at this location. At several coastal Lake
Huron sites, the number of “typical” and “dominant” species declined.

Trends in species of management importance

Trends in relevant species varied by species and by site. Overall,
CPUE tended to be fairly stable for most species and sites; and, if signif-
icant trends were detected, the directionality tended to be consistent
across locations for most species (Tables 7, 8; ESM Table S4; ESM Figs.
S7–S16). Despite the high degree of heterogeneity across species and
sites, several trends emerged from our regression analysis.

Catch-per-unit-effort patterns in top predators were stable or
tended to increase over the duration of the time series for most species,
except burbot and lake trout in coastal Lake Huron. Lake trout CPUE in-
creased significantly at three sites (Table 7), two of which were on the
eastern shore of LakeMichigan (South Haven and Saugatuck). However,
these increases were offset by either significantly negative trends (Le-
land) or flat trajectories at the other sites in eastern Lake Michigan
(ESM Table S4; ESM Fig. S7), offering amixed view of lake trout dynam-
ics in LakeMichigan. Lake trout CPUE significantly declined at four Lake
Huron sites. Walleye, smallmouth bass, and northern pike were only
frequently captured at the four embayment sites, though walleye
were occasionally sampled in coastal Lake Huron. Walleye CPUE signif-
icantly increased in both the Les Cheneaux Islands and Saginaw Bay,
remained stable at the Bays de Noc and the St.Marys River, and declined
in three coastal Lake Huron sites (Table 7; ESM Table S4; ESM Fig. S8).
Northern pike CPUE was stable at three sites where they are captured,
and significantly declined in the St. Marys River (Table 6; ESM Table
S4; ESM Fig. S9). Smallmouth bass CPUE significantly increased in the
Les Cheneaux Islands (Table 7), but showed no significant trends at
the Bays de Noc, Saginaw Bay, and the St. Marys River (ESM Table S4,
ESM Fig. S10). Burbot were observed in both embayments and coastal
habitat types. When present in embayments, burbot CPUE significantly
decreased in two sites (Les Cheneaux Islands, Saginaw Bay) or showed
no trend (St. Marys River; Table 7; ESM Table S4; ESM Fig. S11). In ex-
posed coastlines, CPUE of burbot was stable or increased across coastal
Lake Michigan sites, but declined in four coastal Lake Huron sites
(Table 7; ESM Table S4; ESM Fig. S11).

All of the prey species and intermediate predators investigated were
stable or declined at sites monitored by the MDNR (Table 8). Yellow
perch and alewife CPUE declined significantly in the Bays de Noc and
most coastal Lake Huron sites (Table 8), but showed no significant
trends at other locations (ESM Table S4; ESM Fig. S12, S13). Lake white-
fish CPUE significantly declined at Grand Haven, Charlevoix, and all
coastal Lake Huron sites (Table 8), while all other sites showed no
change (ESM Table S4; ESM Fig. S14). Significant declines in rainbow
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smelt CPUE were observed at South Haven, Saugatuck, Grand Haven,
the Bays de Noc, Grindstone City, AuSable, Thunder Bay, and Presque
Isle (Table 8), but remained stable at all other sites (ESM Table S4;
ESM Fig. S15). White sucker CPUE showed a strong decline in the Bays
de Noc and coastal Lake Huron sites (Table 8; ESM Fig. S16), while all
other sites showed no significant change (ESM Table S4; ESM Fig. S16).

Discussion

Our results demonstrate heterogeneity in species assemblages
across shoreline type (e.g., exposed coastlines vs. embayments), but
suggest that within specific shoreline types, species assemblages and
community dynamics may be more homogenous than previously
suspected. Dissimilarity in fish species assemblages, both across and
within habitat types is strongly related to productivity, depth, and ther-
mal profiles which alter the composition of fish species from different
ecological guilds (e.g., eutrophication tolerance and thermal), This sup-
ports previous research showing ecosystem productivity and tempera-
ture are important factors driving fish community dynamics across
broad scales (Wehrly et al., 2012). Interestingly, these differences across
sites are primarily driven by a few ubiquitous and relatively abundant
species, as community evenness across all sites was low and dominated
by a small subset of total species richness. Our analyses build on previ-
ous analyses of coastal and nearshore (b30m) fish community dynam-
ics in the Great Lakes that focused on community and diversity patterns
at shorter time scales or smaller spatial regions (Ludsin et al., 2001;
Uzarski et al., 2005; Trebitz et al., 2009; Bhagat and Ruetz, 2011;
Larson et al., 2013; Ivan et al., 2014; Janetski and Ruetz, 2015) and
allow us to draw generalization by quantifying heterogeneity of spatial
and temporal dynamics across a wide range of locations.

