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Despite increased focus on their ecology and conservation, freshwater mussels remain one of the most imperiled groups of
aquatic organisms. We documented current management actions, resources, and challenges in managing freshwater mussels
in the United States through a survey of state natural resource agencies. Approximately 85% of surveyed states (N = 40) actively
managed mussel populations. Common challenges to mussel conservation included limited funding, lack of public awareness,
and poor understanding of habitat needs and risks. We present a research framework, currently underway in Missouri, to
support a regional mussel conservation assessment whereby habitat needs are identified, risks are assessed, and standardized
protocols are developed to monitor and detect trends in mussel assemblages and threats. The research framework conforms to
the National Strategy for the Conservation of Native Freshwater Mollusks and is adaptable to other states. With full consideration of
resource limitations, we explore how this framework can improve the effectiveness of mussel conservation efforts.
INTRODUCTION

Native freshwater mussels (Mollusca: Bivalvia: Unionida;
Carter et al. 2011) play an integral role in aquatic ecosystems
(Gutierrez et al. 2003; Spooner and Vaughn 2012; Atkinson
and Vaughn 2014). Despite increased focus on their ecology
and conservation, freshwater mussels remain a highly imperiled group of organisms worldwide (Lydeard et al. 2004).
Approximately three-quarters of the described mussel species
in North America and Europe are in jeopardy (Williams et al.
1993; Lopes-Lima et al. 2017). Inadequate and unpredictable
funding for mussel conservation results in insufficient efforts
that are often opportunistic and species-
specific (IAFWA
1998; Strayer 2006).
A series of actions led to a heightened emphasis on mussel conservation over the past few decades, particularly within
the United States. In 1995, coordinated efforts across stakeholders led to the development of a National Strategy for
the Conservation of Native Freshwater Mussels (hereafter,
National Strategy), updated in 2016 (NNMCC 1998; FMCS
2016). In 1998, the Freshwater Mollusk Conservation Society
formed to advocate for the conservation of freshwater mollusks. In 2001, U.S. Congress passed the State Wildlife Grants
Program, which provides matching federal funds to states for
wildlife conservation in exchange for the development of a
State Wildlife Conservation Strategy. In the 2005 inaugural
plans, invertebrates, including mussels, comprised a majority of the species of concern identified across all states combined (Fontaine 2011). Peer-reviewed publications on mussels,
particularly regarding the ecology of bivalves in the order
Unionida, have also risen dramatically over the past two decades (Lopes-Lima et al. 2014).
The National Strategy advocates the use of comprehensive
management plans for the successful conservation of mussels. These plans should synthesize ecological understanding
to direct management actions and identify information gaps
to guide research. Further, efforts to prevent or control invasive species are critical components of comprehensive plans
(FMCS 2016). Given the serious challenges to meet these
needs, long-term strategic planning and cost-effective strategies for research and management are required (Strayer 2006).
Without a strategic framework for decision making, monitoring programs may not detect declines or recovery of species,
important gaps in monitoring may remain unidentified, and
the overall success and ability to learn from management actions may be hampered.
In light of recommendations from the National Strategy
and declining native mussel populations, our first objective
was to document current state-level management actions, resources, and challenges in managing freshwater mussels. Our
second objective was to detail a strategic research approach
that addresses immediate and long-term needs for mussel conservation, providing particular examples of ongoing research
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in support of the strategy occurring in the Meramec River
basin, a well-studied center of mussel diversity in the state of
Missouri (Buchanan 1980; Roberts and Bruenderman 2000).
We then briefly explored how our approach addresses many
of the needs highlighted in the National Strategy and may
serve as an example for regional mussel conservation efforts to
improve the effectiveness of mussel research.
NATIONWIDE REVIEW OF STATE
MUSSEL MANAGEMENT PROGRAMS
Methods

State natural resource management agency personnel
tasked with managing mussels were identified through agency
websites, reports, and personal contact. Individuals identified
included malacologists, aquatic invasive species coordinators,
natural history biologists, nongame aquatic biologists, and
fisheries biologists. An online survey of 12 questions (found
online in the Supporting Information section at the end of
the article) was developed using the online survey platform
Qualtrics. A cover letter and a survey link were emailed to a
single representative of each state in April 2015. The survey
was open for 3 weeks, and a reminder email was sent each
week to those who had not yet participated.
Results

