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Abstract: Impacts of barriers, including dam removals, on aquatic diversity are poorly understood.
We assessed freshwater mussel assemblages and microhabitat downstream of uncontrolled and
controlled low-head dams and low-head dam removals in Michigan, USA. The objectives of this
study were to quantify whether downstream mussel assemblages and microhabitat parameters differ
by anthropogenic barrier and along a downstream gradient, and to determine parameters that were
predictors of mussel diversity and density. Sampling consisted of standardized timed-searches and
quadrat excavations. Results suggest that areas downstream of dams had higher mussel diversity
than dam removals, and mussel assemblages differed along a downstream gradient for uncontrolled
and controlled dams. Indicator Species Analyses determined mussel species representative of
downstream river reaches from uncontrolled low-head dams and removals. Predictor variables
for mussel assemblages included substrate classes and total suspended solids. Controlled dams
contained the least fine substrates (%) and highest coarse substrates (%) in downstream reaches.
This study suggests that rivers with uncontrolled low-head dams and removals provide downstream
habitat that support viable mussel assemblages. Results from this study also suggest that evidence
of mussel assemblage recovery following dam removal may take many years. Quantification of
barrier-related impacts, as shown in this study, are imperative to guide conservation of aquatic fauna.
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1. Introduction

Dams have impacted aquatic ecosystems; globally there are ~45,000 large dams (>15 m)
and ~800,000 small dams (<15 m) [1-6]. In the United States alone, dams have fragmented
5.2 million km of river, with the Great Lakes region containing >2000 dams that are within
the lowest quartile of dam-impacted discharge in the United States [2,4]. Historically,
dams have served many purposes including grain milling, hydroelectric power, water sup-
ply, and navigation [7,8]; however, some dams have become obsolete, while others continue
to decrease ecosystem function [3,9].

Dam parameters such as size, operation, and age have influenced riverine abiotic
and biotic components [10]. Large hydroelectric storage dams continue to be the most
detrimental to riverine ecosystems and have received the most attention with impacts to
discharge, sediment transport, temperature, and organismal dispersal [11-14]. Dam studies
have focused on upstream effects shifting impoundment conditions from lotic to lentic
environments [15]. Additionally, discharge from hydroelectric dams has caused down-
stream sediment scour, decreased water temperature, and confounded organismal life
histories (e.g., fish spawning, egg hatching, glochidial encystment, and aquatic insect
metamorphosis) that are dependent on natural flow regimes [16].

Low-head dams have received much less attention than hydroelectric storage
dams [10,12,13,15,17,18] but refer to structures whose height (<15 m) are within the up-
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stream channel banks and include a crest spanning the entire channel width that allows
discharge to flow over the top (i.e., top-release) [5,15,19,20]. At low-head dams, wa-
ter is impeded behind the crest during periods below base flow and low-head dams can
become nearly or completely submerged during high water events [20]. Uncontrolled
low-head dams typically allow for more natural flow regimes than storage dams (i.e.,
controlled dams) by not regulating the volume of water to downstream reaches therefore,
they are regarded as less detrimental to aquatic fauna) [10]. During periods at or above
base flow, hydrologic conditions of low-head dams may facilitate shortened retention
times and sufficient downstream sediment transport which supports a diverse mix of
substrate classes [20]. These hydrologic conditions may facilitate increased species rich-
ness of aquatic flora and fauna as downstream sediment classes are often intermediate
in size when compared to controlled operations (i.e., coarse-grained) and dam removals
(i.e., fine-grained). Intermediate levels of disturbance can increase species richness when
early and/or late successional species are unable to dominate the assemblage (i.e., inter-
mediate disturbance hypothesis [21]). Additionally, upstream low-head impoundments
may increase primary productivity, particulate organic matter (POM), and downstream
water temperatures that may facilitate increased growth and survival of filter-feeding
macroinvertebrates [12,13,15,22,23].

Low-head dams have also been the target of dam removals across the United States,
focusing on dams <5 m that serve no current purpose [10,24]. However, less than 5% of
dam removals have been studied post-removal with conflicting results on whether dam
removals improve ecosystem conditions [19,25-27]. Studies have shown stream gradients
reverting to pre-impoundment conditions post-removal; however, the dislodgement of
upstream sediments, nutrients, and pollutants can cause irreparable harm to downstream
organisms when neglected prior to removal [28-32]. Dam removals can be ecologically
successful when removal impacts are fully considered [33-36]. Dam removal impacts on
biota vary, but are likely related to an organism’s dispersal ability, fecundity, and growth
rate [15]. Therefore, restoration success(es) may be dependent on the study organism
chosen to be quantified post-restoration.

One group of organisms, dependent on favorable lotic conditions, are freshwater
mussels (family: Unionidae). Freshwater mussels serve integral roles in aquatic systems
by filtering organic matter from the water column, which then is deposited within feces,
allowing for growth of other benthic organisms (e.g., insects and algae) [37-40]. Freshwa-
ter mussels also improve sediment stability through burrowing behavior and their shells
act as important habitat for aquatic insects [41,42]. However, freshwater mussels are one of
the most imperiled faunal groups in North America with ~72% of the nearly 300 species of
conservation concern (i.e., special concern, threatened, or endangered) [43,44]. The State of
Michigan has 43 species of freshwater mussels, with 28 of these species listed as species
of conservation concern [45-47]. The threats that have imperiled mussels include habi-
tat destruction, fragmentation, channel modification, and introduction of non-endemic
mollusks [43,48-50].

Impacts from low-head dams and low-head dam removals on mussel populations
have resulted in conflicted findings with studies often limited to a small number of sites.
Studies have found increased mussel diversity and density downstream of low-head dams
in the Midwest and southern United States [12,18,51,52] and a study upstream of low-head
dams in Illinois showed that free-flowing sites had higher species richness and CPUE when
compared to impounded areas [53]. Low-head dam removals have found minimal impacts
on downstream mussel assemblages in North Carolina [35,36], while an unregulated dam
removal in Wisconsin led to decreased mussel densities three years post-dam removal [54].