Nearshore heterogeneity and homogeneity

High habitat heterogeneity in nearshore ecosystems makes it chal-
lenging to assess ecological dynamics across spatial scales, despite pro-
viding important ecosystem services (Barbier et al., 2011) and
maintaining high levels of biodiversity (Vadeboncoeur et al., 2011). In
the Great Lakes, previous attempts to characterize heterogeneity of
nearshore fish community assemblages have focused on wetlands and
drowned river mouths (e.g., Minns et al., 1994; Uzarski et al., 2005;
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Bhagat and Ruetz, 2011; Janetski and Ruetz, 2015), while coastal habi-
tats not directly associated with very nearshore habitats (N5 m) are
generally lacking in broad scale analyses despite their connections to
both offshore and shoreline habitats. Our analyses support previous ob-
servations that heterogeneity in nearshore fish community assemblages
is high, as evident by the lack of overlap between shoreline types in our
ordination plot (Fig. 2). However, we also observed several consistent
patterns across all sites in our study that suggest commonalities in
drivers of ecological structure and function in nearshore ecosystems.

Separation of fish community assemblages in our study sites clearly
occurred between exposed coastlines and coastal embayments driven
primarily by chlorophyll a and depth, while thermal profiles (i.e.,
CDD) drove separation within shoreline types. Though previous re-
search suggests differences in the timing of sampling between shoreline
types may have influenced this separation (Bhagat and Ruetz, 2011),
the complete lack of community overlap indicates that the observed
separation is likely representative of true differences and not an artifact
of sampling. Exposed coastlines are characterized by communities dom-
inated by cold-water species intolerant to eutrophication (Figs. 2, 3, 4)
that reflect both environmental conditions within these areas and
their connectivity to offshore habitats. Coastal embayments are domi-
nated by warm- and cool-water species that are moderately tolerant
or tolerant of eutrophication (Figs. 2, 3, 4). Within shoreline types, the
degree of fish community heterogeneity appears to reflect local envi-
ronmental conditions. Coastal exposed sites within our study showed
amuch higher degree of overlap infish assemblages than those in coast-
al embayments. Though latitudinal gradients in environmental condi-
tions (e.g., productivity and temperature) likely have some influence
on the fish community (Janetski and Ruetz, 2015), in general, exposed
coastlines are comprised of a very similar species complex. In contrast,
coastal embayments show little overlap across locations (Fig. 2). This
strong separation reflects the greater variation in environmental condi-
tions across these locations, including very different ranges in tempera-
ture, productivity, connectivity to offshore habitats, local habitat
diversity, and many other environmental factors (Wang et al., 2015).
Future analyses should explicitly evaluate these features to further de-
fine associations between and among nearshore fish communities.

Despite spatial differences in fish assemblages both within and
across shoreline types, our metric of dissimilarity across sites is primar-
ily driven by the relative abundance of the most abundant and



Table 5
Dominant species driving dissimilarity across sites. Species were considered important
contributors to dissimilarity by sequentially adding the largest contributors until a cumu-
lative dissimilarity of 90% was reached. The number of times a species was identified as
important in pair-wise comparisons among the sites we investigated is presented in pa-
rentheses. Pair-wise comparisons are presented as comparisons within and across habitat
type. Habitat types included coastal embayments (bays) and exposed coastlines (coast)
from Lake Huron and Lake Michigan.

Comparison Species

Bay to bay (6) Northern Pike (6), Smallmouth Bass (6), Walleye (6),
White Sucker (6), Yellow Perch (6), Brown Bullhead (5),
Rock Bass (5), Alewife (4), Lake Herring (4), White Perch
(4).

Bay to coast (44) Lake Trout (44), Yellow Perch (44), White Sucker (35),
Walleye (33), Northern Pike (32), Round Whitefish (32),
Lake Whitefish (30), Alewife (29), Longnose Sucker (28),
Rock Bass (23).