Individuals representing 40 states, of which 85% actively manage and/or monitor mussels, responded to the survey (Figure 1). Guiding documents for mussel management
were in place for 38% (15 of 40 states) of respondents (e.g.,
Missouri Department of Conservation 2008). Of the 25 states
that did not have guiding documents, 40% planned to develop
one within 5 years.
Four focal areas of mussel management were identified
(Figure 1): (1) no active management, (2) management of invasive species only, (3) management of species of concern only
(federal or state listed), and (4) management with a mixed focus on two or more groups of mussels (e.g., native mussel communities, species of concern, commercial species, and invasive
species). Five states had no active management (12.5% of responding states) and were limited by funding or agency prioritization of game species’ management. Seven predominantly
western U.S. states focused on invasive species only (17.5%),
with an emphasis on preventing the spread and establishment
of quagga mussels Dreissena bugensis and zebra mussels D.
polymorpha. Management activities for invasive species included boat inspections, public outreach, and early detection
monitoring (Figure 2). Seven states had management focused
on species of concern only (17.5%) and commonly engaged in
activities such as distributional surveys, population monitoring, and habitat restoration. Twenty-one states managed for
multiple groups of mussels (52.5%) and allocated an average
of 54% (range, 0–95%) of their mussel resources to species of

Figure 1. Of the 40 states represented by the survey, four management foci were identified: no active management (five states),
invasive species only (seven states), species of concern only (seven states), and mixed-focus management (21 states).

concern, 36% (0–90%) to native communities, 8% (0–80%)
to invasive species, and 2% (0–10%) to commercial species.
Activities associated with managing multiple groups of mussels included distributional surveys, population monitoring,
and reintroduction programs (Figure 2).
Financial resources dedicated to mussel management
ranged from zero investment to a US$4 million annual budget across states. The resource amounts and their sources
varied widely by management focus. Resources allocated for
the sole management of invasive mussels were relatively high,
averaging $1,725,700 (range, $100,000–$4 million) annually.
Approximately 75% of the funding for invasive mussel prevention came through state-level funding mechanisms, such as
watercraft registration fees and a conservation tax (Figure 3).
Annual budgets for states that focused on species of concern
were low, averaging $14,500 ($1,000–$50,000), and largely
(80%) funded through federal agencies. States with mixed-
focus management averaged $165,500 ($5,000–$500,000)
annually. For this management focus, approximately 60% of
funds originated from federal sources and 35% from state
sources.
Eighty percent of responding states fund research on native and invasive mussels. While 15% of states lack mussel conservation programs within their natural resource agency, most
invest in research using state wildlife grants. Across the three
areas of active management focus, monitoring and population
assessment were the most common research-related activities
(Figure 2). Funding for research on mussel habitat assessment
and mussel propagation and reintroduction occurred in 16 of
the surveyed states.
Agencies cited limited funding as a universal challenge
to managing mussels; however, this was less of an issue for
the management of invasive species only (Figure 2). Agencies

also cited low public awareness (65%), too many threats to
effectively manage (51%), and limited knowledge of habitat
requirements (46%) as ongoing issues hampering conservation
efforts. Managers identified additional challenges, including
poor political environment to regulate threats, public hostility
towards management of threatened and endangered species,
lack of standardized and affordable protocols for long-term
monitoring, limited knowledge of mussel distributions, predominantly reactive (as opposed to proactive) management,
limited understanding of threats on the landscape, and limited
water quality information.
MEETING THE CHALLENGE: A STRATEGIC MUSSEL
CONSERVATION ASSESSMENT

As documented by the survey, many states’ mussel management efforts emphasized invasive species only or species
of concern only, driven by noticeable expansions and contractions of particular species’ distributions. For invasive
species, management often focused on prevention through
public awareness campaigns and boat inspections at vulnerable locations. For threatened and endangered mussel species,
single-
species management sought to conserve individual
species through evaluating, managing, and reducing ongoing
risks to populations, paired with enhancement efforts such as
propagation. While these efforts may meet specific conservation goals, single-species management may not be enough to
halt the growing list of endangered and threatened mussels
(Simberloff 1998).
Continued imperilment of mussels highlights the need for
proactive conservation of whole assemblages at regional scales.
For example, strategic plans have been developed to prioritize
conservation actions in watersheds with a high number of imperiled species, such as the Tennessee and Cumberland river

Fisheries | www.fisheries.org

347

Figure 2. Management actions, research foci, and challenges for each type of mussel management, based on survey responses.

