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Surveys
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Abstract

The Meramec River basin in east-central Missouri has one of the most diverse unionoid mussel faunas in the central
United States with .40 species identified. Data were analyzed from historical surveys to test whether diversity and
abundance of mussels in the Meramec River basin (Big, Bourbeuse, and Meramec rivers, representing .400 river miles)
decreased between 1978 and 1997. We found that over 20 y, species richness and diversity decreased significantly in the
Bourbeuse and Meramec rivers but not in the Big River. Most species were found at fewer sites and in lower numbers in
1997 than in 1978. Federally endangered species and Missouri Species of Conservation Concern with the most severe
temporal declines were Alasmidonta viridis, Arcidens confragosus, Elliptio crassidens, Epioblasma triquetra, Fusconaia
ebena, Lampsilis abrupta, Lampsilis brittsi, and Simpsonaias ambigua. Averaged across all species, mussels were generally
being extirpated from historical sampling sites more rapidly than colonization was occurring. An exception was one reach
of the Meramec River between river miles 28.4 and 59.5, where mussel abundance and diversity were greater than in
other reaches and where colonization of Margaritiferidae, Lampsilini, and Quadrulini exceeded extirpation. The exact
reasons mussel diversity and abundance have remained robust in this 30-mile reach is uncertain, but the reach is
associated with increased gradients, few long pools, and vertical rock faces, all of which are preferable for mussels.
Complete loss of mussel communities at eight sites (16%) with relatively diverse historical assemblages was attributed to
physical habitat changes including bank erosion, unstable substrate, and sedimentation. Mussel conservation efforts,
including restoring and protecting riparian habitats, limiting the effects of in-stream sand and gravel mining, monitoring
and controlling invasive species, and protecting water quality, may be warranted in the Meramec River basin.
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Introduction

Native unionoid mussels (Mollusca: Bivalvia: Union-
oidea; Carter et al. 2011) are important components of
aquatic ecosystems. Global declines have resulted in
native mussels being identified as the most imperiled
faunal group in North America, which emphasizes the
need for their protection and conservation. At least 26
and probably .40 of the ,300 North American taxa
have become extinct in the past 100 y, and it appears
that .25% of the mussel fauna will be lost within the
next 30 y (Haag 2009). Presently, 73 mussel species are
classified as federally threatened or endangered pur-
suant to the U.S. Endangered Species Act (ESA 1973, as
amended), with 7 additional species as candidates for
listing in the United States (U.S. Fish and Wildlife Service
2011). Declines in mussels have been attributed to
various factors, including sedimentation, channelization,
dredging, impoundment construction and operation,
pollution, and invasive species (Lydeard et al. 2004).

At least 69 species of native mussels have historically
occurred in Missouri (Missouri Department of Conserva-
tion 2008). The Meramec River basin in east-central
Missouri contains one of the most diverse mussel faunas
in the central United States, with .40 species (Buchanan
1980; Roberts and Bruenderman 2000), several of which
are listed as federal or state endangered species. The
status of mussels in the basin was initially surveyed in
1977–1978 following proposals to construct multiple
flood-control dams in the Meramec River basin (Bucha-
nan 1980). A second survey was conducted in 1997 to
address concerns about declines in mussel diversity and
abundance (Roberts and Bruenderman 2000). The mussel
community in the Big River, the largest tributary of the
Meramec River, was of specific concern because of lead-
zinc and barite (barium sulfate) mining that occurred in
the upper and middle reaches of the Big River watershed.
Historical mining has been implicated in heavy metal
contamination of aquatic biota, including mussels, in the
Big River (Niethammer et al. 1985; Czarnezki 1985, 1987;
Schmitt et al. 1987; Gale et al. 2002; Besser et al. 2007,
2009a, 2009b).

In addition to mining, other threats to mussel
conservation exist in the Meramec River basin. Although
water quality is considered good compared with other
basins in the state, point and nonpoint source pollution
from hundreds of dischargers occurs within the basin
(Annis et al. 2009). Construction activities to accommo-
date human population growth, especially in the lower
portion of the basin, can also impact water quality
through hydrologic alteration and by increasing inputs of
sediments and contaminated runoff. Livestock grazing,
logging, and in-stream gravel mining are major activities
within the basin that have the potential to impact mussel
populations through runoff, erosion, sediment produc-
tion, and nutrient loading.

The objective of this study was to analyze data from
historical surveys to document and evaluate trends in
spatial and temporal diversity and abundance of mussels
in the Meramec River basin (Buchanan 1980; Roberts and

Bruenderman 2000). Specifically, we hypothesized that
mussel diversity and abundance decreased between
1978 and 1997 in the three largest rivers in the Meramec
River basin. Trends in diversity and abundance of
mussels, particularly Missouri Species of Conservation
Concern (SOCC, which includes federal and state
threatened or endangered species) were summarized
by river and individual sites.