Lake Huron Coast
(10)

Burbot (10), Lake Trout (10), Lake Whitefish (10), Round
Whitefish (10), Walleye (7), Alewife (6), Longnose Sucker
(6).

Lake Michigan Coast
(15)

Alewife (15), Lake Trout (15), Longnose Sucker (14),
Round Whitefish (14), Yellow Perch (14), Lake Whitefish
(13), White Sucker (10).

Huron-Michigan
Coast (30)

Alewife (30, Lake Trout (30), Round Whitefish (28), Lake
Whitefish (27), Longnose Sucker (26), Yellow Perch (22),
Burbot (16), White Sucker (15)

All pairwise
comparisons (105)

Lake Trout (99), Yellow Perch (90), Alewife (84), Round
Whitefish (84), LakeWhitefish (80), Longnose Sucker (75),
White Sucker (66), Walleye (52).
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ubiquitous species across all surveys (e.g., yellow perch, alewife, lake
trout, longnose sucker, white sucker, lake whitefish, round whitefish,
andwalleye; Table 4). SIMPER analyses demonstrate that dissimilarities
within a single shoreline type are consistently driven by the relative
abundance of a few, dominant species across all pair-wise comparisons
(Table 5). Dissimilarities across shoreline types are more complex, and
are driven by both species that are ubiquitous and abundant across
both habitats and species that are only abundant in one habitat. Not sur-
prisingly, rare species drive most heterogeneity in the species found
across sites. These patterns indicate species turnover likely plays a larg-
er role than nestedness in driving beta diversity across nearshore fish
communities (Baselga, 2010).

Diversity profiles (Hill numbers) indicate low evenness across fish
communities in both exposed coastlines and coastal embayments, and
provide further evidence that nearshore fish communities are dominat-
ed by a few species within each site (Bhagat and Ruetz, 2011; Janetski
and Ruetz, 2015). Hill numbers showed a large drop from q = 0 to
q = 1, but a small difference between q = 1 and q = 2. This indicates
a large difference in total species richness and the number of “typical
Table 6
Summary table of temporal trends in Hill numbers and species richness based on ecological guil
Regression coefficients and model results are found in ESM Table S1-S3.

Site Hill numbers Eutrophicati

q = 0 q = 1 q = 2 Intolerant

Les Cheneaux + + +
Bays de Noc −
Saginaw Bay −
St. Marys
South Haven
Saugatuck + −
Grand Haven
Arcadia
Leland
Charlevoix
Grindstone City −
AuSable − −
Sturgeon Pt. − −
Thunder Bay − − −
Presque Is. − −
species,” but little difference between the number of “typical species”
and the number of “abundant species” (Gotelli and Chao, 2013). Overall,
species richnessmay be higher in nearshore habitats relative to offshore
habitats, but most fish species within nearshore communities are rare.
However, rare and dominant species are not static, and their abun-
dances can change in response to management actions or ecological
perturbations that make a location more or less favorable over time.
For example, walleye and smallmouth bass were initially absent or un-
common in the Les Cheneaux Islands during the 1970s and 1980s, but
have increased beginning in the 1990s. Concurrently, burbot popula-
tions have declined. If rare species are able to fill niches left unoccupied
by declining abundances of previously dominant species, higher species
richness in nearshore ecosystems may make these communities more
resilient through turnover and portfolio effects (Lyons et al., 2005;
Schindler et al., 2010). Therefore, despite dominance of only a few spe-
cies in coastal habitats, rare species may also play an important role in
the long-term ecological dynamics within these habitats.

Contrary to our a priori expectations, species richness (q = 0) was
fairly consistent across all sites, but highest in the St. Marys River. The
St. Marys River includes both lentic and lotic areas throughout the
river corridor and survey collections reflect this higher diversity of hab-
itat types, and to a lesser extent additional effort relative to other sites
(Fielder et al., 2007). Other surveys focus on open water habitats that
likely have lower local habitat diversity, especially in exposed coast-
lines, which reduces the range of ecological niches present.

