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Macrophytes are critical components of biologically productive lake littoral zones. Sensitivity to environmental
factors such as sediment content and light availability makes macrophytes potential bioindicators of anthro-
pogenic stress. The industrial past of Muskegon Lake (Michigan, USA) has severely disturbed the system,
resulting in shoreline hardening and sediment contamination. Shoreline restoration during 2010 and 2011
presented an opportunity to use macrophytes as indicators of pre-restoration (2009-2010), shorter-term
(2011-2012) and longer-term (2018) post-restoration ecosystem status. Macrophytes were sampled along
transects perpendicular to the shoreline in two restored and one reference habitat, and predicted to experience
post-restoration density and richness increases. Epiphytic algae were surveyed in 2018 only. Restored habitat
quality, based on macrophyte species composition, minimally improved during post-restoration and there was no
clear pattern in macrophyte richness and density. Water level was the strongest environmental driver of
macrophyte community change, especially in 2018, when emergent macrophyte richness declined. Epiphytic
algal dry weight was not sufficient to negatively impact macrophytes, as wave exposure lowered algal densities.
Post-restoration habitat quality remained greater at the reference transect than at the two restored transects,
although the restored habitats exhibited contrasting trajectories due to differences in slope (%), wave exposure,

and disturbance.

1. Introduction

Throughout the industrial world, humans have substantially altered
lakes to meet their needs for urbanization, recreation, and navigation.
Anthropogenic disturbances such as shoreline hardening, lake dredging,
and pollution runoff have impaired functional lake habitats, thereby
decreasing water quality and ecosystem complexity (Whittier et al.,
2002). Development along the shoreline disconnects terrestrial and
aquatic habitats, often altering shoreline sediment organic matter con-
tent and composition and reducing littoral biodiversity (Brauns et al.,
2011; Gabriel and Bodensteiner, 2012; Sgndergaard et al., 2007). In-
dustrial degradation is visible throughout the Laurentian Great Lakes
region, where three-fourths of coastal habitats have been destroyed by
human development, and the remaining river mouth and littoral eco-
systems are of poor habitat quality (Larson et al., 2013). In Muskegon,
Michigan, historical industrialization around Muskegon Lake, a

drowned river mouth lake that connects directly to Lake Michigan,
hardened the shoreline with rip-rap and seawalls, and littered shallow
waters with slag, slab wood, and other unwanted materials (Steinman
et al., 2008).

Increased human awareness and concern for aquatic ecosystem
health, as well as an appreciation for the blue economy’s impact on
community revitalization (Graziano et al.,, 2019), have driven
numerous, large-scale restoration efforts. In Europe, the Water Frame-
work Directive has increased the use of biological indicators to evaluate
the health of water bodies, aiding in the development of restoration and
conservation management plans (Penning et al., 2008; Sgndergaard
et al.,, 2007, 2013). In the U.S., the Environmental Protection Agency
designated severely degraded water bodies in the Great Lakes region as
Areas of Concern (AOCs), prompting actions to recover and remediate
lost ecosystem beneficial uses. Biomonitoring (e.g., fish and macro-
phytes) has helped assess AOC status and measure coastal wetland
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condition (e.g., Ogdahl and Steinman, 2015; Uzarski et al., 2017), as it
advances adaptive management strategies, improves restoration tech-
niques, and increases restoration value to investors and the public
(Palmer et al., 2007).

Macrophytes respond quickly to environmental changes in shallow
aquatic ecosystems, making them valuable aquatic bioindicators.
Considered habitat engineers, macrophytes stabilize sediment, deter-
mine organic matter accumulation, reduce wave action, and provide
habitat refugia (Allen, 1971; Lacoul and Freedman, 2006; Thomaz and
Cunha, 2010). Macrophyte fitness and community structure are deter-
mined by light (Chambers and Kalff, 1985; Phillips et al., 2016) and
nutrients (Hilt et al., 2018), and associated drivers such as shoreline
slope (Barko et al., 1991), water depth (Kolada, 2014), precipitation,
and organic matter content (Squires and Lesack, 2003). Epiphytic or-
ganisms, particularly algae, also can influence macrophyte production
by reducing light and altering dissolved gas and nutrient concentrations
(Allen, 1971; Sand-Jensen and Sgndergaard, 1981; Phillips et al., 1978,
2016). Epiphytic algae are ecologically significant because of their role
in nutrient cycling and as the base of aquatic food webs (Allen, 1971;
Vadeboncoeur and Steinman, 2002).