Methods

Study area
The study area (10,255 km2) included the Meramec

River and two major tributaries, the Bourbeuse River and
the Big River, in the Ozark Plateau Province in east-
central Missouri (Figure 1). The Meramec River flows
northeast for 351 km from the Salem Plateau of the
Ozark Highlands to the Mississippi River downstream of
St. Louis, Missouri. The watershed of the upper Meramec
(upstream of River Mile [RM] 95) is primarily forest and
pasture with little urbanization, whereas the lower basin
is heavily populated. The lower Meramec River is wider
and flows more slowly than the upper river, and its
extreme lower reaches are influenced by backflows of
the Mississippi River. The Bourbeuse River lies to the
north of the Meramec River and flows northeast 240 km
through a largely rural area until reaching the Meramec
River at RM 68. The Bourbeuse is considered a lowland
river with normally high turbidity, and the watershed is
primarily forest (55%) and pasture (32%; Homer et al.
2004). The Big River lies southeast of the Meramec River
and flows north 225 km until reaching the Meramec River
at RM 38. Land use in the Big River drainage is primarily
forest (72%) and pasture (16%), but the lower basin is
becoming rapidly urbanized. Degradation of habitat and
biota, including mussels, due to historical mining in the
Big River watershed has been well-documented (e.g.,
Besser et al. 2009b; Roberts et al. 2009; Allert et al. 2010).

Sampling methods
Buchanan (1980) surveyed mussels at 198 sites in

1977–1978 (henceforth referred to as 1978) to determine
the distribution, relative abundance, and habitat require-
ments for mussel species, with an emphasis on four
SOCC (Cumberlandia monodonta, Cyprogenia aberti,
Lampsilis abrupta, Leptodea leptodon) known or suspect-
ed to occur in the Meramec River basin. Streams were
sampled every 8 km (5 miles) unless access was restricted
or mussels were absent at two consecutive sites.

Roberts and Bruenderman (2000) surveyed mussels at
50 sites in the Meramec River (n = 28), Bourbeuse River
(n = 17), and Big River (n = 5) in 1997. Sites where
currently listed SOCC were found in the 1978 survey
were resampled along with new sites to update
knowledge of the status of the mussel fauna in the
Meramec River basin (Roberts and Bruenderman 2000;
Figure 1). The two surveys used similar methodology to
allow for comparisons. Briefly, sampling during both
surveys was carried out by timed, qualitative searches,
with the primary objective to locate rare and endangered
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mussel species over a broad spatial scale, a design not
uncommon to state and federal management agencies.
Mussels were collected by hand while snorkeling,
wading, and diving. We attempted to match sampling
effort (person-hours) of the 1978 survey for each site
(expressed as catch per unit effort [CPUE]; see below).
Sampling effort (i.e., time spent sampling individual sites)
differed between surveys, which can lead to bias in
species richness estimates (e.g., Huang et al. 2011), but
the lower sampling effort for a site was not consistent
between surveys. In 1997, the entire sampling area of the
1978 survey was searched. If no mussels or suitable
habitat were encountered in 1997, sampling crews
moved on to other sites rather than continuing to
search unoccupied habitat for the mere purpose of
matching 1978 sampling efforts (Roberts and Bruender-
man 2000). Mussels were identified; classified as living,
dead, weathered, or subfossil; and returned to the
substrate. The number of living individuals of each
species was recorded. Sites were identified by river mile
(e.g., RM 6.9) as opposed to metric units to facilitate
comparison with sample locations evaluated in previous
publications (Buchanan 1980; Roberts and Bruenderman
2000). Results of these surveys have bias because

qualitative searches are more likely to locate mussel
species that are large, surface-dwelling, and have
distinctive shell sculpture than species that are small,
deeply buried, and smooth-shelled (Vaughn et al. 1997;
Strayer and Smith 2003). The seasonal vertical migration
of freshwater mussels (e.g., Perles et al. 2003) may affect
the detectability of individual species. However, all
surveys were conducted during seasons considered
optimal for observing freshwater mussel populations in
Missouri (from spring through autumn), when water
temperature and photoperiod differ minimally in the
Meramec River basin, and during periods of low flow,
thereby minimizing the effects water clarity and depth
would have on detectability between the surveys.

Several sites were resampled opportunistically at
irregular intervals after 1997 (Figure 1) to search for
mussel broodstock for artificial propagation research
(e.g., Barnhart 2009). Sites resampled after 1997 com-
prising the Meramec RM 6.9, 33.5, and 39.8; Bourbeuse
RM 24.6, 53.9, and 66.3; and Big RM 10.3, 62.7, and 65.7
were included in this paper to evaluate temporal trends
of mussel distribution and abundance. These additional
collections used the same methodologies described for
the 1978 and 1997 surveys, except sampling times were

Figure 1. Meramec River basin (Missouri) map showing sites sampled for freshwater mussels in 1978 and 1997 (gray boxes) and
those resampled after 1997 (black circles).
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not always similar. During post-1997 collections, the
entire area identified as the mussel bed in 1978 and 1997
was searched, and all species and individuals encoun-
tered were recorded. Additional areas that may harbor
mussels but were possibly not sampled during 1978
were also searched to maximize the likelihood of
encountering rare species.