Species richness trends

Temperature and productivity are known to be important factors de-
termining fish community assemblages (Ludsin et al., 2001; Wehrly et
al., 2012), and may drive spatial heterogeneity in Lakes Michigan and
Huron nearshore habitats. Across the Great Lakes basin, both of these
factors have changed throughout the duration of our study: mid-sum-
mer water temperatures and water clarity (a proxy for productivity)
have been increasing (Dobiesz and Lester, 2009; Pothoven et al.,
2016). Our analyses of temporal trends in species richness for eutrophi-
cation tolerance and thermal guilds suggest that fish communities in
nearshore habitats are responding to these changes. Across all sites,
warm-water species richness is significantly increasing or remaining
stable, while cold water species richness is significantly declining or re-
maining stable (Table 6). Declines in cold-water specieswere present in
three coastal embayments (Les Cheneaux, Bays du Noc, and Saginaw
Bay), which are more likely to be isolated from cold-water refuges.
We suspect the declines in cold-water species richness in coastal Lake
Huron sites was likely due to trophic dynamics associated with the col-
lapse of alewife and other deepwater demersal species (Riley et al.,
ds. Significant positive (+) and negative (−) trends were identified based on anα=0.05.

on tolerance Thermal tolerance

Moderate Tolerant Warm Cool Cold

+ + + + −
− −

−
+ +

+ +
+ + +

+ −
+ +

+
− − − −
− − −
− − −
− − −

−
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2008) and subsequent decline of non-native salmonids that has been
documented extensively in the literature (Bunnell et al., 2014; Kao et
al., 2016) and not a lack of suitable cold water habitat in these areas
which occur adjacent to offshore habitatswith ample coldwater. Longer
summer stratification (McCormick and Fahnenstiel, 1999) and warmer
summer surface water temperatures (Dobiesz and Lester, 2009) are
likely benefiting warm- and cool-water species. These species are ex-
pected to continue increasing in abundance as climate forecasts predict
temperatures will continue to rise in nearshore habitats (Trumpickas et
al., 2009), but this could also aid in the establishment or expansion of
non-native species (Mandrak, 1989).

Differentiating the effects of changing temperature and productivity
remains challenging. Across all sites, the number of species intolerant to
eutrophication are generally declining or remaining stable (except Les
Cheneaux Islands), while the number of moderately tolerant and toler-
ant species are increasing or remaining stable (except the Bays de Noc
and coastal Lake Huron; Table 6). These trends are inconsistent with
existing temporal studies of nearshore fish community changes
(Ludsin et al., 2001; Ivan et al., 2014) and broad-scale patterns in pro-
ductivity across the Great Lakes (Dobiesz and Lester, 2009). Our a priori
expectation was that intolerant species would increase as water quality
increased atmany of these coastal sites (sensu Ludsin et al., 2001); how-
ever, we did not consider a priori that tolerance to eutrophication and
thermal guilds are correlated. For instance, species intolerant to eutro-
phication are predominantly cold-water species (nine out of 13),
while all the tolerant species are either warm- (seven out of 12) or
cool-water species (five out of 12). Overlap between eutrophication tol-
erance and thermal guilds is less consistent within intermediate guilds,
as moderately tolerant species are comprised of warm- (13 out of 38),
cool- (12 out of 38), and cold-water species (13 out of 38).We observed
that thermal guilds are more restrictive than eutrophication tolerance
guilds, highlighting the importance of temperature as a factor driving
fish physiology and, ultimately, their distributions (Whitney et al.,
2016). Warming coastal temperatures will make environmental condi-
tions more suitable to warm-water fish, but increasing water quality is
less likely to negatively affect fish tolerant to eutrophication. Converse-
ly, cold-water species are less likely to persist with warming tempera-
tures, despite improvements in water quality.

We suspect changing climate is one of the dominant factors driving
species richness changes across sites in Lake Michigan and coastal



Table 7
Summary table of temporal trends in top predator species of management importance
catch-per-unit-effort. Significant positive (+) and negative (−) trends were identified
based on α = 0.05.

Species Location Trend Slope F statistic DF p-Value

Lake trout Les Cheneaux + 0.01 9.43 1, 38 b0.01
South Haven + 0.14 17.38 1, 9 b0.01
Saugatuck + 0.13 42.67 1, 9 b0.001
Leland − −0.07 22.12 1, 7 b0.01
Grindstone City − −0.08 72.91 1, 28 b0.001
AuSable − −0.06 19.87 1, 36 b0.001
Sturgeon Point − −0.08 17.76 1, 18 b0.001
Thunder Bay + 0.08 28.70 1, 18 b0.001