In Muskegon Lake, littoral shoreline restoration from 2010 to
2011 made macrophytes useful bioindicators for restoration assessment.
Based on macrophyte surveys during pre- (2009-2010) and post-
restoration (2011-2012), Ogdahl and Steinman (2015) concluded that
distinguishing restoration responses from environmental effects (i.e.,
water level, sediment organic matter, and wave exposure) would require
a longer-term data set due to sediment physical disturbance associated
with restoration efforts. Therefore, the study’s first objective was to
compare macrophyte community composition, richness, density, and
cover in 2018 to previous data (2009-2012) and infer if shoreline
restoration had improved habitat quality based on Michigan’s Coeffi-
cient of Conservatism (C-value) for macrophyte taxa. Restored habitats
were compared to a Muskegon Lake reference habitat containing a
non-industrialized shoreline to separate macrophyte metric changes
associated with restoration from changes due to other agents of envi-
ronmental variation. We hypothesized that metrics of macrophyte
community structure would indicate greater improvement in restored
habitats compared to reference habitats.

Since interactions with epiphytic algae can influence macrophyte
growth, an epiphytic algae survey occurred in 2018 at the restored and
reference Muskegon Lake habitats to determine how epiphytic algal
community structure was influenced by environmental variables (e.g.,
wind and wave action, turbidity, and nutrients) among habitats and if
epiphytic algae were negatively impacting macrophyte fitness. We hy-
pothesized that epiphytic algal density and chlorophyll-a (Chl-a) would
be greater in more protected habitats (i.e., low wind index), where less
water movement may prevent algal sloughing and decrease turbidity.
Increased epiphytic algal biomass at protected habitats could thicken
the boundary layer between the water column and macrophyte and
impede light transmittance; biomass was predicted to surpass defined
thresholds, resulting in negative impacts to macrophyte fitness.

2. Methods
2.1. Habitat description

Muskegon Lake is a ~17 km? drowned river mouth lake in central
West Michigan, which receives inflow from the 7060 km? Muskegon
River watershed (Fig. 1). The direct connection between Muskegon Lake
and Lake Michigan causes water depths of Muskegon Lake to fluctuate
synchronously with Lake Michigan. Muskegon Lake degradation began
in the 1850’s when the lumber industry developed along the shoreline
and peaked in operation with 47 active sawmills. Foundries and fac-
tories replaced the lumber industry in the early 20th century and were
concentrated around the south shoreline (i.e., metal finishing plants, a
paper mill, and petrochemical storage facilities), discarding unwanted
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Fig. 1. Muskegon Lake Survey Transects. (A) The state of Michigan, with the
location of Muskegon Lake indicated by a black star. (B) A map of Muskegon
Lake with the three macrophyte survey transects indicated by black lines
showing the length of each transect. The restored transects, Heritage Landing
(43.23311396, —86.26211299) and Grand Trunk (43.21582996,
—86.29739558), are perpendicular to the southern shoreline and the reference
transect, Northwest Reference (43.24735221, —86.31625598), is perpendicular
to the northern shoreline.

materials into the lake. Industrial development hardened 65 % (33 km)
of the shoreline with seawalls, concrete, and rip-rap. A disproportion-
ately higher amount of disturbance occurred along the south shoreline
(78 %) compared to the north shoreline (45 %), which has more resi-
dential and natural areas than the south (Steinman et al., 2008).

In response to habitat degradation and the listing of Muskegon Lake
as a Great Lakes AOC in 1987, south shoreline restoration took place in
2010 and 2011 to renaturalize 4.2 km through: (1) the removal of un-
wanted fill debris at (shoreline) or below (underwater) the ordinary high
water mark, (2) shoreline vegetation planting using native trees, plugs,
and seed mixes, and (3) “living shoreline” restoration techniques such as
coconut fibre wave diffusors and large woody debris (Ogdahl and
Steinman, 2015). Macrophyte surveys were conducted at two restored
habitats along the south shoreline in 2009-2012 and 2018: Heritage
Landing and Grand Trunk (Fig. 1, Ogdahl and Steinman, 2015). Resto-
ration occurred along the surveyed portion of Heritage Landing in April
2011 and adjacent to the surveyed habitat at Grand Trunk in June 2010.
One reference habitat, Northwest Reference, along the north shoreline
also was surveyed to represent macrophyte communities associated with
more natural conditions unimpacted by 20th century industrial devel-
opment and restoration (Fig. 1, Ogdahl and Steinman, 2015). In addi-
tion, epiphytic algal communities on the macrophyte species Vallisneria
americana were sampled at all three habitats in 2018.