systems in the southeastern United States (Cumberlandian
Region Mollusk Restoration Committee 2010). A regional,
assemblage-based approach can improve the effectiveness and
efficiency of ongoing conservation and monitoring efforts
through development of standardized protocols, understanding habitat requirements, and identifying threats to mussels.
However, such an approach requires resources that are clearly
scarce, suggesting that a stepwise and strategic framework that
allows for incremental funding opportunities to contribute towards a larger, comprehensive goal of a regional conservation
assessment is crucial.
We have developed a strategic, research-based approach to
provide relevant information for cost-effective assessment and

348  Fisheries | Vol. 43 • No. 8 • August 2018

management of native mussel assemblages in Missouri. This
approach is broadly based on the framework for conserving
regional biodiversity described in Groves et al. (2002) but with
a focus on mussel assemblages. We take advantage of recent
progress in evaluating mussel survey methods, understanding
the physical mechanisms associated with mussel aggregations,
and an increasing awareness of the sensitivity of mussels to
threats, as discussed in the framework steps. Our approach
integrates these advances to develop a regional conservation
assessment based on spatially explicit descriptions of fundamental habitat requirements, validated metrics of mussel assemblages, specific identification of threats to assemblages,
and evaluation of how threats contribute to mussel declines

Figure 3. Funding for freshwater mussel management differs
by management focus. Invasive species programs are funded
primarily through state funds and species of concern programs are funded largely through federal funds.

(Figure 4). As a result, the framework aims to address many
of the limitations identified in our survey of state-level mussel
management programs (e.g., poor understanding of habitat
needs, limited understanding of threats, lack of standardized
protocols, and limited understanding of mussel distributions).
The sequence of steps within our approach is intended to
be adaptable to the needs and resources available for management agencies and particular challenges that are likely to vary
among states. For example, some states have few native mussel
species, while others have a hundred or more (Lydeard and
Mayden 1995), suggesting the need for different conservation
units. Further, some states have already adopted standardized
protocols for mussel surveys while others lack reliable mussel distribution information altogether. Resources required to
undertake any step of the framework will depend upon the
spatial scale of the assessment (e.g., a small watershed versus
multiple watersheds). Hereafter, we describe each step and
its implementation in the Meramec River basin, Missouri,
ending with an exploration of how the proposed framework
provides the basis for a conservation assessment to support
decision making.
Identification of the Conservation Unit

At the onset of a conservation assessment, one must first
determine the conservation unit(s) of interest (Groves et al.
2002). Due to the conservation status of many mussel species
and the policy framework of the U.S. Endangered Species Act,
managers may take a species-by-species approach to determine
conservation units and set conservation goals (e.g., species
presence, abundance, or density). Although desirable for addressing the imperilment of individual species, this approach
may not be feasible given the limited resources and personnel
tasked with mussel conservation, especially in states with multiple threatened or endangered species. When choosing a conservation unit of interest, state biologists must consider these
limitations, the benefits and drawbacks of particular conservation units, and the expertise of available personnel. For example, in a species-poor state, it may be feasible to delineate

individual populations of threatened or endangered species,
or individual river segments containing the species, as the conservation units of interest; however, that approach may be too
data-intensive to be feasible in a species-rich state with limited
personnel. Further, conservation units should be selected in a
joint effort of all key cooperators for mussel conservation.
In Missouri, our approach takes advantage of the tendency of mussels to congregate in dense, multispecies assemblages known as mussel beds (defined based on observed, sharp
increases in mussel abundance from zero or low abundance).
More specifically, we are interested in the species richness
of mussel beds. Dense assemblages of mussels contain both
dominant and rare species (Spooner and Vaughn 2009), and
therefore provides a useful and biologically meaningful conservation unit. However, we acknowledge this conservation
unit will not be effective in understanding habitat specialists
that are rarely found in multispecies beds, such as the spectaclecase Margaritifera monodonota, for which a single-species
conservation unit (e.g., populations, metapopulations) may
be more appropriate. While our framework is amenable to
other metrics of interest, such as the presence of multiple
year-classes in a population or mussel bed, the number of
rare species present, or simple occupancy, the identification
of a conservation unit(s) of interest is a critical first step, as
this will influence sampling methodology and definition of
suitable habitat in subsequent steps (Figure 4). Further, in instances of interagency collaboration, consensus around a single conservation unit of interest may facilitate cost sharing to
meet agency goals.
Design and implementation of standardized
sampling protocols