Data analyses
We used mussel survey data to estimate community

characteristics at individual sites (Data S1, Supplemental
Material). We revised taxonomy where necessary to
follow current usage. Metrics that we analyzed included
species richness, CPUE (mussels/person-hour), and Shan-
non diversity index (Shannon 1948). We calculated
colonization proportion (Pc) and extirpation proportion
(Pe) for each species and analyzed them by taxa (Vaughn
2012). For each species, colonization was the number of
sites colonized between 1978 and 1997 divided by the
total number of sites unoccupied in 1978. Extirpation
was the number of sites that were occupied in 1978 only
divided by the total number of occupied sites (1978
occurrences plus 1997 occurrences). Examination of
richness and CPUE data revealed that mussels in
Meramec River between RM 28.4 and 59.5 were generally
more abundant and diverse than in other reaches in the
Meramec River in 1997. Therefore, we evaluated Pc and
Pe in these reaches separately (Table S1, Supplemental
Material). Community composition metrics included
relative abundance of SOCC and common species
(Actinonaias ligamentina, Amblema plicata), which were
generally ubiquitous and abundant throughout the
Meramec River basin. We also computed the relative
abundances of certain taxa. Nonnative Asian clams
(Corbicula fluminea) were found at most sites but were
not included in the data analysis.

We compared the CPUE between two groups of
species: those in the tribe Lampsilini and those in the
tribes Amblemini + Pleurobemini + Quadrulini (APQ
taxa). We compared these two groups because of their
differing life histories and perceived differences in their
responses to stress. Lampsilini generally have relatively
thin shells and are mobile. Most lampsilines mature
rapidly (within 2–3 y), are long-term brooders, and are
generally short-lived (,10 y; Haag and Rypel 2011). The
APQ taxa are relatively heavy-shelled and less mobile as
adults. The APQ taxa are also slower to reach sexual
maturity (.3 y), are short-term brooders, and longer
lived (several decades; Haag and Rypel 2011). Healthy
mussel communities in the Mississippi River basin
generally have approximately equal numbers of Lampsi-
lini and APQ taxa, and skewed ratios of these taxa may
indicate a problem (H. Dunn, Ecological Specialists, Inc.,
personal communication). The APQ taxa appear to be
more tolerant than Lampsilini of temperature changes,
siltation, or water quality degradation (e.g., Tetzloff
2001).

We performed statistical analyses with Version 9.2 of
the Statistical Analysis System (SAS Institute, Cary, NC).
Only sites sampled in 1978 and 1997 were included in
the data analysis. We calculated arithmetic means and

standard errors for community metrics by river and
survey year, and we evaluated differences using the
nonparametric Kruskal–Wallis test. Community charac-
teristics for sites resampled after 1997 were calculated
but not tested statistically because of the variation in
sampling effort and limited number of sites; however,
trends are described. Additional distribution, abundance,
and diversity data for individual species and at individual
sites are presented as supplemental information (Figure
S1; Tables S1–S3, Supplemental Material).

Results

Community metric differences among rivers and
between qualitative surveys

Species richness was lower in 1997 than in 1978 in the
Meramec, Bourbeuse, and Big rivers (Table 1; Figure S1,
Supplemental Material). The differences were significant
in the Meramec River (H = 7.84, P , 0.01) and Bourbeuse
River (H = 18.16, P , 0.01) but not in the Big River (H =
1.10, P = 0.29), which had the smallest number of sites
(n = 5). Species richness was significantly greater in the
Bourbeuse River than in the Meramec River (H = 4.36,
P = 0.04) and Big River (H = 7.14, P , 0.01) in 1978, but
species richness did not differ among the three rivers in
1997 (Table 1). Within the Big River, most species were
found at RM 4.8 and 10.3 in 1997, with other sites
contributing little to richness (Figure S1, Supplemental
Material).

The CPUE was lower in 1997 compared with 1978 in all
rivers but was only significantly lower in the Bourbeuse
River (H = 14.22, P , 0.01; Table 1; Figure S1,
Supplemental Material). Among the three rivers, the
CPUE was significantly lower in Meramec River than in
the Bourbeuse River in 1978 (H = 9.99, P , 0.01). The
CPUE did not differ among the three rivers in 1997, but
was generally lowest in the Bourbeuse River and Big
River (Table 1). Local extirpation of living mussel
communities were noted at eight sites resampled in
1997, including RM 102.4, 106.5, 125.2, 145.1, and 145.7
in the Meramec River; RM 0.4 in the Bourbeuse River; and
RM 62.7 and 120.4 in the Big River.