2.2. Field protocols

A full description of the macrophyte survey methodology is included
in Ogdahl and Steinman (2015). Briefly, surveys took place in August
during 2009-2012 and from July 16th-23rd in 2018. Sampling in 2018
occurred ~one month earlier than previous events, but was still within
the period of optimal macrophyte growth. At the three survey habitats
(hereafter referred to as transects), a transect was established perpen-
dicular to the shoreline and separated into standard distance categories
for sampling. Transect ends were defined as the farthest site from the
transect origin containing macrophytes before: (1) two consecutive sites
with no macrophytes, or (2) the absence of macrophytes at a site greater
than 4.5m deep (Ogdahl and Steinman, 2015). One site beyond the
4.5m depth was always sampled to confirm macrophyte absence.
Transect length was considered the distance between the transect origin
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and end, and the transect end depth was recorded as the “minimum
vegetation limit”. Macrophyte cover rank was determined at each
transect site using a modified Braun-Blanquet ranking system: 0 = Bare;
1=1-25%; 2 =26-50 %; 3 =51-75 %; or 4 =76-100 % (Poore, 1955;
Ogdahl and Steinman, 2015). Macrophyte taxa relative abundance
(0-100 %), species richness, and water depth also were determined.

Macrophyte biomass for density calculations and sediment organic
matter (OM) were determined at one randomly chosen site within each
distance category: 0—20m from shore, 20-50m, 50—100m,
200—300m, 300—400m, 400-500m, etc. (Ogdahl and Steinman,
2015). Transect sites in 2009 were recorded using a GPS. The same
general locations were sampled each year, as transect origins were
adjusted to begin at the present waterline, which subsequently shifted
all other site locations. The same field personnel conducted surveys in
2009-2012 to exclude interpersonal variation; however, 2018 surveys
were conducted by new personnel due to staff changes.

Epiphytic algae were collected only during the 2018 macrophyte
survey and, due to resource constraints, from one native macrophyte
species, V. americana. The subdominant and ubiquitous V. americana in
Muskegon Lake has long, simple leaf blades, which were preferred for
ensuring epiphytic algal removal instead of the dominant Ceratophyllum
demersum with morphologically complex and brittle leaflets. Our
research does not represent Muskegon Lake’s entire epiphytic algal
community but comparisons using a single host taxon provided a
consistent substrate surface, which was present at all transects. One site
with a 1 m depth was sampled at each transect, where V. americana leaf
blades almost reached the water’s surface. Ten V. americana plants were
randomly sampled from a 10 m-diameter area, approximately 5 m in any
direction of the boat. The top 20 cm of each V. americana was removed,
secured in a plastic bag, and placed on ice for transport to the lab. Due to
slope variation among transects, sampling sites were different distances
from the shoreline to maintain the 1 m water depth.

Physical and chemical variables also were measured at each
epiphytic algal collection site. Water quality variables (dissolved oxygen
[DO], turbidity, pH, water temperature [T], specific conductance [SC],
and redox potential [ORP]) were measured with a YSI 6600 sonde. Mean
turbidity (NTU) was determined using turbidity values measured at all
sites along each transect. A 1 L water sample was collected for analysis of
water column soluble reactive phosphorus (SRP), total phosphorus (TP),
total Kjeldahl nitrogen (TKN), and nitrate (NOg3). Light intensity of
photosynthetically active radiation (PAR) was measured using a Li-Cor
quantum sensor and used to quantify the light extinction coefficient.

2.3. Laboratory processing

Macrophyte, water, and sediment samples were refrigerated until
processing, within 60 days. Macrophyte biomass was cleaned of sedi-
ment and Dreissena spp. mussels, and then dried at 85°C for 96 h to
determine plant dry weight. Sediments were ashed at 550 °C for 4 h to
determine OM concentrations (%), as the difference between pre- and
post-combustion sediment weights (Ogdahl and Steinman, 2015).

For the epiphytic algae survey, SRP, TKN, and NO3 subsamples were
filtered through 0.45pm acid washed filters. TP underwent an acidic
digestion using ammonium persulfate with +5N sulfuric acid and was
stored at 4°C. SRP, TP, and TKN were analyzed using a SEAL AQ2
discrete automated analyzer (APHA, 1998) and NO3 /NO3 was analyzed
with ion chromatography using a Dionex ICS-2100 (APHA, 1998).
Toothbrushes were used to remove epiphytic algae from both sides of
V. americana blades; blades and toothbrushes were rinsed with distilled
water. Separate toothbrushes were used for each V. americana to elim-
inate epiphytic algal contamination among samples. ImageJ software
was used to determine macrophyte surface area for epiphytic algal
density calculations (Schneider et al., 2012).

An aliquot of toothbrush-removed algae was used to determine Chl-a
by filtering the sample through a 0.7 pm GF/F filter (Whatman®) and
freezing at —18 °C. Within 30 days of freezing, filters were ground and
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steeped in 90 % buffered acetone for 24 h in the dark. After centrifuging,
Chl-a (ug/cm?) was analyzed using a Shimadzu UV-1601 spectropho-
tometer (Steinman et al., 2017). A 50 mL subsample of epiphytic algae
was preserved with 1 % Lugols solution and used for non-diatom algae
identification in a Palmer-Maloney nanoplankton counting chamber.
Permanent slides were created for diatom identification. All algae were
identified to genus using a Nikon H550L Eclipse 80i light microscope.