It was the goal of this study to quantify mussel assemblages downstream of an-
thropogenic barriers and recognize potential impacts following dam removals. In this
study, microhabitat parameters and freshwater mussel assemblages were quantified among
three anthropogenic barriers (i.e., uncontrolled low-head dams, controlled low-head dames,
and low-head dam removals) in the Lake Michigan drainage basin, Michigan, USA. The fol-



Diversity 2021, 13, 119

3of21

lowing questions were addressed: (1) Do downstream mussel assemblages and micro-
habitat parameters differ by anthropogenic barrier? (2) Do mussel assemblages and mi-
crohabitat parameters differ along a downstream gradient from anthropogenic barriers?
and (3) Which microhabitat parameters are important predictors of mussel assemblages?
We know of no other studies prior to this study that has quantified mussel assemblages
and microhabitat parameters downstream of uncontrolled low-head, controlled low-head,
and low-head dam removals. This study also adds to the limited literature of mussel
assemblage structure downstream of anthropogenic barriers in the previously glaciated
Laurentian Great Lakes region of North America and is integral in understanding species
survival in interrupted river reaches.

2. Materials and Methods
2.1. Study Sites

This study was conducted at 15 sites in the Lake Michigan drainage basin, Michigan,
during the summer and fall of 2014 and 2015 (Figure 1, Table S1). It was decided a priori
that, due to variation in biodiversity outside of the larger Lake Michigan watershed as
well as limited site numbers that could be logistically considered, we would limit sites to
within the Lake Michigan drainage. Sites were selected based on similar characteristics,
including dam size, historic dam use, and length of time since dam removal (Table S1).
Low-head dams (uncontrolled and controlled) were selected from the National Inventory
of Dams and through correspondence with the Michigan Department of Natural Resources
(MDNR) and Department of Environmental Quality (MDEQ). There are varying definitions
of dam types; however, for this study uncontrolled dams consisted of low-head dams that
facilitate a more natural flow regime over the structure and controlled dams contained
hydroelectric dams with the ability to regulate water (Table S1). Once selected, it was
determined that one uncontrolled dam (i.e., DG1, Table 1) was directly downstream of a
wastewater treatment plant. All controlled dams are currently licensed through the Federal
Energy Regulatory Commission (FERC) as run-of-the-river operations. Low-head dam
removals, the third category of barriers, were selected from dam removal summaries in
the state of Michigan [55,56] (Table S1). Relocation of mussels could influence mussel
distributions; however, no freshwater mussel relocations had occurred at any of the sites
in this study. Hereafter, all reference to dams, both uncontrolled, controlled, and dam
removals will be referred to as barriers, unless otherwise specified. We recognize that many
dam removals are not considered to function as barriers; however, barrier-effectiveness
is often quantified in potential fish passage post-removal with limited invertebrate data.
Five barriers of each category (uncontrolled low-head, controlled low-head, and low-head
dam removals) were sampled for a total of 15 locations (Figure 1, Table S1).

2.2. Mussel Sampling

The sampling protocol used a standardized river area to account for variable river
length and width among study reaches. Each site was semi-quantitatively and quantita-
tively sampled once using cross-sectional transects (1 = 5 per site) spaced ~7500 m? apart
(Figure 2). The sampling reaches were chosen to encompass and extend downstream of
areas that were obviously influenced by the barriers (e.g., scour, bank erosion, sediment
deposition). Semi-quantitative tactile timed-searches were performed between transects
(n = 4 per site; 1-person hour for every 2500 m?; Figure 2) to quantify rare mussel species
that are below quadrat detection limits [57]. Transects began 50 m downstream of barri-
ers due to safety concerns and sampling logistics immediately downstream of barriers
(Figure 2). Quantitative sampling consisted of 10 quadrats (0.50 m x 0.50 m) randomly
distributed along each transect (n = 50 quadrats per site) (Figure 2). Quadrats were exca-
vated to a depth of ~15 cm and live mussels were identified to species [47], enumerated,
measured, and returned with the anterior end down into the substrate. We also noted
whether mussels were state or federally listed was documented [44,45]. Digital images were
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also collected as vouchers. The sampling effort was sufficient to detect mussel densities of
0.08 mussels m~2 (i.e., 1 mussel from fifty 0.50 m x 0.50 m quadrats reach™1) [58].
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Figure 1. Study area and sampling locations of fifteen sites in the Lake Michigan basin, Michigan,
USA. Site codes are listed by anthropogenic barrier-river-upstream/downstream most location.
Anthropogenic barriers are D (uncontrolled), H (controlled), and R (removal). Rivers are G (Grand
River), B (Battle Creek), M (Maple River), R (Rice Creek), C (Red Cedar River), F (Flat River), and K
(Kalamazoo River). River locations are 1 (upstream most site) and 2 (downstream most site).

2.3. Microhabitat Parameters

Prior to quadrat excavation, microhabitat parameters were quantified at a quadrat
and site scale. At a quadrat scale, variables included water depth (cm) measured with
a meter stick, mean and benthic current velocity (m s~!) using a Marsh-McBirney flow
meter (Frederick, Maryland), and substrate size (mm). Substrate particles were categorized
according to Wolman’s (1954) pebble count [59]. A modified Wolman'’s pebble count was
used [59], where five particles were selected; one directly from the middle and one from
each quadrat corner (n = five per quadrat). At a site scale, pH, conductivity (uS cm™1),
and turbidity (NTU) were measured using YSI water quality sondes (models 6600 and
600R; Yellow Springs, Ohio); these measures were performed prior to quadrat excavation in
the middle of transect 1 (i.e., the most upstream transect closest to the barrier). HOBO tem-
perature loggers (model UA-001-64, Bourne, Massachusetts; n = 1 site_l) measured water
temperature (°C) every two hours at sites sampled during July and August. Duplicate
water samples were collected and total suspended solids (TSS), organic suspended solids
(OSS), and inorganic suspended solids (ISS) were measured using Standard Methods
2540 D-E [60]. Water samples were collected from all sites 30-31 July 2015.
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Table 1. Mussel assemblage metrics collected within timed-searches and quadrats downstream of fifteen sites in the Lake
Michigan basin, Michigan, USA. State mussel status is E = endangered, T = threatened, SC = special concern. Federal mussel
status is F = endangered. Life-history strategy (L) is E = Equilibrium, P = Periodic, O = Opportunistic [14].

