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INTRODUCTION

Nearshore zones play key roles in Great Lakes
ecology. They link terrestrial and aquatic environments,
facilitating the exchange of energy and materialsbetween
coastal and pelagic ecosystems. They also provide
spawning, rearing, foraging, and migratory habitats
essential for most Great Lakes fishes, including many
recreationally and commercially important species
(Goodyear et al. 1984; Lane et a. 1996a; Lane et al.
1996b). Other taxa, such as benthic invertebrates,
zooplankton, and non-game fish species, are also
characteristic of nearshore zones (e.g., Jude and Tesar
1985; Evans 1986; Thayer et a. 1997; Madenjian et al.
2002; Dettmers et al. 2003) where they support Great
L akes fisheries and contribute to processes that support
other ecosystem services, such as potable water supplies
(Daily et a. 1997). Nearshore zones are therefore of
much greater significance than their comparatively
limited spatial extent would suggest (Goforth and
Carman in press). However, they have been the subject
of comparatively few studies (e.g., Jude and Tesar 1985;
Brazner and Beals 1997; Brazner 1997; Garza and
Whitman 2004; Goforth and Carmanin press), and their
ecology and dynamics remain poorly understood,
especialy in exposed shore areas (Randall and Minns
2002). Thislimited understanding of nearshore ecology
looms large as a serious impediment to ecosystem
management and restoration of Great L akes ecosystems
(Goforth and Carman 2003).

Itis clear that Great Lakes researchers, managers,
planners, and conservationists have much work to do
where nearshore scienceisconcerned. Very few historical
benchmarksexist, and | ocations within major regions of
the Basin that can be considered asreference conditions
aregeneraly lacking (e.g., southern Lake Erie, southern
Lake Michigan, etc.). Therefore, understanding
nearshore dynamics based on contemporary studies
presents many challenges. Although the Great Lakesare
large bodies of water with complex currents that would
seemingly dilute inputs from terrestrial sources, the
proximity of nearshore zonesto shorelinesand their role
as an ecotone bridging terrestrial and pelagic
environments makes them susceptibl e to the influences
of human land uses in coastal areas. Indeed, multiple
stressors related to urban, industrial, and residential
development of shorelines have dramatically altered
many Great Lakes nearshore environments (Steedman
and Regier 1987; Busch and Lary 1996; Kelso and Cullis
1996; Kelso et al. 1996). The resulting changes in
physicochemical properties have been implicated as
driving factorsin the widespread alteration of biological
communitiesand ecological functionsinthe Great L akes
(Whillans 1979; Krieger 1984; Kelso et a. 1996; Brazner
and Beals1997). For example, physicochemical habitat

change has been identified as an important factor in
structuring fish communitiesin coastal wetland habitats
(Leslie and Timmins 1994; Brazner and Beals 1997),
and it islikely to be a significant contributing factor in
structuring macroinvertebrate and zooplankton
communities in nearshore areas as well (Goforth and
Carman in press). Thereisthereforelittle doubt that the
wholesale physical and chemical ateration of nearshore
zones represents a significant impediment to the study
and management of nearshore resources.

Non-native taxahave substantially influenced native
aguatic communities in the Great Lakes via food web
disruptions, competition for resources (e.g., prey and
physical habitat), and predation (Millset al. 1993; Busch
and Lary 1996; Ricciardi and Mclsaac 2000;
Vanderploeg et al. 2002; Ratti and Barton 2003). For
example, Dreissena polymorpha and D. bugensis have
influenced benthic invertebrate communities (positively
and negatively) by increasing colonizable surface area
(e.g., Botts et al. 1996; Karatayevetal et al. 1997;
Ricciardi et al. 1997; Stewart et al. 1998) and redirecting
sources of primary productivity to benthic habitats via
deposition of pseudofeces (Izvekova and Lvova-
Katchanova1992; Roditi et al. 1997; Thayer et al. 1997,
Stewart et al. 1998). They have also indirectly competed
with zooplankton (Dettmers et al. 2003) and the
amphipod Diporeia hoyi (Dermott and Kerec 1997) for
phytoplankton, thus redirecting energy from pelagic
environments to benthic environments and disrupting
food web structure (Vanderploeg et al. 2002). This
change in food web dynamics is then projected to fish
and other predatorsthat have historically relied on greater
access to benthic invertebrates now concealed in
interstices of zebra mussel shells and zooplankton/prey
fish that have realized a decreased source of primary
productivity (i.e., phytoplankton) (Mclsaac 1996;
Hayneset al. 1999). Invasive species such as Dreissena
sp. and Neogobius sp. have become well established in
many nearshore areas of the Great Lakes, and thus
present asecond major impediment to understanding and
managing Great L akes nearshore ecosystems.

Goforth and Carman (in press) suggested that altered
shorelines may encourage non-native species invasion
success in adjacent nearshore areas. Such species are
often habitat generaliststhat are able to adapt quickly to
changing habitat conditions, especially when competing
with specialist native taxa. While these findings were
based on a pilot study, they nonetheless suggested the
potential cumulative effects of physical, chemical, and
biological stressors on native nearshore biological
communitiesin nearshore environments. They asoimply
that management activities aimed at restoring Great
Lakes nearshore habitats may have dual benefits in
providing habitats preferred by native taxa that are
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simultaneously less favorable to non-native taxa,
providing native taxawith a competitive advantage and
potentially addressing some of the industrial and
economic issues related to non-native invaders. While
native biological communities have been shown to
become altered along shorelines with high levels of
anthropogenic activity compared to intact shorelines
(e.g., Brazner 1997; Brazner and Beals 1997; Goforth
and Carman in press), complementary work to determine
relationships between non-native communities and
shoreline land use has not been performed to date.

Whether native or non-native, the structure of
biological communities is governed by processes that
result from interactions of biotic and abiotic factors
operating over multiple spatial scales (Eadie and K east
1984; Ricklefs 1987; Dunson and Travis 1991; Minns
1989). Aquatic ecol ogists havelong recognized that local
biological communities are linked to larger scale
environmental factorsviatheinfluences of these factors
on local habitatsin streams (e.g., Hynes 1975; Vannote
et a. 1980; Frissel et al. 1986). Many studies have
demonstrated relationships between stream (e.g.,
Oshorne and Wiley 1988; McMahon and Harned 1998)
and lake (Whittier et al. 1988; Soranno et al. 1996) habitat
characteristics and the extent of human land uses in
surrounding watersheds. Similarly, land use composition
of watersheds has also been implicated as influencing
local biological communities in these systems,
presumably in responseto habitat changes resulting from
landscape aterations (e.g., Reeves et a. 1993; Weaver
and Garman 1994; Wichert 1995; Richards et al. 1996;
Allan and Johnson 1997; Roth et al. 1997; Goforth et al.
2002). These studies demonstrate the great need for
considering scale as a factor in managing aquatic
ecosystems to promote long term resource viability and
sustainability. As complex littoral environments,
nearshore ecosystemsarelikely driven by similar multi-
scale environmental factors of surrounding or adjacent
landscapes, similar to relationships observed in stream
(e.g.,Allan and Johnson 1997; Richards et al. 1997) and
inland lake (e.g., Soranno et al. 1996) ecosystems.
Therefore, a multi-scale approach to assessment and
management iswarranted for these systems.

Relating Great L akes hearshore communitiesto both
local and larger scale landscape properties of adjacent
shorelines has been the subject of few studies(e.g., Kelso
and Minns 1996; Brazner and Beals 1997; Wei et al.
2004; Goforth and Carmanin press). Meadowset a. (in
press) suggested that local changesin shorelineland use
and structure have cumulativeimpactson local nearshore
ecology viaalterationsin coastal substrate dynamicsthat
influence habitat distribution and quality in nearshore
zones. However, representation of fish species, especialy
large piscivores, at particular nearshore sites has also
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been shown to be primarily related to regional factors
(Kelso and Minns 1996; Brazner and Beals 1997). Such
wide ranging and diadromous species are less likely to
exhibit predictable community changes among specific
locations because they are more successful in taking
advantage of disparate habitats (K elso and Minns 1996;
McDowall 1996). On the other hand, some smaller, more
short-lived fish species (e.g., cyprinids) appear to be
moreresponsiveto local habitat factors (Schindler 1987).
Macrobenthos have been shown to be responsiveto both
local and landscape scale environmental propertiesin
streams, so the scale at which they respond to
environmental changeisdifficult to predict. Zooplankton
distributions are often dependent upon prevailing
currents, and may thusbe moreresponsiveto larger scale
phenomenain Great L akes nearshore zones. Regardless,
it appears that nearshore ecosystems should be studied
within ahierarchical spatial contextin order to effectively
identify the causal factors responsible for structuring
resident biological communities (Duarte and Kalff 1990;
Brazner and Beals 1997).