2.4. Data analyses

Macrophyte mean cover rank, total and mean species richness were
calculated for each transect and survey year. Species richness excluded
grass and tree species but included filamentous green algae and Chara
spp., as they were included in density calculations during the previous
survey; filamentous green algae were treated as one species. Total
macrophyte density (g/m?) per transect for all survey years was calcu-
lated by summing the mass (g) of dry plant material collected along a
transect and dividing by the area sampled (Ogdahl and Steinman, 2015).
The State of Michigan’s Coefficient of Conservatism (C-value) was
applied to each taxon; a range from O to 10 represented the probability a
species would occur within an undisturbed habitat. Taxa with a
C-value =0 were either invasive or more likely to be found in highly
degraded habitat, while a C-value =10 indicated taxa that were more
likely to be found in an ecologically healthy habitat, similar to
pre-European settlement conditions (Bourdaghs et al., 2006). Mean
C-values were determined for each transect per survey year and for each
restoration state: reference, pre-restoration, and post-restoration (see
below for explanation).

In addition to the macrophyte density, richness, and cover rank
variables measured previously (Ogdahl and Steinman, 2015), taxon
relative abundance was included in this study. To calculate a taxon’s
weighted relative abundance along a transect, its relative abundance
(0-100 %) at a certain site was multiplied by its corresponding cover
rank (0-4). The sum of all site-weighted relative abundance was then
divided by the sum of all cover ranks along the transect.

Exposure to wind and wave action, defined as bathymetric slope (%)
and wind index, was calculated for each transect and survey year.
Transect slope was calculated by dividing the difference between tran-
sect end and origin water depths by the transect length and multiplying
the result by 100 (Ogdahl and Steinman, 2015). Site slopes along a
transect also were determined by dividing the difference between two
adjacent sites’ water depths by the distance between the two sites and
multiplying the result by 100; mean site slope also was calculated. Wind
index was determined (Keddy, 1982) first by measuring fetch along the
four cardinal and four ordinal directions at transect origin and ends. The
percentage of time (% frequency) wind speed exceeded 19.3 km/h for
each direction, a previously assigned threshold (Ogdahl and Steinman,
2015), was multiplied by the corresponding fetch value and the results
were summed. Mean transect WI, the average between transect origin
and end WI, was determined for all survey years. Low WI values indi-
cated protection from wind and wave action.

Total precipitation and mean air temperature during the growing
season (April-August) were determined for all survey years (NCEI,
2019). Change in Lake Michigan water level (WL) compared to the
long-term Lake Michigan mean (1917-2018) was determined for each
survey year (CO-OPS, 2019). Annual mean Secchi disk depth and surface
phytoplankton chlorophyll-a were determined using values collected at
six locations in Muskegon Lake during May, July, and September of each
year, as a part of the Muskegon Lake Long-Term Monitoring Program
(Steinman et al., 2008). Additional environmental variables were
calculated for each transect and survey year: mean percent OM, transect
length, mean water depth, and the minimum vegetation limit (Mid-
delboe and Markager, 1997).

Ogdahl and Steinman (2015) analyzed differences in physical vari-
ables (mean WI, transect slope, and mean percent OM) among transects
using one-way ANOVAs. In this study, restoration state was added as a
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categorical variable, transect was treated as a ‘repeated’ measure, and
2018 data were added to the ANOVA analyses. Differences in physical
parameters among transects and restoration states (mean WI, mean site
slope, and mean percent OM) were therefore tested using two-way
repeated measures ANOVAs with the aov() function, a part of the
UsingR package in R (Verzani, 2018). When significance was detected, a
pairwise t-test with Bonferroni correction was used. Restoration states
were defined as: (1) reference, which included Northwest Reference
data from 2009 to 2012 and 2018, (2) pre-restoration, which included
restored transect data from 2009 to 2010, and (3) post-restoration,
which included restored transect data from 2011, 2012, and 2018.
Differences in biological variables among transects and restoration
states (total density, mean richness, and mean cover rank) also were
tested using two-way repeated measures ANOVAs and post-hoc pairwise
t-tests. Normality was tested using Shapiro-Wilk, variance was tested
using Levene’s Test of equal variance, and all data were square-root
transformed.

A redundancy analysis (RDA) was performed to evaluate how well
macrophyte biological data (total density, total richness, and mean
cover rank) were explained by measured environmental variables (mean
slope, mean WI, mean OM, mean air temperature, total precipitation,
transect length, water level, mean Secchi depth and phytoplankton Chl-
a) among transects, survey years, and restoration states. Linear models
were used to determine if trends in macrophyte biological variables
among survey years remained after removing the effect of water level;
models included survey year, transect, and restoration state as cova-
riates and excluded phytoplankton Chl-a and Secchi depth. Two models
were created for each biological variable: (1) water level was included as
a variable and (2) water level was excluded. Transects were treated as a
random factor in all models using the lmer() function, a part of the
ImerTest package in R (Kuznetsova et al., 2017).