Mussel Taxa L DGl DG2 DB1 DMl DC1 HG1 HG2 HB1 HF1 HK1 RGl1 RB1 RB2 RR1 RC1

Actinonaias
ligamentina
Alasmidonta
marginata P 7 3 10 4 5 2
(59
Alasmidonta
viridis (T)
Amblema
plicata
Cambarunio
iris (SC)
Cyclonaias
pustulosa
Eurynia
dilatata
Epioblasma
triquetra (F)
Fusconaia
flava
Lampsilis
cardium
Lampsilis
siliquoidea
Lasmigona
complanata
Lasmigona
costata
Ligumia recta
®)
Ptychobranchus
fasciolaris E 12
C)
Pyganodon
grandis
Quadrula
quadrula
Strophitus
undulatus
Utterbackia
imbecillis (SC)
Venustaconcha
ellipsiformis P 2 22 43 21 54 2 1 58
(5O
Total Species 3 4 11 15 11 1 0 9 7 7 6 2 6 4 10
Richness
Total Mussels 5 139 785 523 366 1 0 227 265 79 11 4 80 29 1171
Mean CPUE 04 103 619 395 373 NA NA 175 202 6.3 15 0.3 20.0 3.7 74.3
Mean
Shannon'’s
Diversity
(EXP(H")
* see foomote * * * * * * *% *

E 1 1 142 2 2 64

E 43 51

P 160 11 211 144 29 2 2 3 2 25 943

P 23 6

P 29 85 123 15 4 72 51 3 5 2 16

O 264 4 2

E 10 1

P 10 6 3 3 3 10 9 1 23

2.59 7.45 5.67 8.94 441 NA NA 3.77 5.57 3.35 3.33 1.00 2.38 1.78 2.60

* Due to depth (>1 m) and high flow, quadrats were not completed for DG2 along transect 3 (1 = 2) and 4 (1 = 4). Due to depth, quadrats
along transect 3 (n = 10) at DC1 and along transect 5 (1 = 10) at RG1 were not completed. No timed-searches (TS) were completed at HG1
and HG2 because of depths. Additional timed-searches were not completed at DC1 (TS 3); RG1 (TS 3, 4); RB2 (TS 1, 2) because of depths.
** RR1 only included the first 3 transects and 2 timed-searches before entering the Kalamazoo River.
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Figure 2. Standardized sampling design downstream of anthropogenic barriers. Semi-quantitative timed-searches were

performed between transects (1 = 4 per site; A-D; 1-person hour for every 2500 m?). Quantitative sampling consisted of

quadrats (1 = 10; 0.50 m x 0.50 m) randomly distributed along each transect (1 = 5 per site; 1-5).

2.4. Data Analyses: Comparison of Mussel Assemblages Downstream of Three Anthropogenic
Barrier Types

Statistical analyses were performed at a timed-search scale as the majority of mussels
(i.e., 88%) and species collected during the study were found within semi-quantitative
timed-searches. Using timed-search data provided the best statistical inference based
on the study design. Mussel abundance was calculated as catch-per-unit-effort (CPUE;
# mussels person-hour~!) and mussel diversity was calculated using species richness and
Shannon’s diversity index (H’) [61]. Shannon’s diversity accounts for species’ distribution
and abundance and weighs each species according to their frequency [62]. H" were linearly
transformed (EXP) to assess the magnitude of change for each index among anthropogenic
barriers [62]. The number of years since the dams were removed and sampled varied;
therefore, a regression analysis was performed with species richness to see if there was
a relationship.

To determine whether mussel species were indicative of particular anthropogenic
barriers, an Indicator Species Analysis (ISA) was performed [63] using abundance data.
The species matrix was grouped by anthropogenic barrier to determine an indicator value
for each mussel species based on within-group species abundance and occurrence [64].
The significance of each indicator value was then tested using a randomized permutation
procedure (n = 9999), which generates the reference distribution from the data [63].

A Non-Metric Multidimensional Scaling (NMDS) ordination was performed [65]
using mussel abundance data, followed by a MRPP to determine whether mussel assem-
blages group by anthropogenic barrier. NMDS ordination was chosen because it is the
most robust ordination technique in community ecology [66]. NMDS is an ordination
technique that plots similar objects close together and dissimilar objects further apart in
ordination space [65]. A Bray-Curtis distance measure, in the NMDS ordination and MRPP,
was used because it is often regarded as the best rank-order relation technique when using
count data [67].

Kruskal-Wallis tests [68] were performed to compare mussel diversity and abundance
among anthropogenic barriers because biotic data did not meet parametric test assumptions,
even following transformations. If significance was found among reaches, a Dunn’s
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multiple comparison test [69] was used to identify pairwise differences [70]. The statistical
power [71] of subsequent tests was also calculated from within- group variance, between-
group variance, number of groups (1 = 3), and mean number of observations (1 = 15).

R software (Version 3.0.2) was used for all statistical procedures, except Multi-Response
Permutation Procedure (MRPP), which were performed in PC-ORD version 6.0.

2.5. Data Analyses: Variation of Mussel Assemblages Along a Downstream Gradient from
Anthropogenic Barriers

Kruskal-Wallis tests [68] were performed at a quadrat scale, due to non-parametric
data, to evaluate mussel diversity and density along a downstream gradient (i.e., five tran-
sects equal distance apart) for each anthropogenic barrier. Based on the study design and
statistical power of sampling efforts, quantitative quadrat data provided the best inference
of data collected [71]. Quadrats (n = ~50 at each barrier; Figure 2; Table 1) were treated
as replicates along each transect (n = 5 transects) for anthropogenic barriers (n = 3 types
of barriers). If significance was found among transects, a Dunn’s multiple comparison
test [69] was used to identify pairwise differences [70]. The statistical power [71] of subse-
quent tests was calculated the same as statistical power for mussel density and diversity by
anthropogenic barrier.

2.6. Data Analyses: Microhabitat Parameters

Generalized Linear Mixed-effects Models (GLMM) [72] were performed, at a quadrat
scale to determine which microhabitat variables were the best predictors of species richness,
density, and mussel presence. Sites scale microhabitat variables (i.e., water temperature
(°C), pH, conductivity (uS cm™!), turbidity (NTU), and suspended solids were applied
to quadrat scale biotic data as these variables were not expected to spatially vary among
quadrats within individual sites. Mixed-effects models were used to reduce spatial auto-
correlation that was present among quadrats along the same transect. A random intercept
structure was applied at a transect scale because spatial autocorrelation was highest at
this scale, allowing the model’s intercept to change for each transect [73]. GLMM also
used a Poisson distribution for all response variables other than mussel presence, in which
a binomial distribution was selected. Variance inflation factors (VIF) [74] were used to
address multicollinearity among variables. Predictor variables were removed from models
when VIF > 10 [75,76].

Model selection was determined using Akaike Information Criterion (AIC) [72], where
AIC selects competing models based on maximum log-likelihood estimates and the number
of model parameters [77]. Models with a AAIC < 2 have substantial support and minimize
information lost, allowing meaningful interpretation of candidate models [78]. The model
weight (wm) was used to approximate the probability of the best model given the a priori
model set [77]. The relative importance of predictor variables (wv) was determined by
summing the model weights that include each variable in models with a AAIC <2 [78].
Relative importance of predictor variables is equivalent to the probability of being included
in the ‘real’ (e.g., true biological explanation) best model [79].