Associating aguatic communities with stressors
related to urban and industrial activities within
catchments can be difficult (Kelso et al. 1996). At the
Great Lakes Basin scale, cumulative impacts of these
stressors may be significant, although explicitly
identifying thesefactorsas causal islikely unachievable.
A more tenable and manageable land areato explore as
a causative agent influencing nearshore ecology is the
shoreline. Shorelines may act very similarly to riparian
zones of streams and rivers, acting as buffers to
anthropogenic activity when they are intact and
providing little to no protection from human land uses
when they arefragmented or characterized by activeland
uses themselves (e.g., Weller et al. 1998; Gergel et al.
2002). In combination with prevailing currentsthat can
carry materialsfrom updrift areas, shorelinesmay operate
over multiple spatial scales to influence biological
communitiesat local sites. If such patternsdo exist, they
can provide potential |andscape indicatorsfor assessing
ecological integrity of nearshore zones over much
broader areas of the Basin and act as a foundation for
aternative management of shorelines to enhance the
long-term viability of nearshore ecosystems.

We sought to determine whether local nearshore
biological community measures for native and non-
native taxa were associated with local and larger scale
shoreline environmental properties, including land cover
composition and the number of shore structures present
within specified geographic areas (e.g., revetments, groin
fields, jetties, piers, etc). Our primary goal wasto provide
a comprehensive assessment of native and aquatic
nuisance species (ANS) community responsesto multi-
scale shoreline environmental properties based on field



surveys of nearshore waters adjacent to local shorelines
with high and low disturbance regimes. The primary
hypothesis of this study was that fish, benthic
invertebrates, and zooplankton native species/
community densities and ANS are related to shoreline
structure density and urban land use quantified over
local and increasingly larger shoreline spatial contexts.
We expected ANS densities would be higher and thus
reflect greater invasion success in nearshore areas
associated with locally degraded shorelines, while native
taxa densities would be lower in these same areas. We
al so expected native community density measuresto be
negatively associated with shore structure densities
measured over increasing spatial scalesal ong shorelines,
while ANS densities would be positively related to
increases in shore structure numbers. Finally, we
expected native fish, benthic, and zooplankton densities
to be negatively related to the spatial extent of urban
land uses quantified within 1-km wide shoreline reaches
at progressively larger scales, while ANS densities
would be positively related to higher urban land use
contributions to these 1-km wide shoreline reaches.

METHODS

Sudy Stes

Study siteswerelocated on the eastern shore of Lake
Michigan between . Joseph and Ludington, MI. We
used a two-tiered selection process. Twelve potential
sites were first chosen based on topographic map and
aerial photograph (1:16,000 scale) interpretations.
Topographic mapswere used to identify shorelineswith
steep profiles suggesting moderate to high bluff
shoreline types. Once the bluff areas were identified,
we used aeria photographs to interpret land use and
land cover along the shorelines. We identified six
nearshore areas adjacent to modified (i.e., high levels
of human activity and land use, Plate 1) bluff shorelines
and six nearshore areas adjacent to largely intact (i.e.,
low levels of human land use and dominated by
vegetated land covers and/or dunes, Plate 2) bluff
shorelines. The second phase of the selection process
involved site visits to assess local environmental
characteristics and comparability of sites within
treatment classes. Based on the site visits, we selected
four of the six sitesfor each shorelinetreatment classas
study sites(eight sitestotal). The modified sitesincluded
nearshore areas south of Saint Joseph (SJ), north of
Whitehall (WH), north of Muskegon at Pioneer Park
(PP), andin thevicinity of Silver Lake State Park (SL)
(Fig. 1). Theintact sitesincluded nearshore areas north
of Saint Joseph at Mizpah Park (MP), south of Holland
(SH), south of Pentwater adjacent to the Pere Marquette
State Forest (PM), and south of Ludington (LU) (Fig.
1).

Ludington.

Pere Marquette‘
Silver Lake

Whitehall @
Pioneer Park.
\ \

Lake Michigan

South Holland.

N

\ Mizpah Par’
3 Saint Joseph
\ /

s

Figure 1. Study site locations along the eastern shore
of Lake Michigan.

Study sites were visited once a year for two years
(2003 and 2004) to samplelocal biological communities.
At each site, three transects were established
perpendicular to the shoreline during 2003 using a
Garmin 12XL Global Positioning System (GPS) receiver
(£10 m accuracy). Transects were established at
approximately 1.0 km increments along the shoreline at
each site. Sampling stations coinciding with the 3.0 m
water depth contour were established al ong each transect
using the GPS. These transects and sampling stations
provided aspatial framework for sampling that could be
used during both project years.

Physicochemical Habitat and Biological Surveys
Physicochemical properties were only measured
during summer 2003 due to difficulties with the digital
meters that precluded consistent sampling of water
chemistry during summer 2004. Temperature and
dissolved oxygen were measured using acalibrated Y Sl -
55 digital meter, and conductivity and pH were measured
using an Oakton model pH/Con 10 digital meter.
Turbidity was measured using a 200 mm Secchi disk
(Fieldmaster®), and was defined as the depth at which
the black and white quadrant color patterns on the disk
could no longer be discerned visually at the surface.
Temperature, dissolved oxygen, pH, and conductivity
weremeasured at 2.0 m depth at each of the zooplankton/
benthos sampling stations. Secchi depth was also
determined at the sampling stations at siteswhere Secchi
depth was <3.0 m. For sites with less turbid waters,
Sechhi depth was determined at an offshore point along
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the transect that was sufficiently deep enough to deploy
the disk until it disappeared.

Benthic macroinvertebrate and zooplankton samples
were collected at all sites during both years of the study.
Threebenthicinvertebrate sampleswere collected at each
sampling station using a Petite Ponar® grab (0.023 mz,
nine total samples/site). Benthic samples were sieved
(0.5 mm, Newark Wire Cloth Co., Newark, New Jersey)
to remove excess sand and silt, and the remaining sample
contentswere washed into asample storage bottle using
95% ethanol (EtOH) (Plate 3). Organisms in benthic
samples were later identified to the lowest practicable
and meaningful taxonomic level in the laboratory.
Benthic communities were described using measures of
benthic macroinvertebratetotal density (BMTD, number
of individuals/mz), chironomid total density (CTD,
number of individuals/m2), and densities of
Chironominae, Orthocladiinae, Tanypodinae, and
oligocheate worms. Very few non-native benthic taxa
were observed; hence, a separate measure of non-native
benthic macroinvertebrate density was not cal culated.

Three zooplankton samples were collected at each
sampling station using a 30-cm-diameter, 90-cm-long,
80-um-mesh plankton net (nine samples/site total).
Zooplankton samples were collected by allowing the
plankton net to sink to 0.5 m above the lake bottom and
then towingit vertically through the water column (Plate
4). Plankton samples were washed from the net into a
Whirl-Pak® (Nasco) sample bag using 95% EtOH. In
thelab, zooplankton sampleswerewashed through a125
pum sieve (Newark Wire Clath Co., Newark, New Jersey).
Following washing, all zooplankton samples were
diluted to aknown volume of 50 ml. Sub-samplesof 2.0
ml each were extracted from the 50 ml sample using a
pipette, and the number of individual sin the sub-sample
was determined. If there were less than 100 individuals
in the first sub-sample, additional 2.0 ml sub-samples
wereextracted and processed until at least 100individual
zooplankton were identified across the combined sub-
samples. All zooplankton were identified to the lowest
practicabletaxonomic level, although statistical analyses
were generally based on taxonomic groups rather than
individual species. Zooplankton community measures
were calculated based on zooplankton total density
(ZTD, number individuals/n), dreissenid veliger density
(DVD, number individuals/m?), and densities of
cyclopoids, Limnocalanus macr ur us, eucladocerans, and
rotifers (number individuals/mg).

Fish communitieswere only sampled during summer
2003 because weather conditions precluded consistent
fish sampling during summer 2004. Two methods were
used to assess fish communities. Beach seines (10-m-
long, 6.4-mm-mesh) were used to sampl e shallow water
fish communities (<1.0 m water depth) during twilight
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hours (i.e., 20:30 to 22:30). Three beach seine hauls (10
m long parallel to the shore) were collected at the base
of each site transect (nine seine haulg/site total). Fish
collected in the seines were identified to species and
released after processing. Shallow water fish
communities were described using catch per unit effort
measures (CPU; number of individual s/beach seine haul)
calculated for species occurring at three or more sites
(i.e., Fundulus diaphanous, Rhinichthys cataractae,
Notropis hudsonius, and the non-native Alosa
pseudoharengus and Neogobius melanostomus), all
shallow water fish combined (SWTot), planktivores
(SWPIk), benthivores (SWBen), insectivores (SWIns),
native fish (SWNat), and introduced fish (SWint).