Epiphytic algal cell density (cells/pm?) was determined using the
surface area of V. americana leaf blades. Chl-a concentrations and cell
density differences among transects were tested using Kruskal-Wallis
and a post-hoc Wilcoxon test with Bonferroni correction. Normality was
tested using Shapiro-Wilk, variance was tested using Levene’s Test of
equal variance, and all data were square-root transformed. Relation-
ships between biological (Chl-a and density) and environmental data
(DO, ORP, pH, T, turbidity, PAR, light extinction, mean WI, SC, water

Table 1
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depth, TP, SRP, NO3, and TKN) were evaluated using regression anal-
ysis. Mean WI values used in the epiphytic algal analyses were the same
values used in the 2018 macrophyte survey analyses. All statistical an-
alyses were performed using R version 3.5.2 (R Core Team, 2017).

3. Results
3.1. Macrophytes

3.1.1. Environmental variables

Northwest Reference’s transect length was shortest in 2018
compared to 2009-2012, while restored transect lengths remained the
same from 2012 to 2018 (Table 1). Water depth at all transects increased
in 2018 and minimum vegetation limit was greatest at Heritage Landing
in 2018 compared to previous years, while limits at Grand Trunk and
Northwest Reference fell within the previous ranges (Fig. 2A).
Throughout the survey, minimum vegetation limit usually increased as
mean water depth increased at all transects, with both values decreasing
in 2012 at all transects. Heritage Landing was the deepest transect
among survey years and displayed a different minimum vegetation limit
trajectory over time.

Mean site slope was steeper at Northwest Reference and Heritage
Landing in 2018 compared to previous years, with Grand Trunk’s 2018
slope falling within the previous range (Table 1). Regardless of year,
Heritage Landing had a significantly steeper slope than Northwest
Reference and Grand Trunk; restoration state and interaction were not
significant (Prransect < 0.001, F=57.4; Prestoration = 0.97, F =0.002;
Pinteraction = 0.011, F=0.23; df = 1, 2-way RM ANOVA). Wind index
declined at all transects from 2012 to 2018, with Northwest Reference
experiencing its lowest WI compared to previous years and the restored
transects experiencing intermediate WI (Table 1). Among survey years,
WI was greatest at Northwest Reference (i.e., greatest wind and wave
exposure) and lowest at Heritage Landing, with a non-significant
restoration state and interaction (Prransect < 0.001, F =252.8; pPrestora-
ton = 0.98, F=0.0; Pnteraction = 0.98, F=0.0; df = 1, 2-way RM
ANOVA). Percent OM was greatest for Heritage Landing and Grand
Trunk and lowest for Northwest Reference in 2018 compared to previ-
ous years (Table 1). Percent OM did vary among transects but was not
statistically significant (prransect = 0.82, F=0.2; DRestoration = 0.3,

Transect length (m), mean + 1 standard error (SE) bathymetric slope (%), mean + 1 SE WI (wind index), mean + 1 SE OM (%), and mean + 1 SE cover rank for the three
Muskegon Lake transects over the five survey years. Total precipitation (cm), mean =+ 1 SE air temperature (°C), and change in Lake Michigan water level (m) relative
to the long-term Lake Michigan mean for all five survey years. Mean + 1 SE Secchi disk depth (m) and mean + 1 SE phytoplankton chlorophyll-a (ug/L) for all five
survey years. Subscripts on transect or variable names indicate sample size per transect or per all survey years, respectively. Superscripts on transect names indicate
significant similarities or differences among transects based on two-way repeated measures ANOVAs and post-hoc pairwise t-tests with Bonferroni correction.