3. Results
3.1. Comparison of Mussel Assemblages Downstream of Three Anthropogenic Barrier Types

A total of 20 species of native freshwater mussels (3685 individuals) of all life-history
strategies (i.e., opportunistic, periodic, and equilibrium; [14]) were collected and identified
during quadrat and timed-search surveys (Table 1). Due to safety concerns, including
high water and discharge, some quadrats and timed-searches were not completed (Table 1).
Site-scale mussel abundance ranged from 0 to 1171 individuals (x = 245.67 + 88.49) and
CPUE ranged from 0.25 to 74.33 person-hour~! (¥ = 22.56 + 6.22). Site-scale species
richness ranged from 0 to 15 species site ! (¥ = 7.07 & 1.19) and Shannon’s diversity
(EXP (H")) ranged from 1 to 8.94 species site™! (¥ = 3.66 £ 0.62). Five sites contained
>0 species (Table 1) and eight federally or state listed species were collected from all sites
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(i.e., uncontrolled dams (n = 7), controlled dams (n = 3), and dam removals (n = 2); Table 1).
Eurynia dilatata was the most dominant species at all three anthropogenic barriers (i.e., 20%,
30%, and 70% at uncontrolled, controlled, and removals, respectively; Table 1).

Indicator Species Analyses found three species associated with uncontrolled dams
(i.e., Amblema plicata (p = 0.0015); Epioblasma triquetra (p = 0.010); Cyclonaias pustulosa
(p = 0.017)). Three species were also marginally associated with uncontrolled dams (i.e.,
Lasmigona complanata (p = 0.058), Ligumia recta (p = 0.059), and Quadrula quadrula (p = 0.065)).
Utterbackia imbecillis (p = 1.000) and Ptychobranchus fasciolaris (p = 0.112) were only found
downstream of uncontrolled dams, but due to low abundances these species were not
significantly associated with uncontrolled dams. Furthermore, there were no species
associated with controlled dams and one species (i.e., Alasmidonta viridis (p = 0.008) was
associated with dam removals (p = 0.008) and was found at one site (Table 1), comprising 1%
of the assemblage.

The NMDS ordination (stress = 0.129, iterations = 100) and MRPP results (p = 0.001,
A =0.080) revealed that mussel assemblages group by anthropogenic barrier (Figure 3).
Many of the periodic species found across all sites were grouped in the middle of the
ordination except Fusconaia flava which is considered an equilibrium species (Figure 3;
Table 1). Mussel assemblages at controlled sites are represented in the ordination with a
tighter (i.e., smaller ellipse) ordination relationship than the uncontrolled and removal sites
representing a more predictable unionid assemblage at the controlled dam sites.

NMDS Axis 2

Stress =0.129
°® MRPP p =0.001, A = 0.080

NMDS Axis 1

Figure 3. Non-Metric Multidimensional Scaling (NMDS) ordination of study sites in mussel species
space. Symbols are timed-searches performed at barriers and taxon scores are presented by taxon
abbreviations (First letter of genus and three letters of species; see Table 1). Blue = uncontrolled dams,
Red = controlled dams, Green = dam removals. Ellipses represent 95% confidence intervals around
the centroid of each data cluster.

Species richness (x> = 6.62, df = 2, p = 0.036; Figure 4A) and Shannon’s diversity
(x? = 12.853, df = 2, p = 0.002; Figure 4B) differed significantly among anthropogenic barri-
ers. Species richness at uncontrolled dams (x = 7.47 &= 0.92) was greater than dam removals
(¥ =4.21 £ 1.01) (p = 0.0062) and marginally greater than controlled dams (x = 5.83 £ 0.42)
(p = 0.057; Figure 4A). There were no differences in CPUE (x> =1.76,df =2, p = 0.416;
Figure 4C) among anthropogenic barriers; however, uncontrolled dams had the high-
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est CPUE (x = 29.44 £ 18.35), followed by dam removals (x = 24.90 =+ 29.13), and con-
trolled dams (x = 14.69 &+ 2.59). Shannon’s diversity at dam removals (X = 2.10 & 0.35) was
less than uncontrolled (¥ = 4.71 &+ 0.55; p < 0.001) and controlled dams (x = 3.76 & 0.39;
p = 0.009), and no difference occurred between uncontrolled and controlled dams (p = 0.191;
Figure 4B). The statistical power (%) for Kruskal-Wallis tests varied among response vari-
ables tested, and was 25 for species richness, 11 for CPUE, and 52 for Shannon’s diversity
(EXP (H")).

A

10

Median Species Richness

Median Shannon's Diversity

50

40

30

Median CPUE

20

10

Uncontrolled Controlled Removal

Figure 4. Mussel assemblage metrics downstream of three anthropogenic barriers in the Lake
Michigan basin, Michigan, USA. (A) Median species richness, (B) median Shannon’s diversity,
and (C) median CPUE. Kruskal-Wallis tests were used among barriers. Error bars represent the 25th
and 75th quartiles. Letters above bars indicate statistical significance with Dunn’s Test.

Species richness was marginally related to the number of years since dams were
removed (p = 0.068, R? = 0.630; Figure 5).
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Figure 5. Linear regression of mussel species richness by number of years since dam removal in the Lake Michigan basin,

Michigan, USA.