Walleye Les Cheneaux + 0.02 51.73 1, 38 b0.001
Saginaw Bay + 0.10 29.48 1, 15 b0.001
AuSable + 0.01 15.96 1, 36 b0.001
Sturgeon Point + 0.02 21.37 1, 18 b0.001
Presque Isle + 0.01 6.99 1, 14 0.02

Northern pike St. Marys − −0.05 13.52 1, 3 0.03
Smallmouth bass Les Cheneaux + 0.03 69.00 1, 38 b0.001
Burbot Les Cheneaux − −0.01 4.47 1, 38 0.04

Saginaw Bay − −0.01 11.36 1, 15 b0.01
South Haven + 0.08 8.65 1, 9 0.02
Grindstone City − −0.04 24.85 1, 28 b0.001
Sturgeon Point − −0.05 20.84 1, 18 b0.001
Thunder Bay − −0.06 29.29 1, 18 b0.001
Presque Isle − −0.04 20.73 1, 14 b0.001
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embayments, while food web responses following the collapse of ale-
wife is the dominant factor in exposed coastlines of Lake Huron. The re-
sponse offish communities to changing climate is generally slow (Lynch
et al., 2016), while the collapse of a dominant prey population, by defi-
nition, can lead to rapid shifts in fish community dynamics (Kao et al.,
2016). We suspect this explains differences in fish community dynam-
ics in exposed coastlines of LakeMichigan and Lake Huron. Though pro-
ductivity has declined in both systems, alewife populations only crashed
Table 8
Summary table of temporal trends in intermediate predator and prey species of manage-
ment importance catch-per-unit-effort. Significant positive (+) and negative (−) trends
were identified based on α = 0.05.

Species Location Trend Slope F statistic DF p-Value

Yellow perch Bays de Noc – −0.03 6.64 1, 23 0.02
Grindstone City – −0.11 72.99 1, 28 b0.001
AuSable – −0.01 19.03 1, 36 b0.001
Sturgeon Point – −0.04 13.58 1, 18 b0.001
Thunder Bay – −0.02 15.23 1, 18 b0.001

Alewife Bays de Noc – −0.02 15.62 1, 23 b0.001
Grindstone City – −0.03 5.19 1, 28 0.03
AuSable – −0.02 7.18 1, 36 0.01
Sturgeon Point – −0.01 9.08 1, 18 b0.01
Thunder Bay – −0.06 16.71 1, 18 b0.001
Presque Isle – −0.01 7.91 1, 14 0.01

Lake whitefish Grand Haven – −0.28 10.60 1, 9 b0.01
Charlevoix – −0.16 10.77 1, 5 0.02
Grindstone City – −0.03 6.87 1, 28 0.01
AuSable – −0.03 6.79 1, 36 0.01
Sturgeon Point – −0.02 10.82 1, 18 b0.01
Thunder Bay – −0.11 46.45 1, 18 b0.001
Presque Isle – −0.10 28.37 1, 14 b0.001

Rainbow smelt Bays de Noc – −0.01 5.13 1, 23 0.03
South Haven – −0.23 5.05 1, 9 0.05
Saugatuck – −0.34 19.19 1, 9 b0.01
Grand Haven – −0.32 10.05 1, 9 0.01
Grindstone City – −0.01 7.13 1, 28 0.01
AuSable – −0.01 13.45 1, 36 b0.001
Thunder Bay – −0.01 7.25 1, 18 0.01
Presque Isle – −0.01 13.39 1, 14 b0.01

White sucker Bays de Noc – −0.02 36.46 1, 23 b0.001
Grindstone City – −0.02 8.93 1, 28 b0.01
AuSable – −0.01 2.14 1, 36 0.15
Sturgeon Point – −0.01 4.69 1, 18 0.04
Thunder Bay – −0.01 4.18 1, 18 0.06
Presque Isle – 0.00 2.70 1, 14 0.12
in Lake Huron. Changes in species richness appear to be occurring slow-
ly in Lake Michigan (e.g., more warm-water species) and we suspect
this is driven by gradually warming water temperatures in nearshore
areas (Trumpickas et al., 2009). However, in Lake Huron, previously
documented food web changes have been dramatic (e.g., the crash of
alewife and subsequent decline of non-native salmonids; Kao et al.,
2016), which has likely had a particularly negative impact on cold-
water species that are intolerant to eutrophication, as well as, CPUE of
individual species. We suspect subtle climate driven changes are also
likely occurring in Lake Huron, but hypothesize that these gradual
changes are overshadowed by the dramatic changes following alewife
collapse. Interestingly, declines in species richness appeared to occur
prior to the alewife crash, and reflect similar observations made in
deepwater demersal habitats (Riley et al., 2008). This could suggest
that a decrease in species richness may be a signal of food web
reconfiguration.