Scientific gill nets (38.0-m-long, 2.4-m-deep) were
used to sample fish along the 3.0 m depth contour of
study sites. The gill nets were comprised of five 7.6 m
sections, each with a different mesh size (i.e., 2.5 cm,
3.8cm, 5.1 ¢cm, 6.4 cm, and 7.6 cm bar). Gill nets were
set during twilight hours (i.e., 20:30 to 22:30) in an
offshore direction with sampling station points at the
shoreward end of the gill net set. Gill nets were fished
for no more than four hours at a time to minimize
sampling induced mortality. At the conclusion of each
gill net set, the elapsed time was recorded and fish were
removed from thegill net, identified to species, measured
for length, and released. CPU measures (number fish
captured/hr) were calculated for individual species and
family groups (i.e., Aplodinotus grunniens, Dorosoma
cepedianum, catostomids, salmonids, and percids), al
nearshore fish combined (NSTot), piscivores (NSPis),
planktivores (NSPIKk), benthivores (NSBen), nativefish
(NSNat), and introduced fish (NSInt).

Soatial Data

Existing land cover data (IFMAP 2000) were used
to map land use along the Lake Michigan shoreline. A
shoreline structure data layer was also created by
digitizing shore structures interpreted from digital
orthophotoquads. Spatial analysesto quantify land cover
and shoreline structure densities were conducted using
ArcView 3.2 Geographic Information Systems (GIS,
ESRI 2004) software. Land cover composition and the
number of shoreline structures present at multiple scales
relativeto study siteswere determined using buffer areas
defined as 1.0 km-widelateral bandsal ong the shoreline.
The longitudinal extent of these buffers was defined as
one of five shoreline landscape contexts extending north
or south from a given survey site, including local scale
(a5.0 km buffer centered on each nearshore study site),
and 10 km, 25 km, 50 km, and 100 km updrift from each
survey site. Thedirection (i.e., north or south of agiven
study site) of the shoreline contexts was determined
based on mean longshore currents for the study area
(Beletsky et al. 1999). Shoreline contextswere spatially



nested so that larger contexts encompassed the areas of
all smaller contexts. Thelongitudinal and inland extents
of each shoreline spatial context (e.g., 5.0 km long and
1.0kminland, 10 kmlongand 1.0 kminland, etc.) served
asthe boundariesfor quantifying the percentage of urban
land use within buffers of each spatial context. These
shoreline contexts were also used to determine the
numbers of shoreline structures at multiple spatial scales
relative to the study sites. Both the urban land use and
shoreline structure data were used as measures of
shoreline condition in regression analyses with the
biological community data.

Satistical Analysis

A repeated measures analysisof variance (ANOVA)
was used to determine whether benthic and zooplankton
community measures were different between shoreline
classes. For the ANOVAS, biologica community data
were log,, (x+1) transformed to meet the assumption of
equal variance. Multivariate ANOVA (MANOVA) was
used for fish datato detect potential interactions among
the fish community measuresrelativeto shoreline class.
In caseswherethe MANOVA was significant, individual
one-way ANOVASs were conducted using the fish
community data to determine which groups exhibited
different CPU between the shoreline classes. Regression
analysis was used to determine whether overall mean
local biological community measureswererelated to the
spatial extent of urban land usesand numbers of shoreline
structures within the shoreline buffers described
previously. The statistical software package SPSS 12.0
(SPSS, Inc.) was used to conduct all statistical analyses.
Statistical tests were significant at alpha= 0.05.

RESULTS

Summary

Site surveys were primarily conducted during late
June and July of 2003 (benthic macroinvertebrates,
zooplankton, fish, and water chemistry) and 2004
(benthic macroinvertebrates and zooplankton) (Table 1).
For each site, zooplankton and benthic samples were
collected within the same 2-week time frame each year.
Water temperatures, dissolved oxygen, conductivity, and
pH measures were largely similar among sites (Table
2). However, Secchi depth measures varied widely
among sites, ranging from 2.0 mat PPto 82 mat LU
(Table 2). Turbidity tended to decrease in a northward
direction across the study sites and likely reflected
differencesin the relative productivity of the nearshore
areas. However, there was no statistically significant
differencein Secchi depth between the shoreline classes.

Benthic sampleswere principally comprised of taxa
in ten coarse taxonomic groups, including intermittent
occurrences of the introduced species, D. polymorpha
(Table 3). Twenty-four zooplankton taxawere observed

across all sites, including two non-native species,
Cercopagis pengoi and Dreissena sp. veligers (Table 4).
Twenty-three fish specieswere al so observed among the
study sites, including the introduced species A.
pseudoharengus, Osmerus mordax, N. melanostomus,
Salmo trutta, and Onchorhynchus tshawytscha (Tables
5 and 6).

Local Shoreline Type Analyses

Benthic macroinvertebrate invertebrate community
compositions and densities varied widely within and
among study sites(Table 3). Repeated measuresANOVA
indicated that BMTD was not significantly different
between shoreline types (F=0.14, p=0.71, Fig. 2a),
although it was greater in 2003 vs. 2004 (F=17.55,
p<0.001). Four of the 10 observed taxonomic groups
occurred with sufficient frequency to warrant statistical
comparisons between modified and intact shoreline
classes, including the chironomid subfamilies
Chironominae, Orthocladiinae, and Tanypodinae, and
oligochaete worms (Table 3). Densities of Chironominae
did not differ between shoreline classes (F= 0.59,
p=0.45), although they were higher in 2003 compared
to 2004 (F=5.17, p=0.03) (Fig. 3a). Orthocladiinae
densities were also not different between shoreline
classes (F=0.76, p=0.76), but were higher in 2003 vs.
2004 (F=89.85, p<0.001) (Fig. 3b). Tanypodinae
densities were not different between shoreline classes
(F=0.15, p=0.70), dthough they were greater in 2004
vs. 2003 (F=65.00, p<0.001) (Fig. 3c). Finally,
oligochaete worm densities were not different between
shoreline classes (F=0.65, 0.42), but were significantly
higher during 2003 compared to 2004 (F=5.49, p=0.02)
(Fig. 3d). The only non-native benthic invertebrate
observed was Dreissena polymorpha, and it was only
observed in very low densities at two of the eight sites
(SJand SL), thus precluding this group from statistical
analysis.

Zooplankton densities were moderately variable
among sites, although generally not to the same extent
as benthic macroinvertebrates (Tables 3 and 4). Mean
ZTD was not significantly different between shoreline
classes (F=0.07, p=0.80) (Fig. 24), although it was
significantly different between 2003 and 2004 (F=25.11,
p<0.001). However, asignificant interaction between the
year and shoreline class treatments (F=12.15, p=0.001)
suggested that this pattern was not consistent between
shorelinetypes (Fig. 2b). Mean ZTD waslower in 2003
compared to 2004 for the modified shoreline type
(F=29.17, p<0.001), although there was no significant
difference in mean ZTD of intact shorelines between
years (F=0.08, p=0.78) (Fig 2b).

Statistical analyses of individual zooplankton
taxonomic groups were restricted to higher levels of
organization in most cases due to the high degree of
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Table 1. Sample dates for nearshore areas in Lake Michigan surveyed during the

summers of 2003 and 2004.
Taxonomic Group

SwdySite  Zooplankton | O vater Fish bk
Ludington igjﬁtgi igjﬁtgi 19-Aug-03  19-Aug-03
Mizpah Park 21‘;__:];:1111__3: 21‘;__'?:3__33 24-Jun-03  24-Jun-03
Pioneer Park 3;’:;:;} (-)?‘3 3;’:;:: (-)?‘3 30-Jun-03 30-Jun-03
Pere Marquette 320_}];‘1{;)043 32‘)_:]‘]“‘1{'0043 29-Jul-03  29-Jul-03
South Holland 134_'JJI:‘1{'0043 134_:]{;‘1{'0043 14-Jul-03  14-Jul-03
Silver Lake 229_}{:‘1;043 229_:]‘1‘;{'0043 29-Jul-03  29-Jul-03
Whitehall 110-_JJ1:11;_003 . 11(;3“1:;_003 ,  01-Jul03  01-Jul03

Table 2. Mean (1 S.E.) physicochemical measures for nearshore areas adjacent to modified and intact shorelines of
Lake Michigan. Water temperature, dissolved oxygen, conductivity, and pH measures are based on measurementstaken

at 2.0 m water depth along the 3.0 m depth contour of study sites.