3.2. Variation of Mussel Assemblages Along a Downstream Gradient from Anthropogenic Barriers

Overall, mussel species richness differed significantly among transects for uncon-
trolled (x? = 10.54, df = 4, p = 0.032) and controlled dams (x? = 12.61, df = 4, p = 0.014,
Figure 6A). Species richness downstream of uncontrolled dams does not follow an increas-
ing or decreasing pattern with longitudinal distance, however transect 2 (x = 0.82 £ 0.14)
contained more species than transects 1 (x = 0.38 + 0.10), 3 (x = 0.37 £ 0.11), and 5
(x =0.36 £ 0.08) (p < 0.05, Figure 6A). Species richness increased with distance down-
stream of controlled dams, with more species in transects 4 (x = 04 =+ 0.11) and
5(x = 0.38 £ 0.11) than transects 1 (x = 0.08 + 0.48), 2 (x = 0.10 & 0.04), and 3
(x =0.16 £ 0.07) (p < 0.05, Figure 6B). There was not a statistical difference in species rich-
ness among transects for dam removal sites (x? = 0.84, df = 4, p = 0.933, Figure 6C). Mussel
density was significantly different among transects downstream of sites for uncontrolled
(x* =10.25, df = 4, p = 0.036, Figure 6D) and controlled dams (x? = 12.38, df = 4, p = 0.015,
Figure 6E), with no differences in density downstream of dam removals (x*>=0.85,df = 4,
p = 0.931) (Figure 6F). Mussel density downstream of uncontrolled dams does not produce
any discernible longitudinal pattern, with transect 2 (x = 4.32 %+ 0.88) containing more
mussels m~2 than transects 1 (¥ = 2.4 + 0.97), 3 (X = 1.68 + 0.56), and 5 (¥ = 1.84 + 0.43)
(p < 0.05). Density downstream of controlled dams increased along a downstream gradient,
with more mussels m~2 for transects 4 (X = 1.68 £ 0.49)and 5 (x = 2.48 + 0.84) than
transects 1 (x =0.32 £0.19), 2 (x = 0.56 £ 0.26), and 3 (x = 0.88 £ 0.38) (p < 0.05).
Shannon’s diversity only differs significantly among controlled dams (x> = 11.23, df = 4,
p = 0.019), with no differences among transects 1-5 for uncontrolled dams (x> =8.57,df = 4,
p = 0.073) and dam removals (x? = 1.06, df = 4, p = 0.901). Shannon’s diversity downstream
of controlled dams is greatest at transects 4 (x = 1.16 £ 0.01) and 5 (x = 1.10 & 0.01), with
statistical differences between transect 4 and transects 1 (x = 1.02 4 0.00), 2 (x = 1.00 %+ 0.00),
and 3 (x =1.04 & 0.00) (p < 0.05), as well as between transect 5 and 2 (p = 0.04). The statistical
power (%) for Kruskal-Wallis tests varied among response variables and anthropogenic
barriers; with a power of 23, 20, and 5 for species richness, 15, 21, and 14 for density,
and 15, 19, and 5 for Shannon’s diversity (EXP (H’)) for uncontrolled, controlled, and
removals, respectively. It should be noted that observations during sampling at HG1 have
shown downstream discharges to be variable and different than upstream seasonal flows.
Downstream flow, at HG1, rarely occurred over the spillway and was released through
gates on each side of the dam.
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Figure 6. Mussel species richness (A-C) and densities (D-F) along a downstream gradient from anthropogenic barriers in the
Lake Michigan basin, Michigan, USA. (A,D) = uncontrolled dams; (B,E) = controlled dams; (C,F) = dam removals. Kruskal-
Wallis tests were performed independently within each subfigure and are indicated by letters above bars. Horizontal line

median, box 25th and 75th quartiles, whiskers the highest and lowest values, excluding outliers, circles indicate outliers.

Letters above box plots indicate statistical significance with Dunn’s Test.

3.3. Microhabitat Parameters

Ten microhabitat parameters were retained from VIF selection and used in GLMM (i.e.,
silt/clay, sand, gravel, cobble, boulder, bedrock, depth, benthic velocity, growing degree
days, and total suspended solids). All variables had VIF values < 5, which indicate low
to moderate multicollinearity. When mussel presence/absence was used as the response
variable, seven models had AAIC’s < 2, with the best model including silt/clay, gravel,
bedrock, and total suspended solids (w,, = 0.242) (Table 2). Variable weights for silt/clay
(wy = 1), gravel (w, = 1), total suspended solids (w, = 1), and bedrock (w, = 0.725) were
determined as important predictor variables for mussel presence/absence. For species
richness as the response variable, six models had AAIC’s < 2 with the best model also
including silt/clay, gravel, bedrock, and total suspended solids (w;;, = 0.264) (Table 2).
The important predictor variables for species richness were silt/clay (w, = 1), gravel
(wy = 1), total suspended solids (w, = 1), and bedrock (w, = 0.875). For density as the
response variable, six models had AAIC’s < 2 with the best model including silt/clay,
gravel, cobble, bedrock, and total suspended solids (w;, = 0.317) (Table 2). Similar to
previous models, silt/clay (w, = 1), bedrock (w, = 1), total suspended solids (w, = 1),
and gravel (w, = 0.733) were regarded as important predictor variables to predict mussel
density; however, cobble (w, = 0.733) was also included. As different substrate types (i.e.,
silt/clay, gravel, cobble, and bedrock) were regarded as important predictor variables,
mean % substrate composition by anthropogenic barrier was calculated (Figure S1) and
along the downstream gradient at transects (Figure S2). Controlled dams contained the
least % fine-grained substrate (silt/clay (x = 1.12 &+ 0.54) and sand (x = 4.16 & 0.75)), fol-
lowed by uncontrolled (silt/clay (¥ = 5.04 & 1.29) and sand (x = 13.59 + 1.67)), and dam
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removals (silt/clay (¥ = 6.27 £ 1.39) and sand (¥ =29 =+ 2.35)). Dam removals contained
the least % coarse-grained substrate (gravel (x = 47.18 £ 2.56) and cobble (x = 8.64 £ 1.22)),
followed by uncontrolled (gravel (x = 56.41 £ 2.43) and cobble (x = 15.55 £ 1.69)), and con-
trolled dams (gravel (¥ = 66.56 & 2.09) and cobble (x =19.12 £ 1.67)). Downstream of
controlled dams, % cobble decreased from transects 1 to 3, while % gravel increased.
Downstream of uncontrolled dams, % silt/clay increased from transect 1 to 3, while %
cobble decreased. Substrate composition downstream of dam removals does not follow a
distinct pattern; however, substrate is more uniform across dam removal transects, than un-
controlled and controlled dam transects. There was no silt along transect 1 for all three
anthropogenic barriers.

Table 2. Akaike Information Criterion (AIC) model selection results for mussel presence, species richness, and density
models. All models with AAIC < 2 were included, as well as the null model. AAIC = the difference between the AIC of the
best fitting model and the model of comparison. w;; = model weights (normalized relative likelihood values). B = parameter

coefficients that describe the effect of the independent variable on the response variable. Microhabitat parameters are
silt/clay (SC), sand (SA), gravel (GR), cobble (CO), boulder (BO), bedrock (BE), depth (DEP), total total suspended solids
(TSS). Benthic velocity and growing degree days were included in model selection but were not considered important in the
AIC analyses (see Methods).