Pre-restoration

Post-restoration

Variable Transect 2009 2010 2011 2012 2018
NWRefs 650 800 750 650 600
Transect Length (m) HertLs 100 125 125 125 125
GrandTs 400 400 450 400 400
NWRef;39 a 0.5+0.1 0.6+0.2 0.6+0.1 0.4+0.1 0.8+0.3
Mean Slope (%) HertLg4b 3.7+23 3.1+21 3.7+23 3.3+2.2 4.7 +3.5
GrandT;q1a 0.7 +0.3 0.7 +0.3 0.8+0.3 0.5+0.2 0.6 +0.5
NWRef;o a 367.0+11.4 386.7+13.0 331.2+25.2 389.9+8.38 317.2+31.0
Mean WI HertLo b 57.5+15.0 41.1+13.3 43.8+16.7 65.7 +12.0 44.6 +19.5
GrandT;, ¢ 136.0 +92.7 112.4 +86.7 104.2+79.2 154.9+105.3 117.0 +93.8
NWRef,g 1.2+0.4 1.2+0.4 22+1.4 0.9+0.1 0.6+0.1
Mean OM (%) HertL;s 53+21 7.7+1.6 8.4+1.7 6.8+1.4 9.4+1.0
GrandTz4 22.0+3.9 25.4+5.4 15.9+4.1 25.4+6.4 25.5+6.4
NWRef 39 2.7+0.4 2.4+0.3 2.3+0.2 2.9+0.3 3.5+0.2
Mean Cover Rank HertLg4 3.6+0.4 3.24+04 2.8+0.4 3.0+£04 25+0.3
GrandT;11 2.8+0.3 3.6+0.2 3.6+0.2 3.3+0.2 3.6+0.3
Total Precipitation (cm)se4s 36.5 38.2 53.5 30.2 47.2
Mean Air Temperature (°C)3e4s 16.0+0.1 19.1+0.1 17.8+0.1 18.8+0.1 17.6+0.1
Lake Michigan Water Level Change (m);s2 -0.1 -0.3 -0.3 -0.4 0.5
Mean Secchi Disk Depth (m)s4 2.0+0.1 25+0.1 2.4+0.1 25+0.2 2.3+0.1
Mean Phytoplankton Chlorophyll-a (ug/L)s4 6.7 £0.9 7.8+1.2 10.6 £3.5 4.0+£0.7 109+1.4
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Fig. 2. Environmental and Biological Scatterplots. An environmental and bio-
logical scatterplot, with colors representing transects (NWRef, HertL, and
GrandT), shapes representing restored (HertlL and GrandT) and reference
transects (NWRef), and numbers representing the last two digits of each survey
year. A) The minimum vegetation limit (m, i.e., end of transect water depth,
NNWRef = 5, NHert, = 5, Ngrandr = 5) against mean + 1 SE water depth (m,
NNwRef = 139, Ner, = 64, Ngranar = 111). B) Mean + 1 SE macrophyte species
richness (nnwref = 40, Nyert. =15, Ngranar = 25) against total macrophyte
density (g DW/m?, nywret= 40, Dgera, = 15, Ngrandr = 25).

F =1.1; pmteraction = 0.43, F=0.64; df = 1, 2-way RM ANOVA).

In 2018, mean temperature fell within the previous range and pre-
cipitation accumulation was the second highest recorded over the five
years (Table 1). Mean water level in 2009 was below the long-term mean
and continued declining through 2012; however, the 2018 mean water
level (+0.5m) was much higher than the long-term mean (Table 1).
Mean Secchi disk depth decreased from 2012 to 2018 and mean whole-
lake phytoplankton Chl-a was the greatest in 2018 (10.9 pg/L) compared
to previous years (Table 1).

3.1.2. Biological factors and community composition

Mean macrophyte richness (Prransect = 0.87, F = 0.13; Prestoration =
0.40, F = 0.72; pnteraction = 0.80, F=0.06; df = 1, 2-way RM ANOVA)
and total macrophyte density (Prransect = 0.07, F =2.71; DRrestoration =
0.54, F = 0.39; pmteraction = 0.14, F =2.25; df = 1, 2-way RM ANOVA)
were not significantly different among transects, restoration state, or
interaction. Mean macrophyte density did not show any consistent in-
crease or decrease over time at any transect (Fig. 2B). However, from
2012 to 2018, macrophyte total density increased at Grand Trunk and
Northwest Reference and decreased at Heritage Landing (Fig. 2B). No
consistent trends over time were found for mean richness among tran-
sects (Fig. 2B). A minimal richness increase was observed at Northwest
Reference from 2012 to 2018, while richness decreased at both restored
transects. Mean cover rank also increased in 2018 at Northwest Refer-
ence and Grand Trunk, whereas Heritage Landing’s cover rank
decreased (Table 1); cover was not significant (prransect = 0.59, F = 0.54;

Aquatic Botany 169 (2021) 103327

PRestoration = 0.88, F=10.02; Pinteraction = 0.67, F=0.18; df =1, 2'Way
RM ANOVA).

Macrophyte taxonomic composition was more similar between the
restored transects than with the reference transect, and compared to
2009-2012 observations, Northwest Reference experienced a greater
composition change in 2018 than either restored transect (Fig. 3). Typha
spp. (T. augustifolia, T. x glauca, and T. latifolia), V. americana, and
Phragmites australis were abundant at Northwest Reference from 2009 to
2012, but were rare or absent in 2018, when floating Wolffia spp.
increased in abundance. In contrast, Ceratophyllum demersum was the
most abundant macrophyte at both restored transects for all survey
years, with Heritage Landing containing a greater relative abundance of
Elodea spp. and Grand Trunk containing a greater relative abundance of
V. americana.