Results of our study are inconsistent with two previous studies on
coastal and nearshore fish community dynamics; however, these stud-
ies focused solely on eutrophication tolerance guilds and did not consid-
er thermal guilds (Ludsin et al., 2001; Ivan et al., 2014). Both studies
were conducted in areas where water quality improved significantly
throughout the duration of the study (e.g., Lake Erie and Saginaw
Bay). The number of species tolerant to eutrophication tended to de-
crease, while the number of species intolerant to eutrophication tended
to increase. Interestingly, Ivan et al. (2014) and our study both included
Saginaw Bay as a study location; however, trends in species richness did
not follow similar patterns across the two studies.We suspect this is pri-
marily driven by gear differences across studies. Both the Ivan et al.
(2014) and Ludsin et al. (2001) studies analyzed fish community data
collected with ~10.7 m headrope bottom trawl, while our study used
data collected with gill nets ranging in mesh size from 25 mm to
152 mm. These gears sample different components of the fish commu-
nity (Zale et al., 2012; Fielder and Thomas, 2014). Trawls tend to capture
smaller fish, makingmost species vulnerable to capture during early life
stages, while gill nets tend to only capture fish that grow to relatively
large sizes during juvenile and adult life stages. This is supported by dif-
ferences in species richness across the two studies. Ivan et al. (2014)
captured 59 species, while our entire study only captured 63 across all
sites and only 36 in Saginaw Bay. These differences highlight the value
gained by employing both gear types, which can detect changes in fish
communities at different time scales. Trawls allow rapid detection of
shifts in recruitment dynamics and changes in the relative abundance
of fish that do not obtain large sizes. Shifts in the composition of gill
net surveys occur at much slower time scales because they are based
on both the mortality rates of long-lived species and recruitment of
young fish into the gear. For instance, freshwater drum can live up to
72 years (Pereira et al., 1995). Over time, differences between trawl
and gill net species richness may become more consistent as the adult
fish community catches up with the rapid fish community changes ob-
served in the trawl survey (Ivan et al., 2014).

Food web linkages

Our analyses of relevant species support recent trends observed in
offshore habitats of the Great Lakes, and suggest top down and bottom
up processes are important for driving ecological dynamics in both
nearshore and offshore habitats (Bunnell et al., 2014). Top predators
across our surveys generally remained stable or increased across loca-
tions, though some exceptions do occur (most notably northern pike,
burbot, and lake trout in coastal Lake Huron). Concurrently, all prey
fish showed significant declines in CPUE or remained stable. Though
the role of other factors in driving these trends should not be understat-
ed (e.g., changes in productivity and temperature), additional research
is needed to gauge the influence of top predators on prey trends in near-
shore habitats. Previous analyses, conducted in offshore habitats
(Tsehaye et al., 2014), should: 1) assess the aggregate biomass of
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predators relative to prey, 2) evaluate the capacity of prey fish to meet
consumptive demands of predators in nearshore ecosystems, and 3) de-
termine how predator foraging responds to changes in prey abun-
dances. Our analyses of coastal Lake Huron sites suggest regime shifts
in offshore habitats can have strong influences on nearshore fish com-
munities which exhibited similar declines in diversity (Riley et al.,
2008; Kao et al., 2016), and suggest more research is needed to under-
stand food web interactions between nearshore and offshore habitats.
Further monitoring of populations and food web interactions in near-
shore habitats are necessary to better characterize the trophic ecology
of these species and evaluate their capacity to integrate resources across
multiple energy pathways (Turschak et al., 2014; He et al., 2015).

Decreases in prey fish populations are also likely to be driven by
widespread changes in productivity and water clarity patterns across
both nearshore and offshore habitats of the Great Lakes (Bunnell et al.,
2014). Changes in primary production have reduced zooplankton abun-
dance and biomass across the Great Lakes (e.g., Barbiero et al., 2009),
and could represent a recruitment bottleneck for many predator and
prey fish during early life history stages. These life stages may also be
more vulnerable to predation pressure if the detection capabilities of
predators and prey respond asymmetrically to changing water clarity
(Utne-Palm, 2002). Clearly, additional research is need to evaluate
how changing environmental conditions influence both bottom-up
and top-down drivers of recruitment and population dynamics of key
prey species in nearshore habitats.