Response Parameters in Model (B)
Variable g gy GR co BO BE DEP TSS  AIC  AAIC  wy
Presence —1.236 0.179 —0.684 0.359 590.6 0.000 0.242
—1.214 0.206 0.364 591.5 0.900 0.154
-1.171 0.172 —0.704 0.007 0.371 591.7 1.100 0.140
—1.136 0.137 0.239 —0.625 0.363 591.7 1.100 0.140
—1.087 0.180 0.280 0.369 592.0 1.400 0.120
—1.272 0.149 —0.113 —0.715 0.358 592.1 1.500 0.114
—1.241 0.175 —0.133  —0.692 0.360 592.6 2.000 0.089
628.2 37.600 0.000
Richness —0.683 0.111 —0.543 0.205 530.0 0.000 0.264
—0.707 0.093 —0.073 —0.563 0.205 530.1 0.100 0.251
—0.643 0.069 0.143 —0.512 0.207 531.2 1.200 0.145
—0.670 0.125 0.208 531.5 1.500 0.125
—0.679 0.115 0.119 —0.538 0.204 531.6 1.600 0.119
—0.687 0.111 —0.542 0.000 0.204 532.0 2.000 0.097
560.5 30.500 0.000
Density —0.725 0.120 0.114 —0.625 0.261 754.8 0.000 0.317
—0.752 0.121 0.112 —0.616  —0.003 0.257 756.2 1.400 0.158
—0.868 —0.133 —0.740 0.259 756.3 1.500 0.150
—0.753 —0.034 0.098 0.096 —0.648 0.260 756.6 1.800 0.129
—0.728 0.118 0.108 —0.049 —0.629 0.261 756.6 1.800 0.129
—0.869 —0.132 —0.136  —0.746 0.259 756.8 2.000 0.117

804.9 0.000 0.000

4. Discussion

This study has shown that freshwater mussel assemblages are regionally diverse and
variable downstream of dam and dam removal reaches of rivers in the Lake Michigan basin,
Michigan, USA. Additionally, contrary to other studies that have occurred in areas without
anthropogenic barriers [80-83], this study shows that downstream mussel assemblages
can be predicted by microhabitat parameters such as substrate and total suspended solids.
The ability to identify important mussel microhabitat characteristics gives managers a
tool to conserve and restore priority areas for imperiled freshwater mussels. As a result,
managers responsible for anthropogenic barriers can use data from this study to quan-
tify microhabitat parameters and predict common mussel metrics (e.g., mussel presence,
species richness, density) and species indicative of barrier types. Furthermore, changes in
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microhabitat parameters following dam removal can be used to generate ecological models
that predict further imperilment or recovery of freshwater mussels worldwide.

4.1. Mussel Assemblages Downstream of Three Anthropogenic Barrier Types

In this study, mussel assemblages downstream of barriers were influenced by varia-
tion in sediment composition and the assemblages differed among anthropogenic barriers.
Uncontrolled dams had the highest mussel diversity and predictable indicator species,
while substrate composition was intermediate when compared to other barriers. Uncon-
trolled dams may facilitate intermediate levels of disturbance necessary for all life-history
strategies to coexist (i.e., opportunistic, periodic, and equilibrium) [14,84] by providing
substrate heterogeneity that is neither too fine nor coarse-grained. Species associated with
uncontrolled dams represented all life-history strategies (i.e., opportunistic (L. complanata),
periodic (L. recta and E. triquetra), and equilibrium (A. plicata, C. pustulosa, and Q. quadrula)),
adding further support to the intermediate disturbance hypothesis [21], suggesting that
there are unstable (i.e., opportunistic), cyclical (i.e., periodic), and stable (i.e., equilibrium)
habitats downstream of uncontrolled dams [14]. Though there were no species associated
with controlled dams and only one species (i.e., A. viridis) associated with dam removals in
this study, the majority of species found downstream of controlled dams and dam removals
represented the periodic life-history strategy. The presence of periodic species suggests that
habitats downstream from controlled dams and dam removals could be experiencing cycli-
cal levels of disturbance that exclude habitat for equilibrium and opportunistic species [14].

Sediment stability was considered an important mussel predictor variable and var-
ious substrate sizes can be stable, facilitating mussel colonization and burrowing to aid
in anchoring [80,85]. Substrate downstream of dam removals contained unstable finer-
grained sediments, which covered coarser-grained sediment necessary for stable mussel
habitats. Controlled dams had the highest % gravel and cobble substrates that limit mussel
diversity when compared to uncontrolled dams that contained intermediate % gravel
and cobble. Gravel and cobble were both positively related to mussel metrics, yet excess
coarse-grained sediment can also limit mussel diversity when substrate is not penetrable
for mussel burrowing [86].

Study results also suggest that low-head dams sampled during this study contained
greater mussel diversity than dam removals; however, there was no difference in CPUE
among the three anthropogenic barriers. Hornbach et al. [52] compared mussel assemblages
upstream and downstream of impoundment conditions at 2 dams, finding the highest
densities downstream of the uncontrolled dam (Sunrise River, Wisconsin) and the highest
diversity downstream of the controlled dam (St. Croix River, Minnesota). Contrary to Horn-
bach et al. [52], the current study had more replicates and species richness downstream of
uncontrolled dams was greater than controlled dams. Furthermore, it has been noted that
tailwater reaches of low-head dams contain as dense mussel populations as free-flowing
reaches [14]; however, Walter [51] discovered increased species-richness downstream of un-
controlled dams than other sites sampled in the Neuse River Basin, North Carolina. None of
the previous studies sampled downstream substrate composition; however, similar to this
study, Gangloff [12] found coarser-grained substrates as important predictors for mussel
richness and density downstream of 22 low-head dams in Alabama streams. Results of this
study are consistent with others and suggest that reaches downstream of low-head dams
can support regionally diverse and abundant mussel assemblages [12,14,51,52].

Differing from this study, past studies downstream of low-head dams have also
attributed diverse and dense assemblages to both increased water temperatures and total
suspended solids associated with dams [12,13,52]. Mixed-effects models did not determine
water temperature to be an important predictive variable and we did not find significant
differences in water temperature among barriers. Increased water temperatures may
improve glochidia viability and growth rates which cause mussels to reach reproductive
maturity faster [7,13,14,52,87,88]. However, because water temperatures were not collected
upstream of impoundment conditions, we cannot conclude that dams do not influence
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downstream temperatures. Mean summer temperatures at study sites are ~6 °C cooler than
found in another study [13] (i.e., ~27 °C); therefore, mussels at study sites in the Great Lakes
region may not experience greater resource assimilation than previously documented [13],
emphasizing regional differences and contributing to the knowledge that variability seen
in rivers is important to acknowledge.