Mussel diversity (as Shannon diversity index) was
significantly lower in 1997 compared with 1978 in the
Meramec River (H = 7.28, P , 0.01) and the Bourbeuse
River (H = 11.40, P , 0.01); the difference was not
significant in the Big River, where diversity was low in
1978 (Table 1; Figure S1, Supplemental Material). Mussel
diversity was significantly lower in the Big River than in
the Bourbeuse River in 1978 (H = 5.71, P = 0.02), but
differences in diversity among the three rivers were not
significant in 1997 (Table 1).

The percentage of the mussel community represented
as SOCC did not differ significantly between surveys in
the Meramec, Bourbeuse, or Big rivers (Table 1). Howev-
er, SOCC comprised a significantly greater proportion
of the mussel community in the Meramec River than
the Bourbeuse River in 1978 (H = 11.23, P , 0.01) and
1997 (H = 5.68, P = 0.02; Table 1). Sites with SOCC
comprising the majority of the mussel community in
1997 were in the upper Meramec River (RM 115.6 to
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165.9) where overall species richness was low (Figure S1,
Supplemental Material). The SOCC exhibiting the most
severe temporal declines in distributions at historical
survey sites are A. viridis, A. confragosus, E. crassidens, E.
triquetra, F. ebena, L. brittsi, L. abrupta, and S. ambigua
(Table S2, Supplemental Material).

Relative abundance of APQ taxa and Lampsilini was
not significantly different between 1978 and 1997 in the
Meramec, Bourbeuse, or Big rivers (Table 1). The APQ
taxa comprised a significantly greater proportion of the
mussel community in the Meramec River than the
Bourbeuse River in 1978 (H = 10.51, P , 0.01), but
APQ abundance was not significantly different among
the three rivers in 1997 (Table 1; Figure S1, Supplemental
Material). Lampsilini relative abundance was significantly
greater in the Bourbeuse River than the Meramec River in
1978 (H = 15.53, P , 0.01) and 1997 (H = 5.57, P = 0.02;
Table 1).

The relative abundance of common species (A. plicata
and A. ligamentina) was lower in 1997 than in 1978 in the
Meramec and Bourbeuse rivers but greater in the Big
River, but these differences were not statistically
significant (Table 1; Figure S1, Supplemental Material).
In 1978, common species abundance was significantly

greater in the Meramec River than in the Bourbeuse River
(H = 5.41, P = 0.02; Table 1); however, differences
among the three rivers were not significant in 1997.

Extirpation and colonization
Averaged across species, Pe exceeded Pc at sites in the

Meramec River, Bourbeuse River, and Big River (Figure 2).
The only exception was for Margaritiferidae (C. mono-
donta) in the Meramec River. The Pe among rivers were
not significantly different (H = 4.55, P = 0.10), but Pc
was significantly lower in the Bourbeuse River than in the
Meramec River (H = 7.80, P , 0.01). The Pe by taxa
ranged from 0.20 to 0.72 in the Meramec River, 0.55 to
1.00 in the Bourbeuse River, and 0 to 0.68 in the Big
River. The Pc by taxa ranged from 0 to 0.28 in the
Meramec River, 0 to 0.09 in the Bourbeuse River, and 0 to
0.31 in the Big River (Figure 2). Differences in Pe and Pc
were significant in the Meramec River for Anodontini
(H = 8.60, P , 0.01), Lampsilini (H = 19.96, P , 0.01),
Pleurobemini (H = 8.64, P , 0.01), and Quadrulini (H =
4.66, P = 0.03; Figure 2). In the Bourbeuse River, Pe was
significantly greater than Pc for Anodontini (H = 11.98,
P , 0.01), Lampsilini (H = 25.12, P , 0.01), and
Pleurobemini (H = 6.05, P = 0.01). Differences in the

Table 1. Mean (6SE, range in parenthesis) species richness, catch per unit effort (CPUE), and Shannon Diversity Index (SDI) for
mussel surveys in the Meramec River basin, Missouri, by year. Community metrics including the relative abundance of Missouri
Species of Conservation Concern (SOCC), species in the tribes Amblemini, Pleurobemini, and Quadrulini (APQ taxa), Lampsilini, and
common species (A. plicata, A. ligamentina) are also presented. Values for a parameter within each row followed by the same letter
were not significantly different among sites (P . 0.05, Kruskal–Wallis test). For each river, 1997 values followed by an asterisk were
significantly different from 1978 values for individual parameters (P , 0.05, Kruskal–Wallis test).