Physicochemical Measure

Water

Shoreline . Secchi Depth Dissolved Conductivity

Class Study Site (m) Tem?oecr;lture Oxygen (mg/L) ®S) pH
Saint Joseph 3.1+0.1 19.0+0.1 9.9+0.6 362.0+81.5 8.2+0.1

Modified Pioneer Park 2.0+0.1 20.3+0.2 9.4+0.1 490.0+92.5 8.2+0.1
Whitehall 4.5+0.1 21.5+0.1 8.5+0.4 497.0+£97.0 8.2+0.0
Silver Lake 6.5+£0.6 19.4+0.1 9.9+0.1 528.3+0.3 8.4+0.1
Mizpah Park 4.7+0.3 20.6+0.1 10.3+0.6 668.7+2.3 8.4+0.1

Intact South Holland 2.2+0.0 23.4+0.3 10.60.3 628.3+16.8 8.5+£0.0
Pere Marquette 6.2+0.1 20.4+0.0 9.4+0.1 538.7+0.9 8.4+0.0
Ludington 8.2+0.1 19.3+0.1 9.9+0.0 525.0+2.6 8.5+0.0

variability in densitiesof individual generaand/or species
within and among sites, between shoreline classes, and
between years (Table 4). The cyclopoid group included
five taxaand tended to be numerically scarce compared
to most other zooplankton groups (Table 4). Total
cyclopoid densitieswere not different between modified
and intact shorelines (F=0.21, p=0.65), although they
were consistently higher in 2003 vs. 2004 for both
shoreline classes (F=26.78, p<0.001) (Fig. 4a). There
was no interaction between year and shoreline type for
the cyclopoid analysis (F=0.27, p=0.61). Only one
calanoid species was detected, Limnocalanus macrurus,
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and it generally occurred in small numbers across all
sites (Table 4). L. macrurus densities were similar both
between shoreline classes (F=0.01, p=0.92) and between
years (F=0.103, p=0.75) with no significant interaction
between the main effects (F=1.76, p=0.19) (Fig. 4b). The
eucladoceran group included six different taxa, although
Bosmina longirostris was much more abundant than any
of the other eucladocerans, and it was a numerically
dominant taxon in zooplankton samples across all sites
(Table 4). As a group, eucladoceran densities were not
different between shoreline classes (F=1.02, p=0.32),
although they were lower in 2003 compared to 2004
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Figure 2. Mean (x 1 S.E.) total densities of A) benthic macroinvertebrates (number of
individualm? and B) zooplankton (number of individual s/m?®) segregated by shoreline type
(modified and intact) for samples collected along the 3 m depth contour of eastern Lake

Michigan during summer 2003 and 2004.

(F=56.16, p<0.001) (Fig. 4c). There was a nearly
significant interaction between year and shoreline type
dueto the comparably lower degree of variability in mean
eucladocern densities between 2003 and 2004 for the
intact shoreline class (F=3.06, p=0.09) (Figure 4c).
Rotifers also comprised a large portion of
zooplankton samples, including seven taxa that were
widely distributed among the sites and three additional
taxa that were only found at a few sites (Table 4). A
significant interaction between year and shoreline type
(F=8.56, p=0.005) indicated that ANOVAS had to be
segregated by year. Rotifer densities were significantly
greater in 2004 vs. 2003 for the modified shoreline class
(F=17.99, p<0.001), athough they were not significantly
different between years for the intact shoreline class
(F=0.02, p=0.89) (Fig. 4d). Overall rotifer densitieswere
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aso not significantly different between nearshore areas
associated with modified vs. intact shorelines (ANOVA
F=0.07, p=0.80) (Fig. 4d).

Non-native zooplankters were represented by C.
pengoi and Dreissena sp. veligers. Very few C. pengoi
were detected at sites (Table 4), and there was no
significant difference in densities of C. pengoi between
shoreline classes (F=1.51, p=0.22) or between years
(F=1.91, p=0.17). There was also no significant
interaction between year and shoreline class for this
analysis (F=2.86, p=0.1). Veligers often comprised very
large portions of zooplankton samples (Table 4). A
significant interaction between year and shoreline type
(F=5.75, p=0.02) indicated that ANOVASs had to be
conducted separately by year. Nearshore areas adjacent
to modified shorelines had greater densities of veligers
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in 2004 compared to 2003 (F=8.51, p=0.005), although
this was not the case for nearshore areas along intact
shorelines (F=0.01, p=0.97). There was no difference
in veliger densities between shoreline types (F=0.08,
p=0.79).

Most shallow water fish were only found at three or
fewer sites (Table 5). The most common fish observed
among siteswere N. hudsonius, A. pseudoharengus, and
F. diaphanus (Table 5). A MANOVA conducted using
datafor all shallow water fish species at three or more
sites indicated that the shallow water fish community
varied between modified and intact shoreline types
(6=0.83, p=0.03). Individual ANOVAsfor each of these
fish speciesindicated that A. pseudoharengus (F=2.43,
p=0.12), R. cataractae (F=2.33, p=0.13), N.
melanostomus (F=0.00, p=1.00), and N. hudsonius
(F=1.18, p=0.28) CPU measures were not significantly
different between the shorelinetypes (Fig. 5a). Thiswas
also truefor SWTot (F=0.77, p=0.39) (Fig. 5a). Only F.
diaphanus CPU was different between shoreline types,
with greater CPU in nearshore areas adjacent to modified
shorelines (F=0.77, p=0.39) (Fig. 5a).

MANOVA indicated an overall differencein shallow
water fish mean CPU between shoreline types based on
trophic classifications (6=0.83, p=0.03). Mean SWPis
and SWPIk were greater in nearshore areas adjacent to
modified shorelines (F=5.06, p=0.03, and F=3.88,
p=0.05, respectively) (Fig. 5b). Both SWBenand SWins
mean CPU were similar between the shoreline types
(F=0.35, p=0.56 and F=1.26, p=0.27, respectively) (Fig.
5b). Mean SWNat and SWint were not significantly
different between shoreline types (F=1.66, p=0.20 and
F=1.68, p=0.20, respectively) (Fig. 5c).

All but one nearshore fish species (A. grunniens)
occurred at three or fewer sites(Table6). Thus, all species
but A. grunniens and D. cepedianum were grouped into
family groupsfor analysis (i.e., catostomids, salmonids,
and percids). A MANOVA indicated that nearshorefish
exhibited no differences in CPU between shoreline
classes based on these taxonomic groupings (€=0.73,
p=0.29) (Fig. 6a). A MANOVA conducted using the
nearshorefish datagrouped according to species’ trophic
status indicated no overall difference in the nearshore
fish community between shorelinetypesbased on trophic
status (6=0.86, p=0.39) (Fig. 6b). Both NSNat (F=0.01,
p=0.93) and NSInt (F=1.37, p=0.25) were also not
significantly different between shorelinetypes (Fig. 6¢).

Spatial Analysis Results

Urban land uses were a prominent feature of the
shoreline buffers over aimost all landscape contexts
(Table 7). The lowest percentages of urban land use
occurred in buffers of the local and 10 km updrift
landscape contexts for the SH study site (9% and 8%,

respectively), whilethe greatest percentage of urban land
use occurred within the local landscape context at SJ
(83%). The variability in urban land use within multi-
scale bufferswasjudged to provide an appropriate basis
for conducting regression analysesto detect relationships
between biological community measuresand urban land
use of buffers quantified over multiple spatial scales.
Shore structureswere also very prominent features
of the buffers defined at different scales (Table 8). The
number of shore structures generally increased with
increasing spatial scale of landscape contexts for each
study site. Shore structures ranged in number from none
in the local landscape context at PPto 461 in the buffer
comprising the largest landscape context for the same
site. Aswasthe case for the urban land use analyses, the
variability in the number of shore structuresover multiple
landscape contexts for each site was judged to provide
an adequate basis for conducting regression analyses to
detect relationships between biological community
measures and the number of shore structures within
buffers of landscape contexts over multiple spatia scales.

Regression analyses of benthic community datawith
urban land use and shore structure density were limited
to mean BMTD and CTD. The greatest variability in
BMTD was explained by the extent of urban land uses
within 1.0 km shoreline buffers of the local, 10 km
updrift, and 25 km updrift landscape contexts (Table 9).
Although these relationships were not statistically
significant, the degree of variability in mean BMTD
explained by urban land use dropped precipitously at
the 50 km and 100 km updrift |andscape contexts (Table
9). Urbanland use of shoreline buffersover all landscape
contexts explained very little of the variation in mean
CTD (Table 9). Variability in CTD explained by urban
land use waslimited to amaximum of 13% observed for
the 100 km updrift landscape context.