C-values for all three transects increased from 2012 to 2018 (Table
A.1). By 2018, Grand Trunk’s C-value (4.2) reached Northwest Refer-
ence quality standards (4.2); however, Heritage Landing’s C-value (3.6)
was lower than reference standards (Table A.1). For restoration states,
reference (4.1) had a C-value greater than pre- (3.7) and post-restoration
(3.7, Table A.1).

3.1.3. Biological community response to environmental drivers

RD axis 1 explained 51.3 % and RD axis 2 explained 7.5 % of the
dataset’s variation in the RDA, with density, wind index, transect length,
and slope having the greatest explanatory power (Fig. 4). Transect
clusters overlapped along the RD1 axis, with transect slope, length, wind
index, and total macrophyte richness having strong effects. Survey years
2009, 2011, and 2018 were associated with greater precipitation and
phytoplankton Chl-a, high water level, and low temperature and Secchi
depth. Sampling years 2010 and 2012 were associated with high
macrophyte density, high temperature and Secchi depth, and low pre-
cipitation, phytoplankton Chl-a, and water level. Data did not separate
into restoration state clusters.

When water level was included as a predictor in the macrophyte
mean richness model, no environmental variables were significant
(Table A.2); however, when water level was removed, mean richness
was significantly greater when wind index was higher (b=0.69,
t=2.83, p=0.05, Table A.2), precipitation was greater (b=0.98,
t=3.19, p=0.03, Table A.2), and mean temperature was higher
(b=1.86,t=2.73, p=0.05, Table A.2). In the macrophyte total density
and mean cover rank models, no environmental variables were signifi-
cant when water level was included or removed as a predictor (Table
A.2).

3.2. Epiphytic algae: environmental and biological variables

During the July 2018 sampling period, both mean epiphytic algal
density (Chi-squared =18.0, p < 0.001, df = 2, Kruskal Wallis, Fig. 5A)
and Chl-a (Chi-squared =23.48, p <0.001, df = 2, Kruskal Wallis,
Fig. 5B) on V. americana were highest at Heritage Landing followed by
Grand Trunk and Northwest Reference. Of the three transects, Heritage
Landing had the lowest mean turbidity and greatest light availability
(high PAR and low light-extinction) while Grand Trunk had the greatest
NOj3 and TKN concentrations (Table A.3). When comparing biological
and environmental variables, epiphytic algal Chl-a and density were
both significantly negatively correlated with WI and light extinction and
positively correlated with PAR (Table A.4).

4. Discussion
4.1. Macrophyte responses to restoration

We originally assumed that restored macrophyte habitat quality (i.e.,
C-value), richness, cover, and density would increase during post-

restoration (Fig. 6A). Instead, physical habitat differences and restora-
tion disturbance, as noted in Ogdahl and Steinman (2015), as well as



P.M. Kleindl and A.D. Steinman

NWRef H

erl
100'Illl
757 :
50-
25
i sl

09 10 11 12 18
Year

09 10 11 12 18

Relative Abundance

Aquatic Botany 169 (2021) 103327

GrandT

—

axa

. Ceratophyllum demersum

. Elodea spp.

. Najas flexilis

. Nymphaea spp.
Phragmites australis

Potamogeton spp.

. Typha spp.

- Vallisneria americana

. Wolffia spp.
- Other

09 10 11 12 18

Fig. 3. Macrophyte Weighted Relative Abundance Stacked Barplot. A stacked barplot of macrophyte taxa weighted relative abundance changes within the five-year
survey among all three transects. Each stacked bar represents the average relative abundance of represented macrophyte taxa at a transect per survey year

(nnwRet = 140, Npertr. = 64, Ngranar = 111).

Slope H

L]
A Chla

Precip

Fig. 4. Macrophyte RDA. A Macrophyte RDA, with symbols
representing one transect per survey year, symbol shapes rep-
resenting transects (NWRef, Hertl, and GrandT), and colors
representing survey years (2009-2012 and 2018). 2018 sym-
bols (purple) were intentionally increased in size to differen-

<

w0

z/ Temp

o v - I’Secchi A

@ Total Richness

L Wi
& " HertL

® NWRef
A GrandT

WL
oM [ ]
/@
o o
\ Total Density

tiate from other years. Blue vectors represent environmental
variables and red vectors represent macrophyte biological
variables. Vector length is associated with a variable’s explan-
atory power.

® 2009
© 2010

2011
® 2012
® 2018

[ I | |
-4 -2 0 2

RD1 (51.3%)

increased water level altered the expected restoration sequence
(Fig. 6B). As of 2018, restored habitat quality had improved; however,
improvement was neither strong nor consistent and did not surpass
reference conditions. Water level rise was the main determinant of
macrophyte community change, and deviated restoration trajectories in
2018 by decreasing macrophyte density and richness. At Grand Trunk
and Northwest Reference, multiple emergent macrophyte taxa dis-
appeared and the shoreward expansion of remaining emergent taxa was
slowed, with newly inundated habitat instead being colonized by
floating Wolffia spp. The lack of restoration effect suggested water level
was a dominant driver of macrophyte change, while water transparency,
reflected in minimum vegetation limit, Secchi depth, and precipitation,
likely influenced macrophytes but was masked by the degree of water
level increase.