Parameter, year Meramec River (n = 28) Bourbeuse River (n = 17) Big River (n = 5)

Species richness

1978 14.1 6 1.4 (0–28) A 18.4 6 1.2 (4–24) B 9.4 6 2.7 (1–16) A

1997 8.1 6 1.7 (0–26) A* 6.9 6 1.3 (0–18) A* 6.0 6 3.0 (0–15) A

CPUE (mussels/person-hour)

1978 27.1 6 5.5 (0–112) A 64.1 6 13.5 (11–238) B 27.3 6 12.5 (2–70) AB

1997 24.5 6 8.1 (0–190) A 15.6 6 4.7 (0–67) A* 14.8 6 9.8 (0–53) A

SDI

1978 1.74 6 0.11 (0–2.9) AB 1.99 6 0.08 (1.2–2.5) B 1.09 6 0.37 (0–2.1) A

1997 0.94 6 0.18 (0–2.5) A* 1.20 6 0.18 (0–2.2) A* 0.97 6 0.42 (0–2.0) A

SOCC abundance (%)

1978 18.5 6 3.8 (0–59) B 2.8 6 0.9 (0–14) A 17.9 6 11.3 (0–57) AB

1997 30.1 6 8.5 (0–100) B 4.2 6 1.9 (0–29) A 15.3 6 14.9 (0–45) AB

APQ abundance (%)

1978 45.6 6 4.1 (10–100) B 22.9 6 4.4 (0–36) A 38.0 6 19.8 (0–94) AB

1997 32.0 6 6.4 (0–91) A 18.7 6 5.0 (0–54) A 51.4 6 15.9 (20–71) A

Lampsilini abundance (%)

1978 40.4 6 3.8 (0–87) A 66.9 6 4.2 (35–100) B 39.9 6 16.3 (5–100) AB

1997 45.3 6 7.4 (0–100) A 71.9 6 6.9 (0–100) B 47.7 6 16.3 (27–80) AB

Common species abundance (%)

1978 36.9 6 4.3 (0–71) B 20.6 6 5.2 (0–59) A 33.7 6 20.7 (0–91) AB

1997 26.8 6 5.9 (0–71) A 13.0 6 3.8 (0–50) A 36.4 6 19.3 (0–66) A
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Big River were only significant for Anodontini (H = 7.92,
P , 0.01; Figure 2).

The Pe and Pc of species within the Meramec River
were not consistent with patterns among river reaches
(Figure 3). The Pe were consistently lower for all taxa
between RM 28.4 and 59.5 (range 0–0.50) compared with
upstream (range 0.14–1.00) and downstream (range
0.25–0.75) reaches; differences were significant for
Anodontini, Lampsilini, and Quadrulini (Figure 3). The
Pc in the Meramec River were 0–0.31 upstream of RM
59.5 (range 0–0.2 excluding Margaritiferidae), 0.11–0.35
between RM 28.4 and 59.5, and 0–0.17 downstream of
RM 28.4, and these differences among reaches were
significant for Anodontini, Lampsilini, and Quadrulini
(Figure 3). The Pc was greater than Pe for Lampsilini,
Margaritiferidae, and Quadrulini between RM 28.4 and
59.5, but these differences were not significant.

Species trends at sites resampled after 1997
Sites resampled after 1997 generally showed contin-

ued mussel declines (Table 2). Changes in species
richness were difficult to assess given the variation in
sampling times in surveys conducted after 1997.
However, few species were found at Bourbeuse RM
24.6 in 2005 despite lengthy sampling efforts at these
sites (Table 2). Decreases in Shannon diversity index and
CPUE were greatest for the most recent collections at
Meramec RM 6.9 and 39.8 and Bourbeuse RM 24.6.
Conversely, species richness, CPUE, Shannon diversity
index, and community abundance measures have been
relatively stable or increasing at Bourbeuse RM 53.9 and
at Big RM 10.3.

The APQ taxa were dominant at Meramec RM 6.9 and
at Big RM 10.3, while lampsilines were the most
abundant tribe at other sites (Table 2; Figure 4). Relative
abundances of lampsilines and APQ taxa were stable at
Big RM 10.3, while sites upstream were more variable
(Table 2). The CPUE for these taxa at individual sites in
the Meramec River basin has fluctuated since 1997 but
generally shows a decreasing trend (Figure 4). One post-
1997 sampling event at Meramec RM 33.5 had CPUEs
greater than in 1997. Increased CPUE was generally from
the presence of more Lampsilini (A. ligamentina). The
CPUE has remained low at Bourbeuse RM 24.6 and 53.9
since 1997. The CPUE between 2000 and 2008 has
remained lower than 1997 values in the Big River
(Figure 4). Compared with sites in the Meramec and
Bourbeuse rivers, the CPUE was low (,8) at RM 62.7 and
65.7 in the Big River regardless of sampling year.

Discussion

Significant decreases in diversity and abundance and
increases in extirpation of species were evident at
historical survey sites in the Meramec River basin, a
pattern that continues to be reported in multiple U.S.
river systems (Warren and Haag 2005; Hanlon et al. 2009;
Wendeln et al. 2009; Haag and Warren 2010). Although
mussel populations in the Meramec River basin appear
more stable in terms of diversity and abundance than
other regions (e.g., Abell et al. 2000), decreases in SOCC

distribution indicate that increased mussel conservation
actions in the basin may be warranted.