Regional mussel assessments require the development
of a survey design and standardized sampling methods.
Probability-based sampling designs are generally recommended to ensure unbiased data that can be used to estimate population parameters (Strayer and Smith 2003). Standardization
of methods improves comparison between data sets; however,
if sampling methods are differentially effective depending on
habitat conditions, direct comparability of data may be compromised, indicating the need for method validation and data
calibration (Huang et al. 2011). Further, depending on habitat
types and the selected conservation unit, a suite of standardized methods may be preferable to a single approach (Box 1).
For assessment of species richness, it is more efficient, and
therefore less expensive, to compile a complete species list by
using visual and tactile methods rather than intensive sampling such as quadrat excavation (Strayer et al. 1997; Vaughn
et al. 1997), whereas information on population size and structure is more effectively and accurately collected with quantitative sampling methods (Obermeyer 1998).
Determination of Fundamental Habitat Requirements
Fundamental niche model development

Identification of suitable areas to protect, restore, or reintroduce mussels requires knowledge of habitat requirements. We define habitat requirements as minimum features
present in a stream channel that allow the establishment of
mussel beds, analogous to the “fundamental niche” concept
(Hutchinson 1957). Our framework relies upon fundamental
niche models (hereafter niche model) to predict habitat suitability of diverse mussel beds based upon relevant, spatially
explicit, environmental data sets (Figure 4). Where historical
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Figure 4. Schematic of our long-term vision for a conservation assessment of mussels in the state of Missouri.

or current mussel surveys are unavailable, initial distribution
surveys of the conservation unit of interest using the identified
sampling design and standardized methods will be required to
model the necessary habitat characteristics.
Understanding habitat requirements of mussel assemblages remains a challenge; however, increased research
on this topic provides guidance for the selection of factors
to include in model development. Local habitat variables
(e.g., water depth and sediment grain size) generally have
low explanatory power for mussel community metrics and
distributions (Strayer and Ralley 1993) than do attributes
related to inchannel hydraulics, such as gradient, shear
stress, and substrate stability (Morales et al. 2006). Useful
hydraulic factors should consider refugia during high and
low flow events, such as shear stress during high-flow periods (Hardison and Layzer 2001; Howard and Cuffey 2003).
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While variables describing hydraulic stability are more explanatory of mussel distributions, they are labor intensive
to measure and not readily available over large spatial areas.
Remotely sensed data, such as repeat aerial imagery and
high-
resolution topography, allow for coarse delineation
of channel stability through measuring lateral movement
of the channel, channel controls such as bedrock cliffs, and
stream gradient and energy (Box 2). Further, thermal imagery may allow for the identification of groundwater sources. Modeling mussel habitats in lentic environments would
require the consideration of different factors, such as wave
action (Cyr 2008).
Selection of environmental factors to include in modeling
efforts will depend upon spatial and temporal scales. For assessments at broader scales, the inclusion of controlling variables that vary across a region or province, such as climate,

BOX 1
VALIDATING STANDARDIZED METHODS FROM MISSOURI

Box Figure 1.1. Box plots showing the interquartile range
of the percent of total mussel species detected by method:
timed visual searches (TVS), visual transects (TRANS), visual
and excavated quadrats (QV/QE), visual quadrats (QV), and
bank surveys (BANK; from Lueckenhoff 2015). The solid line
represents the median percent of species detected and the
dotted represents the mean. These comparisons indicate
the relative effectiveness of these approaches and the consistency with which they approximate species richness.

In Missouri, we have developed and validated a suite
of methods for mussel conservation assessment for Ozark
rivers, factoring in the need to accommodate multiple sampling goals. Our focus on species richness favors

water chemistry, and stream size may improve the niche model. The presence of host fish species is another important factor to consider at broad scales that can be included using fish
distribution data or distribution modeling efforts (Vaughn
and Taylor 2000; Cao et al. 2016). In instances of information
gaps, interagency collaboration may facilitate data collection
of identified information needs.
Model validation

Validation of the niche model with additional sampling
or historical data is critical for determining model accuracy.
This can be accomplished by setting aside a portion of the
surveyed mussel locations to use as a validation data set prior
to developing the niche model. Validation based on previously
collected data can serve as an early indicator of whether the
model requires further refinement. Further, response curves
for the conservation unit can be evaluated for confirmation
that they make “ecological sense” based on our understanding
of mussel ecology. More rigorous validation can be accomplished with new field surveys in areas predicted as potential
mussel habitat; however, the absence of mussels may be due to
anthropogenic stressors or other factors (e.g., invasive species)
affecting otherwise suitable habitat (Haag and Williams 2014).
An additional or alternative validation method could focus on
the presence of mussel assemblages in habitat deemed unsuitable by the model as an indication of model error. Evaluation
of model predictive performance can inform the transferability of the model to broader regions or neighboring river basins.