Shore structures of thetwo largest |andscape contexts
explained the greatest degree of variationinmean BMTD
(Table 10). There was a nearly significant relationship
between BMTD and the number of shoreline structures
within the 50 km updrift landscape context (R?=0.45,
p=0.07), and the degree of variation explained by the
number of structureswithin the 100 km updrift landscape
context, though not statistically significant, was much
greater than thethree smallest landscape contexts (Table
10). The number of shore structures within shoreline
buffers explained <5% of the variation in mean CTD
over all landscape contexts (Table 10).

The extent of urban land use within the shoreline
buffersexplained very little variability inthe ZTD dataset
(Table 9). The coefficients of determination for these
analyses were generally R2<0.07, and the greatest
variability in mean ZTD explained by urban land use
was limited to 12% for the 100 km updrift landscape
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Figure 5. Mean (x 1 S.E.) catch per unit effort (CPU) for shallow water fish captured in beach
seine hauls at sites segregated by shoreline type (modified and intact) in eastern Lake Michigan
during summer 2003. Individual speciesat >3 study sitesinclude Alosa pseudoharengus (alewife,
Alew), Fundulus diaphanus (banded killifish, Baki), Rhinichthys cataractae (longnose dace, L odo),
and Neogobius melanostomus (round goby, Rogo). Groupings include overall shallow water
piscivores (SWPis), planktivores (SWPIK), benthivores (SWBen), insectivores (SWIns), native

SWNat

SWint

Fish Community Measure

fish (SWNat) and introduced fish (SWint).
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Figure6. Mean (+ 1 S.E.) catch per unit effort (CPU) for nearshore fish capturedin gill net hauls
at sites segregated by shorelinetype (modified and intact) in eastern Lake Michigan during summer
2003. Individual speciesand familiesat >3 study sitesinclude Aplodinotus grunniens (freshwater
drum, Frdr), Dorosoma cepedianum (gizzard shad, Gish), catostomids (Cato), salmonids (Salm),
and percids (Perco). Groupings include overall nearshore piscivores (SWPis), planktivores
(SWPIK), benthivores (SWBen), native fish (SWNat) and introduced fish (SWInt).
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Table7. Percentage of 1.0 km shoreline buffers comprised
of urban land uses along the eastern Lake Michigan
shoreline. Buffers include a 5 km-long shoreline reach
encompassing each study site (local), and 10 km-, 25
km-, 50 km-, and 100 km-long shoreline reaches updrift
from each study site.

Buffer Landscape Context

Study Site Local 10 km 25 km 50 km 100 km
Saint Joseph 83 81 46 34 35
Pioneer Park 48 51 48 45 43
Whitehall 28 29 35 40 42
Silver Lake 21 15 20 25 35
Mizpah Park 19 24 41 28 28
South Holland 9 8 20 26 26
Pere Marquette 32 20 18 23 33
Ludington 26 29 33 26 34

context (Table9). Urban land use within shoreline buffers
also explained very little of the variation in DVD over
most landscape contexts (Table 9). Similar to ZTD
regressions, the greatest amount of variability in DVD
was explained by the extent of urban land use within the
largest landscape context (R2=0.26, p=0.20).

Shore structures within shoreline buffers explained
relatively little of thevariationin ZTD over all landscape
contexts (Table 10). The local shoreline context
explained the greatest degree of variability in ZTD
(R2=0.18), and the remaining landscape contexts
explained <3% of thevariationin ZTD (Table 10). Shore
structures within the three smallest landscape contexts
explained <5% of thevariationin DV D for each analysis,
and numbers of shore structures within the two largest
landscape contexts explained comparatively much larger
degrees of variation, although neither was statistically
significant (Table 10).

Mean SWTot was positively related to the spatial
extent of urban land uses within the 10 km updrift
landscape context (Fig. 7a). It also exhibited a nearly
significant relationship to urban land uses of the local
landscape context (Table 9). Urban land use within the
two largest spatial contexts explained very little of the
variation in SWTot (Table 9). In contrast, mean SWTot
showed a significant negative relationship with the
number of shore structures within the 100 km updrift
landscape context (Fig. 8a).

Relationships between shallow fish trophic groups
and urban land uses varied greatly based on landscape
context, while relationships between these groups and
shore structures of shoreline buffers were more similar.
Mean SWIns was positively related to urban land use
within buffers of the local and 10 km updrift landscape
contexts (Table 9). Mean SWPIk was positively related
to urban land use within the 50 km updrift landscape
context (Table 9 and Fig. 7b). Mean SWBen was not

Nearshore Biological Community Patterns Page-16

Table 8. Number of shore structures within 1.0 km
shoreline buffers along the eastern Lake Michigan
shoreline. Buffers include a 5 km-long shoreline reach
encompassing each study site (local), and 10 km-, 25
km-, 50 km-, and 100 km-long shoreline reaches updrift
from each study site.

Buffer Landscape Context

Study Site Local 10 km 25 km 50 km 100 km
Saint Joseph 47 96 111 129 129
Pioneer Park 0 920 123 209 461
‘Whitehall 7 19 93 155 420
Silver Lake 51 48 120 234 396
Mizpah Park 20 38 107 126 126
South Holland 1 4 66 173 300
Pere Marquette 23 47 117 229 346
Ludington 13 20 46 140 279

significantly related to urban land uses of any landscape
context, although the smaller landscape contexts
explained more variability in SWBen than the largest
two landscape contexts (Table 9). In contrast, both SWins
and SWBen were negatively related to the number of
shore structuresin the 100 km updrift landscape context
(Fig. 9a-b). Similarly, although SWPIk was not
significantly related to the number of shore structures
within any landscape context, the greatest amount of
variationin SWPk was explained by the number of shore
structures within the 100 km updrift context (Table 9).

Mean SWNat exhibited significant positive
relationshipswith the spatial extent of urban land usein
local and 10 km updrift buffers (Table 9 and Fig. 7¢). In
contrast, mean SWNat was negatively related to the
number of shoreline structures within the largest buffer
context (Table 10 and Fig. 9c). Regression analysis
showed that SWInt was positively related to urban land
use of thelocal, 10 km updrift, and 25 km updrift buffer
contexts (Table9 and Fig. 7d). Mean SWInt al so showed
a significant positive relationship with the number of
shorestructuresinthe 10 km updrift buffer context (Table
10 and Fig. 9d).

Urban land uses within shoreline buffers explained
very little of the variation in mean NSTot (Table 9).
Although not statistically significant, urban land use
within the largest spatial context explained the greatest
degree of variation in NSTot (Table 9). Mean NSTot
showed a significant negative relationship with the
number of shore structures within the 50 km updrift
landscape context (Table 10 and Fig. 8b). Shore
structureswithin the remaining buffer contextsexplained
<28% of the variation in NSTot (Table 10).

Mean NSPis was positively related to urban land
uses of the local and 10 km updrift landscape contexts
(Fig. 11a), and urban land use of the two largest buffer
contexts accounted for very littlevariationinmean NSPis



19°0 670 <0°0 190 870 1T0 0’0 180 <TI0 050 IS0 800 69°0 8I'0 €00 JUISN
€0 €1 LT°0 00 LT0 €00 8I'0 Ss¢€T 8T0 IT0 66’1 STO 0€0 LTI 8I'0 JeNSN
80 900 100 IS0 050 800 60 100 000 o0 €80 <TI0 o L8T vT0 WISN YSLI 210YSIEAN
9000 S¥'s 8¥0 o 0L°0 010 veo 80 SI0 9¢'0 10T ¥I°0 9€°0 L60 VIO AIdSN
6L°0 800 100 980 €00 10°0 8I'0 67T 8T0 00 086 790 €00 98 650 SIdSN
€0 €0 110 €90 €70 ¥0°0 60 LYo LOO LL'0O 600 T0°0 660 000 000 JOLSN
wwo vI'o o 09°0 0€0 <00 €I'0 vI't  $E0 €00 0.8 650 ¥0°0 90°L ¥S0 JENAS
€60 100 000 €0 IS0 €0 w00 Ss¥re 190 200 668 090 €00 €79 IS0 JUIMS
99°0 TTO0 ¥0°0 €9°0 €70 ¥0°0 €10 60°¢ €0 €00 €S°L 9S50 €00 909 00 SUIMS USLT JOYEAN AO[IRYS
€0 vT1  LT°O 060 200 000 61°'0 07T LTO ST0 99T TTO ¥e0 60'T  ST°0 WIMS
o eTe  €££0 200 oI'0L €90 o 06T ¥TO 0s'0 TS0 800 7290 8T0 100 AIdMS
09°0 1I€0 S0°0 69°0 8I'0 €0°0 aro €€ 9¢€0 ¥0°'0 S99 €S0 92000 6T L¥V'0 JOLMAS
8¢€°0 060 €10 <0 LYo LOO €60 100 000 €9°0 TT0 1+0°0 LSO 9¢€°0 900 ALD  SIIBIQILIDAUIOIIEIA
98°0 €00 100 €0 90 LOO 00 LOT 970 €I'0 v0°t  ¥E0 or’'0 19T 0¢°0 ALINg lpuag
00 orec 970 080 L0°O 10°0 650 €€0 S0°0 S9°0 €T0 ¥0°0 9%'0 790 600 aad uopyuerdooz
0’0 €80 <TI0 LSO L0 90°0 Lo S1T'0 T0°0 vLO  TI°0  T0°0 650 TE0 <00 alrz
d A A d k| A d A a d a4 A d 4 A SIMSBIN 411010 arwonoxe .
001 0S 4 01 [ed0] Arunwuwo))