Mussel distribution may change over time with natural
changes in river morphology. Resurveying 1978 sites in
1997 cannot account for the formation of new mussel
habitat (i.e., mussel beds) that may have occurred in the
20-y time period between surveys; the data only reflect
changes at the resurveyed sites. New sites surveyed in
1997 (Roberts and Bruenderman 2000) provide addition-
al insight on mussel occurrence and the status of species,
but these data cannot be used to determine whether
new beds have been formed. The loss of entire mussel
beds at eight sites in 20 y is a cause for concern to

Figure 2. Mean (6SE) extirpation (gray bar) and colonization
(white hatched bar) proportions of freshwater mussel species
by taxa and river in the Meramec River basin, Missouri, between
1978 and 1997. Asterisks denote significant differences
between extirpation and colonization proportions within each
taxa (P , 0.05, Kruskal–Wallis test). Missing bars indicate a
proportion of zero unless otherwise noted. Ambl, Amblemini;
Anod, Anodontini; Lamp, Lampsilini; Marg, Margaritiferidae;
Pleur, Pleurobemini; Quad, Quadrulini.
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resource managers because the natural process of
mussel bed formation would be slower. These sites that
supported diverse mussel beds in 1978 were found to
have unsuitable habitat in 1997; fine, loosely packed
gravel, lack of any coatings of algae or diatoms on gravel
(indicating that gravel is actively moving), and lack of
finer substrates were observed in 1997 (Roberts and
Bruenderman 2000). Collection of mussels has not been
attempted at any of these eight sites since 1997.

Mussels are being extirpated at historical sampling
sites more rapidly than colonization is occurring. This
trend does not appear to be species related, because
differences between Pe and Pc were significant for all
taxa. High Pe values, in part, were related to low
population sizes of species in 1978 (Gotelli 2001).
Vaughn (2012) determined that local extirpation of
mussels over an 80-y time period in the Red River
drainage of Oklahoma and Texas was greatest in rare
species and lowest in highly abundant species. Rare
species in the Meramec River basin did have high Pe,

but extirpation at historical sampling sites was also high
in abundant species including A. plicata, A. ligamentina,
L. cardium, P. alatus, and E. dilatata. Despite differences
in species composition and time between surveys, Pe
and Pc of mussels in the Meramec River basin were
similar to those reported by Vaughn (2012). An
exception to these trends occurred in the Meramec
River between RM 28.4 and 59.5, where colonization
was greater than extirpation for Anodontini, Lampsilini,
and Quadrulini.

The three surveyed rivers of the Meramec River basin
differed in mussel composition and abundance, but most
species were found at fewer sites and in lower numbers
in 1997 compared with 1978, regardless of the river.
Amblema plicata and A. ligamentina, commonly consid-
ered to be habitat generalists, dominated mussel-
assemblage composition at most sites in the Meramec,
Bourbeuse, and Big rivers. Mussels were most diverse
and abundant in the Meramec River between RM 28.4
and RM 59.5, while relatively few mussels were found in

Figure 3. Mean (6SE) extirpation and colonization proportions of freshwater mussel species by taxa and reach of Meramec River,
Missouri, between 1978 and 1997. Letters on top of bars indicated that colonization or extirpation were significantly different within
each taxa (P , 0.05, Kruskal–Wallis test). Missing bars indicate a proportion of zero unless otherwise noted. Ambl, Amblemini; Anod,
Anodontini; Lamp, Lampsilini; Marg, Margaritiferidae; Pleur, Pleurobemini; Quad, Quadrulini.
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Table 2. Summary of sampling time (minutes), species richness, catch per unit effort (CPUE; mussels/person-hour), Shannon
Diversity Index (SDI), relative abundance (%) of Missouri Species of Conservation Concern (SOCC), species in the tribes Amblemini,
Pleurobemini, and Quadrulini (APQ taxa), Lampsilini, and common species (A. plicata, A. ligamentina) in mussel surveys at specific
river mile (RM) locations in the Meramec River basin, Missouri, from 1978 to 2008.