Box Figure 1.2. Length (mm) frequency histogram of all mussel individuals observed via quadrat sampling in a study in
Missouri (Schrum 2017). Black indicates the number of individuals observed using visual quadrat sampling only, while
gray represents individuals captured visually and through
excavation. Numbers above the histogram indicate the proportion of individuals captured by size category for visual
methods, indicating there is a significant bias towards larger individuals for visual quadrats.

implementation of qualitative survey methods, specifically, timed visual surveys (TVS), which visually search
the substrate surface for a set amount of time. This
method samples the greatest extent of the mussel bed and
is more effective at detecting mussel species presence than
more intensive quantitative methods (Box Figure 1.1;
Lueckenhoff 2015). In contrast, quantitative methods
(e.g., excavated quadrats) are more effective at determining mussel densities and recruitment within mussel beds
(Box Figure 1.2; Schrum 2017).

Assessment of Risks to Mussel Populations
Evaluate threats to mussel assemblages

The National Strategy identifies many ongoing threats
to mussel populations around the globe and in the United
States. However, it is difficult to pinpoint how detrimental
these threats are on a case-by-case, spatially explicit basis,
and causal factors for mussel declines may be only vaguely
identified without specific study. Further, our survey of state
agencies identified “too many threats” as a daunting obstacle
for state-level mussel conservation efforts. Therefore, our next
step, once fundamentally suitable mussel habitat is delineated, is to specifically evaluate threats that may influence mussel
establishment in otherwise suitable habitats (Figure 4). This
requires an assessment of mussel assemblage characteristics
within the areas identified as fundamentally suitable, quantification of potential threats, and direct analysis examining the
relationship between measures of the ecological integrity or
condition of the conservation unit (e.g., presence or absence
of species-rich beds, presence or absence of recruitment, etc.)
and the presence of threats that may pose a risk to adjacent
mussel populations (Box 3). Field surveys using standardized
methods can be conducted to measure mussel assemblage
characteristics. For cases with large study regions or with a
large number of predicted suitable habitats, a stratified random sampling design can be used to efficiently sample the
identified suitable habitats. Data sources for potential threats
should be evaluated across partner agencies and may require
further data collection or the development of proxy variables
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BOX 2
EXAMPLE OF REMOTELY SENSED DATA TO DELINEATE STABLE RIVER REACHES
SUITABLE FOR MUSSEL BED ESTABLISHMENT

Box Figure 2.1. Channel dimensions based on multiyear optical imagery from the Meramec River, Missouri, indicating
a reach that moved between 1990 (blue) and 2007 (red).
Source imagery came from Missouri Spatial Data Information Service.

Within the Meramec River, we developed metrics of geomorphic and hydraulic characteristics to test their explanatory power in predicting diverse mussel assemblages. First,
we derived spatially explicit hydrogeomorphic variables
relevant to mussel establishment from publicly available,
remotely-
sensed GIS layers. For example, we classified
repeat aerial images to define regions proximal to gravel
bars and regions of gravel bar stability. High-resolution
light detection and ranging (LiDAR) bare-earth elevation
data were used to estimate variables such as channel dimensions and an index of stream energy from channel slope
and drainage area. Multiyear optical imagery provided
key information on channel and bar movement that would
indicate channel stability (Box Figure 2.1). Limited availability of remotely sensed data to describe instream geomorphology or hydraulic conditions may present challenges to
where they are unavailable. Statistical models, such as occupancy models, representing hypotheses of the influence of
identified threats on richness of mussels in otherwise suitable
habitat can be evaluated using a model selection approach.
Absence of mussel aggregations or decreased species richness in fundamentally suitable habitat suggests current or historical threats can limit mussel occupancy. Further, responses
of mussel community metrics (e.g., species richness) to quantified threats may be examined more closely to determine how
threats contribute to reduced mussel assemblage condition in
suitable habitats.
Categorization of reaches based on mussel
assemblage status and risk