Trends in relevant species also highlight the necessity to develop ad-
ditional population models across a wider range of species and loca-
tions. These could provide more robust information about
demographic rates (e.g., recruitment, growth, and mortality) beyond
what can be inferred from trends in CPUE, and aid in the development
of a mechanistic understanding of what drives population dynamics of
nearshore fish species (Wilberg et al., 2005; Fielder and Bence, 2014).
Additionally, several of our detected trends could be statistical type I er-
rors due to the large number of statistical tests performed in our analy-
ses. Though consistent directional trends across sites suggest this likely
has minimal effect on the ability to draw conclusions from our results,
further confidence could be gained through the development of more
rigorous population models, evaluation of non-linear trends over time,
and more focused analyses on factors driving changes in diversity met-
rics at individual sites.

Management implications and recommendations

There has been a growing need to develop a better understanding of
nearshore ecological dynamics and integrate this information with our
knowledge of offshore ecosystem structure and function. This need
has been driven by broad scale ecological changes across the Great
Lakes basin, including shiftingproductivity fromoffshore into nearshore
environments from invasive species impacts (Hecky et al., 2004;
Vanderploeg et al., 2010). Meeting this need is challenging because
these habitats have not been studied in a systematic and comprehensive
fashion compared to pelagic habitats or omitted altogether in the case of
most coastal nearshore environments. Most of the investment in near-
shore monitoring has been in embayments, while assessment of ex-
posed coastlines have mostly been in the form of shallow water gill
net sets targeting offshore fish communities. Our findings show that ex-
posed coastlines are more characteristic of main basin cold-water fish
communities. Increasingly, they appear as if theymay bemore aptly de-
scribed as the edges of the main basin open water as opposed to more
typical warm- and cool-water fish communities typified by coastal em-
bayments. Current investment in nearshore surveys in exposed coast-
lines may be adequately apportioned, and managers will need to
decide how relevant nearshore fish communities in these habitats are
to overallmanagement goals. Outside of the scope of ourwork is the de-
gree to which coastal nearshore habitats may serve as spawning and
nursery grounds for some species, especially open-water prey and
predator species (Höök et al., 2008; Altenritter et al., 2013). Such life
stages and species may not be vulnerable to gill net gear and not well
represented in our analyses. Thus, these habitats may play an important
role in overall ecological dynamics, but additional research with new,
targeted sampling may be required to more fully assess their
importance.

If the goal formanagers is amore holistic ecosystem-based approach
to Great Lakes management, then we offer the following recommenda-
tions for assessment and analysis to achieve that goal. Our analyses rep-
resent a first step toward integrating nearshore fisheries datasets with
existing spatial frameworks (e.g., GLAHF). We recommend further inte-
gration of fisheries datasets with both environmental conditions (Great
Lakes Aquatic Habitat Framework; Wang et al., 2015) and ecosystem
perturbations (Great Lakes Environmental Assessment and Mapping
project; Allan et al., 2013) to determine how environmental conditions
mediate local, regional, and basin-scale patterns of fish community re-
sponses to ecological perturbations. This effort should focus on: 1) iden-
tifying habitats that lead to high fish diversity and production rates
across the Great Lakes basin, 2) identifying environmental attributes
necessary to achieve diverse conservation objectives, and 3) improving
the ability to forecast how fish production and diversity will respond to
restoration initiatives. Secondly, improved indicators of nearshore fish
community dynamics should be developed and incorporated into the
Environmental Protection Agency's “State of Lakes” and the Great
Lakes Fishery Commission's “State of the Lakes” reports. For instance,
segregating the fish community into ecologically relevant guilds (e.g.,
eutrophication and thermal tolerance) provides a valuable, straightfor-
ward whole fish community metric that easily communicates spatial
and temporal changes within these habitats and is less sensitive to in-
consistent sampling across locations. This would prioritize needs and
data gaps in assessment and understanding of nearshore fish communi-
ties and potentially increase funding for focused and purposeful routine
sampling of these areas.
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