Although Muskegon Lake-restored habitats had not reached refer-
ence standards almost 10 years post-restoration, macrophyte response
time was not uncommon. In lakes suffering from different anthropogenic
stresses such as acidification and eutrophication, macrophytes generally
responded slowly to restoration and varied in response time from a few
years to over 20 years (Hilt et al., 2018; Jeppesen et al., 2005;

I
4

Sgndergaard et al., 2007). Adequate light availability was required for
macrophyte recovery, and positive community improvement was often
delayed by water level increase (Roelofs et al., 2002), as seen in Mus-
kegon Lake, and by light limitation from reduced water clarity (Jeppe-
sen et al., 2005; Sgndergaard et al., 2007; Verhofstad et al., 2017).

4.2. Contrasting restored trajectories

Differences in physical habitat and restoration effort influenced
macrophyte responses in the two restored habitats to 2018 water level
increase and the contrast between restoration trajectories. Heritage
Landing’s steep slope, and low wind and wave exposure, contrasted the
gentle slopes and high exposure at Grand Trunk and Northwest Refer-
ence. Reduced seed bank and benthic organic matter at Heritage Land-
ing due to sediment removal during restoration, which may take
multiple years to recover, and steep slope, which limited macrophyte
habitat and light availability, likely accounted for the frequent post-
restoration richness and density declines, especially when water level
increased. Less disruptive restoration adjacent to Grand Trunk’s transect
and a gentle slope accounted for the steady post-restoration macrophyte
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density and richness increase, which followed the reference trajectory,
and the mitigation of the 2018 water level increase. Restored habitat
characteristics therefore determined each transect’s ability to reach

Pre-Restoration Pre-Restoration
Year 2 Year 1

Post-Restoration
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reference standards and its degree of resiliency to unanticipated envi-
ronmental change.

4.3. Epiphytic algal shading

Epiphytic algal shading can become detrimental to V. americana
(Chambers and Kalff, 1987) or other similarly shaped macrophytes
when algal dry mass (DM) surpasses 1500 pg/cm? (Kohler et al., 2010)
or 6000 pg/cm? (Guan et al., 2020), respectively. Assuming that Chl-a is
1 % of periphytic algal dry mass (Moulton et al., 2009), mean epiphytic
algal dry mass on V. americana at the three transects
(HertL =1300 ug/cm2 DM; GrandT = 500 ug/cm2 DM;
NWRef = 100 pg/cm? DM) did not meet these defined thresholds and
therefore, were not adversely affecting V. americana. Greater wind and
wave action could have dislodged weakly-attached algae from macro-
phytes at Grand Trunk and Northwest Reference, decreasing epiphytic
algal biomass at these transects (Strand and Weisner, 1996). The
dominant, adnate-attached diatom Cocconeis at Northwest Reference,
which can withstand disturbance-driven environments, supported wave
action as a main driver of epiphytic algal community structure; Cocco-
neis abundance was lowest at Heritage Landing where the colonial
diatom Fragliaria and filamentous green alga Bulbochaete dominated,
both of which favor low-disturbance regimes (Berthon et al., 2011).

4.4. Conclusion

Long-term data of macrophytes in Muskegon Lake following shore-
line restoration revealed that restored transects have not yet achieved
the same habitat quality as a reference location. Physical habitat dif-
ferences among sites, as well as differences in restoration design,
influenced the pace and nature of restoration recovery. Environmental
factors, specifically water level and water transparency, strongly
impacted the macrophyte community, conflating the restoration
assessment. Although dense epiphytic algal cover may increase macro-
phyte competition for light and nutrients, this was not a major problem
in Muskegon Lake possibly because of wave action. Identification of
habitat restoration locations should take environmental factors,

Post-Restoration Post-Restoration
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Pre-Restoration Pre-Restoration
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Fig. 6. Muskegon Lake Expected vs. Observed Restoration Trajectory. A conceptual diagram of Muskegon Lake’s macrophyte community trajectory; the red dashed
line separates pre-restoration (left of line) and post-restoration (right of line) conditions. The sun represents warmer air temperatures and clouds represent cooler air
temperatures. Raindrop size and number indicates precipitation accumulation during the growing season. Water level is shown in blue. Macrophyte total density is
represented by macrophyte size and number and total richness is represented by the number of different macrophyte types. A) Expected Muskegon Lake restoration

trajectory. B) Observed Muskegon Lake restoration trajectory.
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especially slope, exposure, and sediment composition, into consider-
ation to optimize restoration success. Restoration in the Great Lakes
region should additionally account for future water level change.
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