1x9yuo)) adedspue|

*Ref u1 payBiybiy
3Je 1X31U0D Jo 1IN UBAIB & UIYlIMm S3InIonJIs aJoys JO Jequinu syl pue siepered A1iunwiwod ea1Bojoiq usamiag sdiysuoie . 1uedijiubs Ajeansies
"1X81 83U} JO UO1OSS SPOYRI A 8Y} U1 pauljop 8 saunseawl Alunwiwod [eaifojolg 'saus Apnis ayp wiody 1pdn ssulploys Buoj-w 00T pue ‘W 0 ‘-Wf
Gz ‘-w QT pue ‘([eoo) 81ss Apnis 8y Bussedwoous sulpJoYs W G papnjoulsieNg 'saeds [elreds ajd i Nw e pauLep SiS4Nd dUIRJOYS W -T UIy}IMm
(Uequn seeare JoJNg o4 “9°1) SN pUR| Leqin JO 1UBIXe [eileds ayl pue sainsesll A1unwiwiod 2160010 Usamiag SUoIssalfal feaul| JO S1 NSy "6 9|gel

Nearshore Biological Community Patterns Page-17



010 I8E€ 650 900 8SS 80 910 19T O0€0 €60 T100 000 6.0 800 100 WISN

P00 TS9 TS0 110 6S€  LEOD €60 1000 000 €K0 L0 IO ¥60 100 000 JENSN

LEO €60 €00 LEO €60 €0 0T0 II'T 9T0 600 €TF IY0 | €00 T8 8S0 wGSN T ——

IL0 ST0 €00 L80 €00 100 TEO0 0TI LIO STO 65T 1T0 I¥F0 6L0 <TI0 SN

200 L68 090 800 ISF €F0 860 000 000 <TO 68T L0 ITO0 S6T STO SIISN

€0 ST'T 9I'0 | #0°0  ¥IL  ¥S0 610 TTT LTO O L0 IO €€0 II'T  9I°0 10LSN

P00 789 €S0 TI'0 SEE  9€0  L90 0T0 €00 910 LST 0E0  9€0 00T IO JENAAS

070 60T 970 IE0 9I'T  9I'0  LTO SHT 0T0 | ¥00 PEL SSO 9.0 II'0 200 WIS

€00 078 8S0 II'0 S9C 8€0  L90 0T0 €00 SI'0 SET 8T0 SE0 0T SI'0 SULMS o 1o7e AL MOTIEUS

1000 PL'SE 980 SO0 6£9 TS0 SL0 800 100 90 T90 600 6£0 LSO €I'0 WGMS

PI'0 66T €€0 80 LSO 6000 90 €90 OI'0 LTO 9K'T 0T0 0T0 80T 970 MdMS

200 ¥S6 190 10 €€€ 9€0 090 <TE0 SO0  SI'0 L9T IE0 90 660 VIO 10LAAS

080 LOO 100 90 STO 00 960 000 000 LLO 600 <00 180 LOO 100 ALD  SIIBIGILIIAUIOIIEA]

€10 10°€ €€0 LOO €8F SKO 690 S8I'0 €000 SS0O I¥F0 900 €50 SHO0 L0O aLng arpudg

SI'0 6LT T€0 IO 16T  ¥TO0 980 00 100  ¥9°0 ¥TO0 #00 S80 #0010 aAd wopyuerdooz

780 900 T000 IL0 SI0 T00 €80 SO0 100 6.0 LOO 1000 OS€0 8TT 8I'0 arz

d A A d a A d A A d a A d a1 A JINSBIIA dno.n srwouoxe |
001 0S ST i S Aunuwo)

1X93u0)) ddedspue]

Reib ui pewyb1ydY

3.Je 1X21U09 Jo 1Jnq UBAIB B UIY1IM S2INJoNJIS 3J0US JO Joquuinu ayl pue siepuered A1iunwiwod eai6o[oig usamiag sdiysuoirpl 1UedlJiubis A|eaisiels '1xa1
31 JO UOI133S SPOYI |\ 841 Ul pauljep a.e saunsesll A1iunuuwiod eaibojolg 'salis Apnis ayl wiod) 1 Lpdn saulpJloys Buo|-wy 00T puUe ‘-Wwy 0G ‘-W| G2 “-W
0T pue ‘([e20]) d)1s Apnis a3 Bu sssedwioous dupIoYs W Ge papnpuiseHNg 'Saeds [elleds a|d N Te paujap S 4NG S RJOYS WX-T UIyYIM (018 ‘spp
uloJ6 ‘sanpl ‘sjuswienal 9°1) S3INJONJIS SUIRIOUS JO Jaguinu 8yl pue sainseall A1lunwiwiod [ea160]0I1q Usamieq SUOISSaI0a) feaul| Jo S1insay 0T 9(del

Nearshore Biological Community Patterns Page-18



"1X91U02 adeaspue| 14 1pdn Wi QT 3Y1 UIYLIM 3SN pue| ueqin
pue (UIMS) NdD Se10ads paonpoIU! Jolem Mmo|feys (Q pue 1xe1uod adeaspue| 11pdn W OT 8y} UIY}IM asn pue| uegin pue (BNMS) NdD us!)
SAITRU oM MO|[RUS (D “1Xe1u0d adeaspue| 1) Lipdn wix 0G 8yl uIylimasn pue| ueg.an pue (IdMS) NdD usiisnoloaipjue(d jerem mo|eys (g ‘1xeuod
adeaspue| 11pdn W OT dY} UIYHM asn pue| Uegin pue (101MS) 1Moo 1un Jad Yomed usiy Brem mo|feys [e10) (v usamiag sdiysuoliepy 2 ainbi4

as pueT ueqin %

00l 08 09 1)4 0¢C 0 00l 08 09 (1) 4 114 0
00 9 0
[ J
-0°¢C
(¢))
oy =
=
=k
zoo=d 09 ° coo=d f ™
0970 = ;¥ 65°0=,d 0S
LLZ'0-x1800=A | . 9/'C-X00S0=A [
08 09
‘q 5
0s 0¢ 00l 08 09 (1) 0c 0
*—+0'0 _ _ —o o {0
-QF ° -Q—.
(7)) - 02
vz 2 02 ¢
- 0€ M
w U ° i —
"0°C
A -0 O
z00=d [ . v0'0=d -~
o g90=py [0V €50 = ;4 [ 06
¥9°¢ - xgpL'0=A 08y - Xpp90=A
—0°'G o —- 09
g v

Nearshore Biological Community Patterns Page-19



A.