Total suspended solids were regarded as an important predictor variable in the mixed-
effects models, yet there were no differences among anthropogenic barriers. Total sus-
pended solids were used in this study as a measure of inorganic and organic suspended
solids. Studies have observed that impoundments increase particulate organic matter
through increased primary productivity and hydrologic retention times, which may benefit
downstream filter-feeding macroinvertebrates [22,23,88]. As freshwater mussels consume
particulate organic matter (POM), studies have hypothesized that low-head dams may
increase food availability (i.e., organic suspended solids), growth rates, and densities of
downstream mussel populations [13,52]. There were no differences in organic suspended
solids by anthropogenic barrier, suggesting that low-head dams do not increase the food
source for downstream mussel populations in this study. Furthermore, there were no
differences in downstream inorganic suspended solids, suggesting that sediment release is
still occurring in post-removal impoundments and some fine-grained sediments remain in
suspension through low-head dam impoundments.

Dam removals contained the lowest mussel diversity; however, RC1 (i.e., the oldest
dam removal, removed in 1998) contained regionally diverse assemblages (10 species) and
had the highest mussel density of all sites (¥ = 24.32 mussels m~2). However, dam removal
impacts in this study are harder to gauge without pre-removal data and long-term mussel
recovery data from other studies. Dam removal results show that there is a slight positive
relationship between mussel species richness and dam removal age. This study suggests
that age of removal may be important in predicting mussel assemblage recovery and dam
removals may have short-term (<16 years) impacts on downstream mussel communities in
the Laurentian Great Lakes region; yet mussel recovery may take longer than in regions
with higher gradient rivers.

Following a 3-year post-monitoring removal of a small (i.e., 3.3 m) low-head dam in
Wisconsin, downstream mussel communities decreased in density (~32%) and C. pustulosa
was extirpated from fine-grained sediment deposition [54]. Cyclonaias pustulosa is also
a species absent from mussel assemblages downstream of dam removals in our study;
however, was present and significantly associated with uncontrolled dams. In contrast to
Sethi et al. [54], Heise et al. [36] monitored mussel assemblages for 4-years post-removal
of a small controlled dam in North Carolina and found no significant effect on density
or species richness. Similar to Heise et al. [35], McCormick [18] also did not find adverse
effects on mussel assemblages following 2 dam removals in North Carolina. These studies
suggest that not all dam removals impair downstream mussel assemblages. As long as
impoundments are not sediment traps [20], the likelihood of legacy sediments smothering
downstream mussel assemblages may be low [89]. However, we are aware of no studies
where downstream mussel assemblages have improved following dam removal. The age
since dam removal will likely influence whether mussel assemblages have improved and if
restoration was a success relative to mussel recruitment.

4.2. Variation of Mussel Assemblages Along a Downstream Gradient from Anthropogenic Barriers

Mussel species richness, density, and Shannon’s diversity showed differing patterns
along a downstream gradient for each anthropogenic barrier. Downstream of uncontrolled
dams, a middle transect (i.e., transect 2) contained higher densities and more species than
transects closer to the dam and further downstream (e.g., transects 1,3, and 5). This pattern
may be attributed to relatively higher % cobble closer to uncontrolled dams that create
impenetrable habitat for freshwater mussels and higher % silt that facilitates non-ideal
mussel habitat for some species. Silt is often too unstable to support mussel burrowing [86]
and has low permeability, facilitating decreased dissolved oxygen and increasing concen-
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trations of unionized ammonia that can be toxic to freshwater mussels [90-92]. Similar to
bed scour caused by large dams [87], bed scour seems to result downstream of uncontrolled
dams to at least 50 m. However, unlike larger dams that can result in >99% trap efficiency
of incoming sediment [93], a degree of silt and sand remain in suspension through the
impoundment and begin to settle out further downstream (i.e., beyond transect 3).

Downstream of controlled dams, there was an increase in species richness and density
as distance increased. The furthest downstream transects (i.e., transects 4 and 5) had
higher densities and species richness than other transects, which may be attributed to
a decrease in % cobble that does not limit mussel persistence. Transect 3 had similar
substrate composition than transects further downstream but lower mussel richness and
density. This pattern indicates that substrate may stabilize beyond transect 3 and may
increase mussel persistence in those areas. In a river reach downstream of a large dam in
Oklahoma, species richness and abundance of freshwater mussels did not recover until
20 km downstream of an impoundment due to controlled and variable discharge impacts
on sediment composition, deposition, and scour [94]. The correlation of sediment size and
stability relies on hydraulic conditions, with sediment composition remaining dynamic
downstream of controlled dams with large variations in discharge regimes (e.g., peaking
operations) [82,86]. Additionally, compared to the other barriers in this study, controlled
dams contained the highest % gravel and cobble and the least % sand and silt among all
transects. The relatively high % coarse substrate and low % fine substrate, suggests that
impoundments entrain fine sediment from downstream reaches and/or fine sediment is
flushed beyond the sampled areas. Peaking operations have the propensity of flushing
fine-grained sediments further downstream, resulting in substrate coarsening and scour
(i.e., streambed armoring) [82,95]. However, the high % of downstream gravel, indicates a
substrate conducive for mussel persistence.

Downstream of dam removals there was not a difference in mussel density or di-
versity along a downstream gradient and substrate composition was relatively similar
across transects. All transects had the highest % fine-grained substrate and the least %
coarse-grained substrate of anthropogenic barriers, which suggests fine-grained sediment
deposition following dam removal. As transects downstream of dam removals had high
amounts of fine-grained substrate, post-impoundment sediment transport may be dom-
inated by fine-grained substrates until an equilibrium is reached [96]. Three years after
a dam removal in Michigan, ~14% of impoundment sediment (i.e., dominated by sand)
was deposited within 1 km of the dam and was estimated to continue for many years [97].
Due to the age of dams in this study (i.e., >100 years) and the low-gradient status of other
rivers throughout the Great Lakes region, impoundment sediment compaction will increase
the time frame before downstream substrate coarsening can occur [30,32]. Following a dam
removal in Michigan, sediment release was estimated to take around 50-80 years based
upon the high degree of sediment compaction [98].

4.3. Management Implications

As freshwater mussels are relatively sedentary during their adult life and dependent
on fish for dispersal during the obligate early life-stage, recovery rates following dam
removal may take longer than for more mobile species (e.g., fish) and/or species with
high reproductive capacity and short-life spans (e.g., aquatic insects) [8,15]. Therefore, it
is important to weigh the costs and benefits of dam removal on a case-by-case basis [27].
In addition, because most streams are anthropogenically impacted, there have been unantic-
ipated impacts of dam removal such as contaminant, sediment, and nutrient mobilization
from impoundment conditions that can cause irreversible ecosystem harm [8,15,32,54].
Dams have also played a role in restricting the range of some invasive species such as sea
lamprey and Asian carp in the Great Lakes basin [98,99] and impoundments may also facil-
itate spread of other species such as dreissenids (i.e., (i.e., zebra and quagga mussels) [100].
Dam removal can also flush larval dreissenids, which are pelagic, to downstream reaches,
facilitating the spread of an invasive species which are detrimental to freshwater mus-
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sels [100]. As a result, dam removal in areas at risk of invasion may have unintended
ecological and economic consequences.