Spatially explicit identification of threats and their direct
relation to mussel assemblage metrics will allow us to predict
the risk of richness decline of mussel beds within reaches
deemed fundamentally suitable. We can broadly categorize
reaches according to their status and risk of assemblage decline
and/or extirpation. Categories can include (1) “mussel strongholds,” where species richness and assemblage characteristics
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Box Figure 2.2. Example of a reach within the Meramec River
basin, Missouri, delineated according to its suitability (red =
suitable, blue = unsuitable) for establishment of dense mussel assemblages based on hydrogeomorphic variables related to high-richness bed presence in a maximum-entropy
modeling framework (G. Lindner, K. Key, K. Bouska, and A.
Rosenberger, unpublished data). Source of base maps is
ESRI (Environmental Systems Research Institute).

implementing this approach. Further, this approach may be
too costly for large-scale assessments.
Next, we developed a niche model to relate known locations of species-rich mussel assemblages to hydrogeomorphic variables (Box Figure 2.2). Within the Meramec River,
systematic basin-wide mussel surveys have been conducted
(Buchanan 1980; Roberts and Bruenderman 2000). We used
a quantile regression approach to identify mussel beds with
“high” species richness relative to drainage area, thereby
using the presence of high richness beds as a response variable in the niche model.
meet or exceed expectations based on river location and lack
of threats, (2) “mussel assemblages at risk” in reaches where
assemblages are present in conjunction with threats to their
ongoing persistence or diversity, and (3) “vacant but high potential habitat,” where surveys confirm that mussels are not
present in otherwise suitable habitat, but threats are absent or
mitigated.
Development of a Strategic Mussel Monitoring Plan

Given funding constraints, an effective monitoring plan
will need to consider sampling efficiency while providing sufficient information to managers for evaluating management
goals. With the characterization of river reaches by species
richness (or other conservation unit) and risk, a monitoring
design can be developed more specifically based on conservation priorities (Figure 4). For example, frequent monitoring
of highest risk areas increases the chances that assemblage declines will be detected early, while monitoring high-potential
but not fully occupied habitat increases the chances of detecting assemblage expansions or recovery. Sampling low-risk
strongholds may continue at lower frequency; these core areas

may be best assessed by closely monitoring changes to threats
(e.g., new urban development, etc.). Regular assessments
that determine individual mussel health and the presence of
recruitment may be necessary to assess strongholds. High
potential, but vacant, habitats may be ideal for mussel reintroductions and restoration of mussel assemblages (e.g., Haag
and Williams 2014). Therefore, monitoring protocols can be
tailored to reach category so that resources can be deployed
efficiently, thereby retaining the likelihood of detecting meaningful assemblage trends.
Comprehensive Mussel Conservation Assessment

Spatially explicit identification of mussel assemblages,
classified according to their current status and risk of decline
or extirpation, provides a blueprint for structured and cost-
effective decision making for mussel conservation and recovery.
For example, managers can identify river reaches where threats
are easily addressed to increase the availability of high-quality,
low-risk habitat for mussels. Reaches where threats are eliminated or managed, but populations have yet to recover, are
ideal locations for reintroduction programs to enhance mussel
recovery. Core areas of diversity with low recruitment may indicate the need for additional protections to manage threats
or the need for mussel augmentation. Conservation can be diverted from reaches where threats are too numerous or severe
to warrant concentrated recovery efforts. Further, with such
an approach, measurable restoration goals and benchmarks
may be developed. For example, one restoration goal may be

to reduce risks to mussel populations by 10% within a suitable
reach through established threat mitigation strategies. Another
could be to increase the occurrence probability of a diverse
mussel bed by 50% according to the conservation assessment
model. Such benchmarks are reasonably measured and documented for assemblage recovery or population establishment
of a long-lived species, whereas detecting statistically significant population changes may be difficult. Finally, in reaches
that defy model expectations (e.g., risks low, mussel concentrations low but predicted to be high), this approach can indicate
where further investigation and research are warranted.
CONCLUSIONS

Strategic, long-term approaches for mussel conservation,
particularly at the state level, have many challenges. The conservation assessment framework described here provides an
evidence-based path forward to address many of the challenges cited in our survey. It efficiently supports improved
knowledge of mussel distributions, understanding of habitat
requirements, an evaluation of threats, and the development
of standardized protocols for long-term monitoring. Further,
the assessment framework is amenable to alternative situations
dependent on the mussel fauna and the nature of associated
threats (Figure 5). Additionally, many of the issues outlined
in the National Strategy to conserve freshwater mollusks are
addressed by this research approach, and many strategies outlined to address these issues are components of our research
approach (Table 1).