80 y = -0.129x + 55.387
{ R%=0.61
p = 0.02
) 601 o
o
Q
40 -
2
<
(/)] 20 -
°
0 T T T q
100 200 300 400 500
3.0 B.
y = -0.015x + 3.941
| R2=0.54
p =0.04
=
o 2.0 ®
% Y
[t °
(/) i
= 1.0
o
0.0 . . . . _
120 150 180 210 240

Number of Shore Structures

Figure 8. Relationships between A) total shallow water fish catch per unit effort (SWTot)
and the number of shore structureswithin the 100 km updrift landscape context, and B) total
nearshore fish catch per unit effort and the number of shore structures within the 50 km

updrift landscape context.
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Figure 10. RelationshipsbetweenA) nearshore piscivorousfish catch per unit effort (NSPis)
and urban landuse within the 10 km updrift landscape context, and B) nearshore
planktivorous fish catch per unit effort and urban land use within the 100 km updrift

landscape context.
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(Table9). In contrast, NSPis showed anearly significant
negative rel ationship with shore structureswithin the 50
km updrift buffer and asignificant negativerelationship
with urban land use within the 100 km updrift buffer
(Fig. 10a), while the smaller buffer contexts accounted
for only moderateto very littlevariationin NSPis (Table
10). Mean NSPIk exhibited anearly significant positive
relationship with urban land use within the largest updrift
landscape context (Fig. 10b). The smaller buffer contexts
each accounted for <16% of thevariationinNSPIk (Table
9). Shore structures of al landscape contexts explained
<22% of thevariationin NSPIk (Table 10). Mean NSBen
was hot significantly related to urban land uses of any
landscape context, although the smallest landscape
context explained the greatest degree of variability in
NSBen (Table 9). Mean NSBen exhibited a significant
negative relationship with shore structures of the local
landscape context (Fig. 11b), and the degree of variability
in NSBen explained by shore structures decreased with
increasing landscape context (Table 10).

Mean NSNat and NSInt were not significantly
related to urban land uses of buffers over al landscape
contexts (Table 9). Among the landscape contexts, the
10 km and 25 km updrift described the greatest degree
of variation in mean NSNat relative to urban land use
(Table 9). Shore structures within buffers generally
explained <22% of the variation in NSIntCPU (Table
9). Mean NSNat exhibited a significant negative
relationship to the number of shoreline structures
guantified over the largest landscape context (Fig. 11c),
and very little variation in NSNat was explained in each
of the smallest landscape context regression analyses
(Table 10). NSInt exhibited anearly significant negative
relationship to shore structures of the 50 km updrift
landscape context (Fig. 11d), and the smallest two
landscape contexts explained <2% of the variation in
mean NSInt (Table 10).

DISCUSSION

Fish, benthic macroinvertebrate, and zooplankton
communities of eastern Lake Michigan bluff shorelines
varied greatly within and among sites, and for benthos
and zooplankton, between years. However, with the
exception of Sechhi depth, site physicochemical
measuresvaried little among sites. Despitethe variability
inturbidity among sites, Secchi depthswere statistically
similar between shoreline classes and tended to increase
withincreasing latitude regardless of shoreline condition.
This suggested that local shoreline condition was not a
significant factor in determining theturbidity of adjacent
nearshore waters. Turbidity reflects both organic and
inorganic material s suspended in thewater column, both
of which influence biological communitiesin significant
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ways. The absence of consistent patterning of nearshore
turbidity with local shoreline condition suggests that
local factors may not play asignificant rolein structuring
nearshore communities via pathways mediated by
suspended organic and inorganic materials (e.g.,
productivity), presumably due to the actions of
alongshore currents. However, sediment and nutrient
inputs from nearby updrift tributary confluences may
have had significant influences on local nearshore
communities of some sites. Although beyond the scope
of this study, the potential for organic and inorganic
materials associated with tributary confluences to
influencelocal nearshore biological communities should
be addressed in future research.

We expected benthic macroinvertebrate community
measures to differ between shoreline classes, and the
absence of significant differencesin these measureswas
surprising. Although few historical studies exist that
focus on relationships between nearshore benthos and
shoreline environmental properties (e.g., Garza and
Whitman 2004, Goforth and Carman in press), they do
suggest that nearshore benthic communities respond to
shoreline land use or manipulation at relatively loca
scales (i.e., <10 km). In contrast to the local shoreline
analyses, the spatial analyses showed some agreement
with these past studies by demonstrating that greater
variability in BMTD was explained by urban land uses
of the smaller landscape contexts (i.e., <25 km updrift)
compared to larger landscape contexts (i.e., >50 km
updrift). Thisislikely aresult of local changesin sand
distribution and stability mediated by shore structures
similar to the findings of Garza and Whitman (2003).
However, significant regressions of BMTD with the
number of shore structures within the 50 km updrift
landscape context also suggested that there may be
cumulative influences of shore structures on local
macrobenthos, presumably because of collective
changes in substrate movement and distribution that
influence local nearshore benthic habitats.

Sand substrates dominated almost every sampling
station, suggesting similar habitat availability among
sites. However, there were subtle differences in the
particle sizes of these sands which were anecdotally
noted, although not quantified as part of the study. These
apparently subtle changesin substrate particle sizelikely
constituted considerable differences in habitat
availability from the perspective of benthic
macroinvertebrates (Winnell and Jude 1984). Some
nearshore sites were also characterized by pockets of
accumulated organic debris that may have served as
islands where benthos congregated due to the greater
food resource availability within the larger context of
the lake bed. The number, size, distribution, and
availability of sand patches of differing particle sizes,



aswell asorganic debrisislands, arelikely to be of great
importance in determining benthic productivity and
distribution in nearshore zones. However, our sampling
regime did not stratify according to substrate particle
size or organic debris concentrations, and therefore high
variability due to random sampling error may have
masked responses of benthos to local changes in
shoreline condition. Further research focusing on the
relative importance of these microhabitat features is
therefore important for better understanding how
nearshore benthos are influenced by local habitats. In
addition, studies focusing on the physical factors that
determine the spatial distribution of such microhabitats
within nearshore zones is needed to better understand
how biologically relevant habitats are influenced by
shoreline change.

Most benthic macroinvertebrates exhibited
differences in densities between the study years, often
by an order of magnitudein size. Thiswasnot surprising
given that the 3.0 m depth contour of Great Lakes
nearshore zones is subject to constant disturbance from
wave and current activity (Garza and Whitman 2004),
and it islikely that local aguatic communities fluctuate
on daily, weekly, seasonal, and annual bases (Brazner
and Beals 1997). The great variability in benthic
macroinvertebrate densities between years suggeststhat
long-term datasets reflecting annual, or even seasonal,
variations in benthic communities are needed to better
understand the how benthic communities respond to
changesin nearshore environmental properties.

We were surprised to see very few instances of
benthic ANS during our surveys. Only a few adult
Dreissena sp. were observed among all samples, and no
invasive amphipods were detected. This contrasts with
Goforth and Carman’s (in press) observations of high
densities of dreissenids in nearshore zones along
modified shorelines of Lake Erie and the western side
of Lake Michigan. These nearshore areas were
dominated by many large cabbles and boulderswithin a
matrix comprised chiefly of clay, athoughthe LakeErie
siteisknown to have been dominated by sand historically
before shore structures designed to protect bluffsaltered
the substrate regime, diverting sand away from the
nearshore zone (Meadows et a. in press). Large, hard
substrates were almost entirely absent from our survey
sites along the eastern Lake Michigan shoreline and
likely contributed to the general absence of adult
Dreissena sp., athough veligers were observed rather
prominently in zooplankton samples. Although
dreissenids have been observed in some soft-bottomed
habitats of the Great Lakes, the high energy of the
nearshore zone of eastern Lake Michigan, combined with
the lack of large, stable substrates, is likely to have
interfered with successful settlement and subsequent

maturation of veligers. In comparison, dreissenidswere
present in large numbersin the quieter waters of drowned
river mouthsin close vicinity to the nearshore areas we
surveyed (Plate 5). Thus, maintaining naturally active,
dynamic sandy nearshore areas and shorelines likely
helps to discourage the spread and establishment of
dreissenidsin these nearshore areas. However, continued
and expanded modifications of the Lake Michigan
shorelinemay lead to asimilar “ sand starved” condition
now apparent in other places of the basin (e.g., Garza
and Whitman 2004, Meadows et a in press), and thus
potentially facilitate the establishment of current and
future ANS.

It was not surprising that zooplankton community
measureswere similar between the shoreline classesand
were not related to urban land uses or number of shore
structures along shorelines at multiple spatial scales.
Although zooplankton distributions are generally
considered to be heavily dependent upon larger scale
features of water bodies such as wind and current
directions, there has al so been some evidence to suggest
that local zooplankton communities may be influenced
by local nearshore environmental and ecological
properties. High local densities of dreissenids can
influence zooplankton densities viaindirect competition
for phytoplankton (Dettmers et al. 2003, Goforth and
Carmanin press). For example, nearshore zonesthat have
become sand-starved as a result of shoreline land use
and engineering can provide greater availability of
substrates suitable for settling dreissenid veligers and
can facilitate such localized changes in zooplankton
communities (Goforth and Carman in press). However,
localized shifts in plankton availability in response to
feeding dreissenids was not a factor in this study for
reasons explained earlier. Thus, a further benefit of
mai ntai ning nearshore areasthat are naturally dominated
by sand substratesis|owered susceptibility to dreissenid-
mediated changes in food web structure.