Freshwater mussel assemblages can persist with high diversity and density down-
stream of dams; therefore, considerations of dam removals must include possible negative
impacts to freshwater mussel assemblages and endangered mussels. In rare instances,
dam removal impacts on mussel assemblages might outweigh the benefits and dam re-
pair might be a better option. Freshwater mussels were species rich and occurred at the
highest densities downstream of a dam removal used in this study (i.e., RC1). However,
no long-term mussel studies exist that gauge mussel recovery time post-removal. Contin-
ued monitoring of these post-removal mussel assemblages that have low species richness
and abundance would increase the scientific understanding of mussel response to future
dam removals in the Great Lakes basin and worldwide. Mussel assemblages downstream
of uncontrolled and controlled dams were more diverse than assemblages downstream
of dam removals. However, mussel assemblages were less diverse and dense at a few of
these sites (i.e., HG1, HG2, and DG1), which necessitates further research to determine
reasons for adverse effects on these mussel assemblages and ecological rational for the
variability observed. For example, detailed long-term discharge and flow data may be
relevant to assess patterns through time and useful in predicting mussel assemblage char-
acteristics. Additionally, DG1 was directly downstream of a wastewater treatment facility
(<100 m) and mussels may be at risk from unionized ammonia, chloride, and contaminant
concentrations that are toxic to freshwater mussels [101-104]. Additional water quality
testing for ammonia, chloride levels, and other contaminants may add further explanation
of poor mussel communities at locations where effluent may be influenced by wastewater
treatment plants. Studies can also incorporate free-flowing reaches outside the zone of
influence of barriers in order to further quantify the effects of dams on aquatic biota and
make predictions following dam removals.

Currently, pre- and post-removal studies are lacking and may be influenced by public
and scientific perception that dam removal will automatically lead to improved stream
conditions and the high costs associated with dam removals and monitoring studies [10].
Uncontrolled dams will likely be the target of future dam removals because they outnumber
controlled dams and many do not serve a purpose [2,32]. Approximately 85% of all U.S.
dams have expired in 2020 and will be potential candidates for removal [105]. Although
much research focus on dam removals in the United States; it is evident through the
increased research on macroinvertebrates and dams worldwide [106] that the results on
downstream assemblages of barriers can be used for worldwide predictions. However,
the results of this study have important conservation implications for freshwater mussel
assemblages downstream of anthropogenic barriers. Mussel assemblages downstream of
most uncontrolled dams were regionally diverse and abundant; therefore, removal may
result in further imperilment of freshwater mussels.

Furthermore, results of this study indicate that freshwater mussels can persist as
regionally diverse and dense assemblages downstream of controlled dams in the Lake
Michigan basin, yet mussel assemblages were variable. As a result, operation of controlled
dams is paramount to maintain adequate downstream habitat to support freshwater
mussels. We recommend that future controlled dams regulations incorporate monitoring
of impacts to mussel assemblages.

Although this study focused on mussels, incorporating data learned from this study
in decision making about barriers is likely to have concurrent, and perhaps similar, in-
fluence on non-molluscan communities. For example, this study helps provide lacking
intrariver variation and supports non-molluscan macroinvertebrate data that recolonization
post dam removal is difficult to quantify [107]; however, we have provided a timeframe for
when recolonization may be observed for freshwater mussels (e.g., >16 years) and suggest
patterns that may occur in other organismal groups. Worldwide fish have been impacted
by connectivity of riverine ecosystems [108] but our study adds to the ecological links of
variable trophic levels (e.g., filter feeders and predators) and also the potential dispersal
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of mussels by host fish that may be understood by considering adult mussel distribution.
For example, fish that are required hosts for the mussel reproductive cycle may be unable to
pass barriers; therefore, mussel populations may be denser downstream of certain barrier
types (e.g., hydroelectric [109]) with the mussel diversity and distribution reflecting host
fish movement. Theoretically, freshwater mussels should be able to recolonize upstream
reaches if host-fish passage is not restricted and life-history and habitat requirements of
mussels are met [53,89,109]. Finally, this study adds information that may contribute to the
understanding of shifts in food web structure that may happen during dam removals [110]
and could be incorporated into restoration actions.

As dam removals are often stream restoration targets and will be in the foreseeable fu-
ture, dam removals must have anticipated positive effects on ecosystem conditions [15,27].
From the dam removals used in this study, most sites have poor benthic habitat and
mussel assemblages. Pre- and post-monitoring studies are a necessity to measure dam
removal ecosystem response and make informed management decisions for future dam
removals [27]. Our study indicates that post-removal studies may need to incorporate
>16 years of data (oldest removal in the current study), before recovery or stabilization of
freshwater mussel assemblages can be observed.

5. Conclusions

Anthropogenic barriers, including dam removals, had different impacts on down-
stream mussel assemblages and microhabitat parameters in the Lake Michigan basin,
Michigan, USA. This study confirms that dam-related microhabitat impacts (i.e., substrate
type) can be used to predict freshwater mussel assemblages. Further quantification of
barrier-related impacts is imperative to guide conservation efforts of freshwater mussels
worldwide and this study highlights valuable data to be collected during future studies.
Additionally, this study shows that mussel assemblages downstream of uncontrolled dams
are more diverse than controlled dams and dam removals. However, each anthropogenic
barrier type had examples of mussel assemblages that would be considered species rich
and dense It is clear that the predictive ability of mussel assemblages downstream of all
anthropogenic barriers can be a challenge. Further, anthropogenic barrier impacts must
be statistically modeled, using data like those collected during this study, to understand
potential impacts on mussel communities. Additionally, post-removal impacts (i.e., sedi-
mentation) in low-gradient rivers may be more severe and take longer to remediate than
other rivers. The results of this research can be used to help guide more effective conserva-
tion plans for North American freshwater mussels in response to dam-related impacts and
recovery of mussel assemblages following dam removal.
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basin, Michigan, USA. Figure S2. Mean percent substrate composition at anthropogenic barriers
(n =5 for each type of barrier) in the Lake Michigan basin, Michigan, USA. (A) silt/clay, (B) gravel,
(C) cobble along transects.
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