Site, year
Sampling

time
Species
richness CPUE SDI

Relative abundance

SOCC APQ taxa Lampsilini
Common

species

Meramec River RM 6.9

1978 690 19 59.9 1.69 1.0 85 12 46

1997 900 13 28.1 1.33 2.1 91 7 64

2000 75 4 4.8 1.33 16.7 83 0 33

Meramec River RM 33.5

1978 1,380 24 36.1 1.99 8.1 64 26 46

1997 1,395 24 14.4 2.45 16.5 24 64 30

2002 90 10 15.3 2.25 13.0 48 43 22

2003 180 13 40.0 1.71 5.0 20 79 62

2007 240 8 7.5 1.39 6.7 30 70 73

Meramec River RM 39.8

1978 490 23 68.7 1.90 5.4 44 56 65

1997 990 22 36.2 1.89 2.7 29 71 66

2007 240 2 1.5 0.64 0 0 100 67

Bourbeuse River RM 24.6

1978 390 18 49.1 2.06 2.8 11 73 11

1997 310 12 8.9 2.10 4.4 7 70 2

2005 240 2 1.0 0.56 0.0 0 25 0

Bourbeuse River RM 53.9

1978 125 22 238.1 2.39 3.4 40 53 27

1997 130 18 66.9 1.81 5.5 29 68 50

2001 400 20 23.6 2.42 5.1 49 45 15

2002 75 8 16.8 1.89 0.0 57 33 5

2005 300 20 41.8 2.03 9.6 29 67 40

Bourbeuse River RM 66.3

1978 510 21 46.5 2.22 1.0 45 50 11

1997 340 17 48.0 2.14 6.3 39 57 38

2008 120 8 35.0 1.78 0.0 46 54 34

Big River RM 10.3

1978 600 13 70.0 0.54 0.3 94 5 91

1997 300 15 52.6 1.69 0.8 71 27 66

2002 102 8 27.1 1.40 0.0 63 37 76

2007 110 11 40.4 1.66 1.4 66 34 66

2008 300 16 36.4 1.67 1.7 73 26 66

Big River RM 62.7

1978 150 6 8.4 1.43 57.1 10 29 0.0

1997 240 0 0.0 0.00 0.0 0 0 0.0

2008 250 1 0.2 0.00 0.0 0 100 100

Big River RM 65.7

1978 105 1 1.1 0.00 0 0 100 0

1997 160 4 7.5 1.19 45 20 80 0

2008 150 2 0.8 0.69 50 50 50 0
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the upper Meramec River and the upper Big River. The
differences in mussel diversity and abundance among
rivers could be attributed to several factors, including
differences in geology, water flow, water depth, sub-
strate, sedimentation, fish host assemblages, and water
quality. Loss of mussels in the upper Meramec River
may be related to gravel routing, the process where
accumulations of excess bed load move downstream and
cause channel instability (Jacobson and Gran 1999), or to
lack of fish hosts. The low abundance and diversity of
mussels in the Big River coincide with mining impacts in
the upper basin (Roberts et al. 2009). Besser et al. (2009a,
2009b) reported that the metal-contaminated sediments
collected from the Big River were toxic to mussels in
laboratory tests. Further declines of mussel assemblages
in the lower Big River may be expected if mine wastes
continue to move downstream (Roberts et al. 2009).
Mine wastes moving out of the Big River and into the
Meramec River also are a concern for resource managers
because of the diverse mussel assemblages in the
Meramec River downstream from its confluence with
the Big River.

Given our current understanding of mussel diversity
and abundance in the Meramec River basin, several
locations could be considered for further evaluation to
understand the reason they have maintained the
relatively robust mussel communities historically present.
Mussel assemblages found in the Meramec River
between RM 28.4 and RM 59.5 were generally more
diverse and abundant compared with other areas, both
upstream and farther downstream, based on 1997
collections. This reach is one of the few in the basin
where species colonization has exceeded extirpation.
The exact reasons that mussel diversity and abundance
have remained robust in this reach is uncertain, but it has
a considerable amount of anthropogenic impact, both
instream and in the adjacent watershed, from mining,
commercial and residential development, stormwater
inputs, and increased bed-load movement. The reach is
associated, at least in part, with increased gradients, few
long pools, and bluff faces that provide stability. Multiple
factors may be influencing mussel assemblages given
differences in Pe and Pc in other reaches of the Meramec
River.

Figure 4. Change in catch per unit effort (CPUE) by mussel taxa at 1978 sites in the Meramec River basin, Missouri, resampled after
1997. RM, river mile.
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Several factors are suspected to have contributed to
mussel declines in the Meramec River basin. The loss of
riparian vegetation is the primary source of excess
sedimentation in the basin, resulting in increased
overland erosion, water temperatures, stream bed
erosion and degradation, channel degradation, and
altered stream geomorphology (Roberts and Bruender-
man 2000). Therefore, restoring and protecting existing
riparian habitats, especially in the headwaters, may help
to protect mussel populations in the Meramec River
basin. Restoration efforts are currently underway in the
basin to reforest 50–100-foot buffer areas and limit
livestock watering areas along streams to improve
aquatic habitat (K. Flores, Missouri Department of
Conservation, personal communication). The Meramec
River basin has 31 active permits for in-stream sand and
gravel mining, with most concentrated in the Meramec
River; other in-stream sand and gravel mining is
conducted by individuals for personal use or political
subdivisions (e.g., county highway departments), which
does not require permits. It is unknown what effect
gravel mines have had on mussel assemblages in the
Meramec River basin, but they have been directly
implicated in the local extirpation of mussel communities
from reaches of the Osage River in central Missouri
(Grace and Buchanan 1981). Grace and Buchanan (1981)
also reported that turbidity significantly increased and
channel depth was altered downstream of sand and
gravel dredging operations. Limiting the effects of in-
stream sand and gravel mining could help reduce
substrate instability, bank erosion, sedimentation, pol-
lutant release (Brown et al. 1998; Hubbs et al. 2006), and
the risk of physical habitat changes to existing mussel
beds.