Similar densities of the calanoid L. macrurus
between shoreline classes was probably the most notable
result based on zooplankton data analyses. L. macrurus
isconsidered to be anindicator of oligotrophic conditions
because it is a cold water stenotherm requiring high
dissolved oxygen concentrations (Gannon and
Stemberger 1978). This species has been used as an
indicator of ecosystem recovery in the Lake Erie Basin
duetoitsintolerance of cultural eutrophication (Kane et
a. 2004), and its consistent presence and abundance in
Lake Michigan samples included in the present study
suggests that local shoreline condition does not
significantly influence trophic condition of adjacent
nearshore waters. However, it should be noted that
current densities of L. macrurus are considerably lower
than those reported historically for Lake Michigan
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(Evans 1986), suggesting that there has been some loss
of biological integrity in Lake Michigan based on the
history of decline in this species. However, it appears
that L. macrurusiscurrently distributed rather unifomly
along the eastern Lake Michigan shoreline, suggesting
that cumulative impacts, rather than specific shoreline
reaches, are likely to be responsible for observed
decreases in abundance.

Surprisingly few non-native zooplankton species
were observed in this study. While densities of C. pengoi
were very low during 2003 and 2004, this was the
dominant zooplankter observed in samples collected at
SJ during summer 2000 (Goforth et al. 2002). Reasons
for this difference in abundance of C. pengoi between
the two studies are unclear, although they may reflect
greater current rates of predation on this species by
planktivorous fish (Bushnoe et a. 2003). Dreissena sp.
veligerswere present at all sites, and the general absence
of adult dreissenids suggests that veligers originated at
updrift, offshore, or drowned river mouth locations. Very
little habitat suitable for adult dreissenids was detected
during reconnaissance visits updrift of the survey sites,
suggesting that the primary sources for veligers were
morelikely from offshorelocations and tributaries. While
we cannot comment on occurrences of adult dreissenids
inoffshorelocations, it was clear that extensive colonies
of adults were present in the protected drowned river
mouths (e.g., Plate 5). These populations likely served
as sources for many of the veligers seen in nearshore
zooplankton samples. However, asdiscussed earlier, very
few adult dreissenids were observed in benthic samples
and reconnaissance Visits outside study areas, so the
absence of suitable habitat in these sandy nearshore zones
appearsto be adequate for discouraging colonization by
dreissenids.

Responses of fish communities to local shoreline
condition and multi-scale anthropogenic properties of
shoreline buffers were much more consistent with our
expectations than either benthic macroinvertebrates or
zooplankton. Our results generally concur with those of
Kelso and Minns (1996) and Brazner and Beals (1997)
inthat larger fish tended to be moreresponsiveto larger-
scale shoreline features while smaller fish tended to be
more responsive to smaller-scale shoreline properties.
Larger fish species appear to be better at changing their
movements and behaviors to take advantage of
aternative habitats when others become sub-optimal,
making them much less dependent upon specific local
sites for long-term viability of populations (Kelso and
Minns 1996). In contrast, smaller speciesare not capable
of comparable changes in behavior, and are thus
considered to be more influenced by local habitat
changes (Schindler 1987). While this may superficialy
suggest that local site management is unimportant for
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sustaining recreational and commercial fisheries that
depend on nearshore habitats, small fish that are
influenced by smaller scale phenomenanonetheless serve
as important forage for the game species, and viability
of these forage fish is therefore highly desirable. Thus,
management strategies to enhance nearshore resource
sustainability over multiple spatial scaleswill be needed
to preserve not only valuable fisheries, but also native
biodiversity and prey for game fish.

While the Secchi depth, benthic macroinvertebrate,
and zooplankton analyses described previously did not
appear to indicate significant differences in relative
productivity between shoreline classes, SWPis and
SWPIk were higher for nearshore areas adjacent to
modified shorelines. NSPis CPU was al'so more closely
related to smaller scalelandscape contexts and may have
reflected NSPis tracking of SWPIk as a prey resources.
While SWPIk densities (as well as SWPis and NSPis)
would be expected to be greater in response to increased
local availability of phytoplankton and zooplankton that
could result from increased nutrient loading from
adjacent shoreline land uses, Secchi depth and
zooplankton analyses did not suggest thisto be the case
in our study. It is possible that local zooplankton
populations may fluctuate widely over the short term,
while shallow water fish populations remain more
constant over time, enduring zooplankton “feast or
famine” cyclesthat were not detected in the current study
or switching facultatively to other food sources (e.g.,
benthic invertebrates) when zooplankton become scarce.
Thisresidential existence hypothesisfor small non-game
fish could not be tested within the context of our study,
athough it does appear that these communitiesare more
responsive to local vs. larger scale properties of
shorelines, with the exception of cumulative shoreline
influences that appear to operate at larger scales to
negatively influence local shallow water fish
communities. Few fish species were common to more
than a few sites despite the relatively small geographic
range of the study area and the considerable superficial
similarity in habitat conditionsamong sites. However, it
isworth noting that beach seine samples varied greatly,
often even among replicate samples taken in relatively
close proximity of one another. There may be moresubtle
changes in Great Lakes shallow water habitats that
influenced local distributions of small non-gamefish and
juvenile gamefish. Aswith benthos, more focused study
of relationships between shallow water fish and potential
microhabitats of Great Lakes nearshore zones is
warranted.

While we expected N. melanostomus and other
introduced fish speciesto be more abundant in nearshore
waters adjacent to modified shorelines, thiswas not the
case. N. melanostomus CPU was not different between



the shoreline classes, presumably because of the general
similarity in shallow water habitat among all sites. In
other locationswhere nearshore areas have become sand
starved (e.g., central Lake Eri€), habitat conditions have
changed to become favorable for N. melanostomus, and
it has become established asthe dominant shallow water
benthic species as a result (Meadows et a. in press).
None of the sitesincluded as part of thisstudy exhibited
evidence of sand starvation, and similar to adult
dreissenids, suitable habitat for N. melanostomus was
lacking at survey sites. Most individual s observed were
small and may have been actively dispersing and/or
displaced juveniles seeking appropriate habitat or
occupying suboptimal habitat. As with dreissenids,
populations of N. melanostomus in the drowned river
mouths may have served as sources of juvenilesthat were
then transported or moved to nearshore areaswherethey
formed sink populationsthat were unstable and had low
long-term viability. This provides another example of a
case where maintenance of natural sand dynamics in
these systems decreases the potential for establishment
and spreading of ANS that depend on large, more stable
substrates for habitat.

SUMMARY

Benthic macroinvertebrates and zooplankton
communitiesdid not exhibit significant responsesto local
shorelines, and most of the variation explained in these
measures was attributed to urban land use and/or the
number of shoreline structures within shoreline buffers
of larger landscape contexts updrift from the study sites.
In contrast, shallow water fish exhibited greater responses
to smaller scale shoreline condition and urban land use,
and nearshore piscivorous fish appeared to track with
the prey fish patterns. However, fish communities also
exhibited negative rel ationshipswith increasing numbers
of shore structures within larger landscape contexts.
These patterns of response suggest that nearshore food
webs in sand-based systems integrate responses of
multiple trophic levels to environmental properties
operating at multiple spatial scales. Although the
mechanismsinfluencing different components of thefood
web were not evident, thereislittle doubt that sustaining
nearshore biodiversity of the Great Lakes will require
management of resources at multiple spatial scales. The
general absence of adult benthic ANS despite the
availability of substantial poolsof juvenileANSin eastern
Lake Michigan, including N. melanostomus and
Dreissena sp., suggests that sand-based nearshore areas
discourage successful colonization of these species due
to thelack of large, stable substrates and high energy of
the wave zone. This suggests that maintaining natural
sand dynamics in the nearshore zones of eastern Lake
Michigan should be a management priority.
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COLORPLATES

Nearshore Biological Community Patterns Page-31



Plate 1. An example of a modified shoreline near Saint Joseph, Michigan, with commerical land

use and extensive shore structure devel opment. Loss of vegetation on areas of the bluff have caused
high levels of erosion and soil |oss.

Plate 2. An example of alargely intact shoreline near Ludington, Michigan.
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Plate 3. Removal of benthic samples from the Petite Ponar dredge prior to preservation in ethanol.
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Plate 4. Deployment of the zooplankton net to collect vertical plankton tows at the 3.0 m depth
contour of study sites.
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Plate 5. Zebramussel clusters and individuals attached to agastropod shell and leaves of Vallisneria
americana found in the drowned river mouth of the Pere Marquette River whereit joins with Lake
Michigan.
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