Figure 5. The steps of the mussel conservation assessment are intended to be adaptable to the needs and resources of natural
resource agencies. Therefore, we provide examples of different areas of emphasis that align with each of our research steps.
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Table 1. The National Strategy for the Conservation of Native Freshwater Mollusks (FMCS 2016) outlines the most pressing issues facing mussel
conservation and strategies to address these issues. We identify the strategies addressed by the research approach outlined in this article and
describe how these strategies are addressed or supported partially, if not completely. Our research approach at least partially addresses all 10
issues identified by the National Strategy and 30 of the 60 strategies listed in response to these issues.
Mussel conservation
issue
Increase knowledge of the
distribution and taxonomy
of mollusks at multiple
scales over time and make
that information available.

Address the impacts of
past, ongoing, and newly
emerging stressors on mollusks and their habitats.

Strategy to address conservation
issue

Addressed in the
conservation assessment framework?

How is it addressed in the conservation
assessment framework?

1. Continue to refine knowledge of
systematics, taxonomy, and genetic
structure of species.

No

2. Update and maintain a database of the
accepted scientific nomenclature.

No

3. Use survey methods that provide data
needed for trend analysis.

Yes

Requires development of standardized and
validated methods.

4. Identify uniform data collection and
reporting standards that will support
periodic status assessments.

Yes

Provides basis and sampling frame for status
assessments.

5. Encourage reporting of distribution
data.

Yes

Encourages survey and analysis of potential
and marginal habitat to better detect distributional changes.

6. Assess and publish the conservation
status of mussels every 10 years.

Yes

Provides mechanisms for conservation
assessment.

1. Prepare white papers on known stressors (e.g., impoundments, dredging,
contaminants, runoff, invasive species,
disease) describing the risk and magnitude of effects on mollusks.

Yes

Identifies threats and evaluates magnitude of
effect on risks to mussel assemblages.

2. D
 escribe the impacts of emerging
stressors (e.g., climate change,
increased energy development, water
use conflicts, unregulated contaminates, hormone disruptors) and
possible synergistic effects on mollusk
populations.

Yes

Modeling exercises will determine where
threats most contribute to risk and the
impact of multiple stressors on risk factors to
mussel assemblages. Approach also encourages the long-term monitoring of identified
threats on the landscape.

3. Compile comprehensive threat
assessments on community, river,
watershed, and faunal province spatial
scales.

Yes

Threat assessment is a key component of
research strategy.

4. Predict how species and communities
will change in response to threats.

Yes

Identifies threats and evaluates magnitude of
effect on risks to mussel assemblages.

5. Work with states and the U.S. Environmental Protection Agency to modify
water quality criteria, develop new
standards, and modify total maximum daily loads to protect mollusk
populations.

No

6. Advocate for consistent and effective enforcement of environmental
protection laws and regulations and
evaluate whether existing regulations
adequately protect mollusks and their
habitats.

Yes

7. Develop an early detection and rapid
response system for new aquatic
invaders.

No

8. Develop and publish protocols to
avoid spread of disease and invasive
species.

No

9. Describe the ecological and economic
impact of mollusks as vectors of parasites on fish, wildlife, livestock, and
human health.

No

By better understanding how threats contribute to risk, the approach may be used to
identify where existing protections do not adequately reduce risk to mussel populations.

continues
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Table 1. Continued
Mussel conservation
issue
Understand and conserve
the quantity and quality
of suitable habitat for
mollusks over time.

Understand the ecology of
mollusks at the individual,
population, and community levels.

Strategy to address conservation
issue

Addressed in the
conservation assessment framework?

How is it addressed in the conservation
assessment framework?

1. Define habitat requirements at multiple spatial scales (e.g., organismal,
population, community, river, watershed, faunal province).

Yes

Focus on fundamental habitat requirements
(i.e., factors that ultimately limit the distribution) of assemblages at river and watershed
scales. Transferability assessment of models
in ecoregions will inform how these factors
transfer or change among watersheds and
faunal provinces.

2. Define habitat requirements at multiple
temporal scales (e.g., seasonal, annual,
long-term), including the quality, quantity, and timing of ecological flows.

No

3. Quantify the amount of occupied and
unoccupied habitat.

Yes

Our initial focus on habitat requirements allows investigation into occupancy of species
or assemblages in specific areas that have
fundamental habitat requirements.

4. Identify and conserve habitats that will
be resilient to changing climates.

Yes

Spatially explicit occupancy data and an
improved understanding of the distribution
of threats is crucial for determining if mussel
strongholds exist in areas most likely to be
buffered from ongoing effects of climate
change.