Protecting water quality in the Meramec River basin is
also an important consideration for mussel conservation.
Studies to determine water-quality needs for mussels
have been conducted and interpreted relative to
conservation of populations in the Meramec River (Hinck
et al. 2011). However, parameters including temperature,
pH, alkalinity, hardness, dissolved oxygen, turbidity,
conductivity, ammonia, nitrates, and sulfates have been
measured only occasionally at mussel assemblages in the
basin (Roberts and Bruenderman 2000). More studies are
needed to determine the extent to which water quality is
a limiting factor (Hinck et al. 2011). The mining of heavy
metals has negatively impacted biota in the Big River,
where zinc, lead, and cadmium deposited in streambed
sediments have accumulated in biota downstream of the
mining district (Besser et al. 2009b; Roberts et al. 2009;
Allert et al. 2010). The failure of tailing pond dams,
continual erosion of tailing piles, and exposure to con-
taminated sediments have eliminated much of the
benthic community, including mussel populations, in
the Big River (Schmitt et al. 1987; Besser et al. 2009a,
2009b; Roberts et al. 2009). Quantitative chemical-
contaminant data specific to mussels in the Big River
are limited to lead and cadmium concentrations in L.
cardium (Czarnezki 1987; Schmitt et al. 1987). In addition
to lead mining, contaminants from other point (e.g.,
wastewater treatment plant) and nonpoint pollution

(e.g., urban and agricultural runoff) can also impact water
quality in the Meramec River basin. Based on the
toxicological literature, mussels are particularly sensitive
to ammonia, copper, zinc, lead, certain pesticides,
pharmaceuticals, and personal care products (Augspur-
ger et al. 2007; Wang et al. 2010, 2011a, 2011b);
monitoring these compounds in water could be a
conservation priority in the basin.

Invasive species may also affect mussels in the basin; C.
fluminea is found in the Meramec, Bourbeuse, and Big
rivers and Dreissena polymorpha has been found in the
lower Meramec River. Researchers have hypothesized
that invasive species may compete with native mussel
species for food and habitat (Neves 1987; Ricciardi 2003),
introduce diseases and parasites (Neves 1987; Ricciardi
2003), and directly affect native mussels because of
increased ammonia production (Cherry et al. 2005;
Cooper et al. 2005). Programs to monitor invasive
species in the Meramec River basin have not been
established. Monitoring and controlling invasive species
could be considered when developing strategies to
protect mussel diversity and density in the basin.

Overall, the loss of species and assemblages from 1978
to 1997 is cause for concern to federal and state agencies
responsible for mussel conservation in the Meramec
River basin because local extirpation is not species-
specific and is occurring at a relatively high rate. The loss
appears to be driven by physical habitat changes,
including bank erosion, unstable substrates, and sedi-
mentation, as well as chemical contamination from
mining. Further loss of mussel diversity and abundance
may be exacerbated if fish host assemblages change,
invasive species become established, or water quality
degrades. Ultimately, ecological problems in the head-
waters of the basin need to be identified and remedied
for the long-term conservation of mussels throughout
the Meramec River basin.
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Figure S1. Comparison of mussels collected in 1978
(gray) and 1997 (black) in the Meramec River basin,
Missouri. Parameters include species richness, catch per
unit effort (CPUE), Shannon diversity index (SDI), relative
abundance of Missouri state species of conservation
concern (SOCC), relative abundance of common species
(A. plicata, A. ligamentina), and relative abundance of
Lampsilini and species in the tribes Amblemini, Pleur-
obemini, and Quadrulini (APQ taxa).

Table S1. Extirpation proportion (Pe) and coloniza-
tion proportion (Pc) of unionid mussels in the Meramec
River basin, Missouri, found in the Meramec River
downstream of RM 28.4 (n = 4), Meramec River between
RM 28.4 and 59.5 (n = 8), and Meramec River upstream of
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2000). Bold values indicate that Pc was greater than Pe
for the species.

Table S2. Historical distribution of Missouri species of
conservation concern (SOCC) by river mile (RM) in the
Meramec River basin. Plain text, species present in 1978
only; bold text, species present after 1978; underlined
text, species not present in 1978. Footnotes indicate the
most recent observation at sites resampled after 1997
(Meramec RM 6.9, 33.5, and 39.8; Bourbeuse RM 24.6,
53.9, and 66.3; Big RM 10.3, 62.7, and 65.7); bolded site
numbers with no associated footnote indicate that the
species was last observed in 1997. The mean species
richness at a site with each SOCC is also presented (range
in parenthesis).

Table S3. Unionid mussels found in the Meramec
River (n = 28), Bourbeuse River (n = 17), and Big River (n
= 5) of the Meramec River basin, Missouri, based on
qualitative survey data from 1978 (Buchanan 1980) and
1997 (Roberts and Bruenderman 2000). Data presented
include the number of sites where the individuals were
found, the number of individuals collected, and the catch
per unit effort (CPUE; mussels/person-hour).
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