5. Reduce habitat fragmentation and
increase connectivity of historical
habitats.

Yes

Spatially explicit information on what areas
of the landscape have fundamental habitat
requirements permits an understanding of
how the size and isolation of these habitats
could limit the establishment and richness of
mussel assemblages.

6. Conserve and restore habitat through
land protection actions such as easements, acquisitions, and landowner
agreements along riparian and upland
areas within watersheds.

Yes

Through spatially explicit identification of
threats and risks to mussel assemblages,
management actions can be strategically
applied to maximize their benefit to mussel
populations.

7. Identify best habitat management and
restoration practices through evaluation, monitoring, and modeling.

Yes

Provides a mechanism by which managers
can create a monitoring plan that maximizes chances of observing either positive or
negative responses of mussel assemblages
to management practices. Spatially explicit
threat assessment through modeling exercises allows identification of restoration
opportunities.

8. Develop and test effective mitigation alternatives for activities that affect habitat.

No

1. Describe life history and host–species
relationships at the appropriate scale.

No

2. Define environmental and nutritional
requirements necessary for physiological maintenance, reproduction, and
persistence of all life stages.

No

3. Describe the ecological functions of
mollusks in the environment.

No

4. Increase knowledge of negative and
positive interactions among mussel
species.

No

5. Increase understanding of demographic, genetic, and physiological
characteristics that influence long-
term mussel viability.

No

6. Encourage development of population
viability analyses to better predict
species’ persistence.

No

7. Develop population goals for managing rare and common species.

Yes

Our approach encourages establishment of
feasible and attainable restoration goals such
as reducing risk of lowering species richness
in areas occupied by mussel assemblages.
continues
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Table 1. Continued
Mussel conservation
issue
Restore abundant and
diverse mollusk populations until they are self-
sustaining.

Identify the ecosystem services provided by mollusks
and their habitats.

Strengthen advocacy and
build support for the conservation of mollusks and
their habitats.

Strategy to address conservation
issue

Addressed in the
conservation assessment framework?

How is it addressed in the conservation
assessment framework?

1. Develop population and community
indices to monitor and evaluate sustainability over time.

Yes

Development of strategic monitoring protocols allows for the assessment of population
or community metrics over time. Further,
sensitivity of mussel metrics to threats on
the landscape is part of threat and risk
assessment.

2. Develop conservation and restoration
plans (e.g., reintroduction or augmentation) at the river, watershed, and
faunal province levels.

Yes

A research-driven conservation assessment
allows spatial allocation of conservation and
restoration plans where they are most likely
to address existing threats and have a positive outcome for mussel assemblages.

3. Implement restoration that results
in self-sustaining populations and
does not adversely affect resident fish
and mollusk populations and their
habitats.

Yes

A research-driven conservation assessment
allows spatial allocation of conservation and
restoration plans where they are most likely
to address existing threats and have a positive outcome for mussel assemblages.

4. Maintain a database of translocation,
propagation, and stocking events.

No

5. Identify uniform methods and metrics
for monitoring outcomes of augmentations and reintroductions.

Yes

1. Describe ecosystem services provided
by mollusks to humans and river
ecosystems.

No

2. Develop and publish the social and
economic values of healthy mollusk
communities to society.

No

3. Update the values and replacement
costs of mollusk communities.

Yes

4. Publish a comparison of mollusk replacement costs with other biologically
engineered mitigation alternatives.

No

1. Develop a formal communication plan
to guide conservation of mollusks into
the future.

No

2. D
 evelop science-based communication
tools for local decision makers to build
organizational and public support for
land-use practices that support healthy
aquatic systems, including mollusks.

Yes

3. Develop communication and outreach
materials targeting the general public
to build awareness, appreciation, and
support for conservation of mollusk
resources.

No

4. Empower citizens with necessary
outreach materials to advocate for
consistent and effective enforcement
of laws and regulations or to develop
new regulations.

No

5. Recruit communication specialists to
the mollusk conservation community.

No

6. Work with international partners to
develop a global strategy for the conservation of mollusks.

No

7. Increase collaboration with other
aquatic societies.

No

8. Increase collaboration with other resource agencies and resource groups.

No

Provides standardized and validated
methods for multiple sampling goals (e.g.,
population assessment, characterization of
assemblages).

Through spatially explicit identification of
what mollusk populations are most at risk,
managers may be able to identify the value
and replacement costs of those populations
to prioritize immediate intervention.

Maps of risks and threats on the landscape
and where risks and threats can be most
beneficially managed are great communication tools for local decision makers and the
public.

continues
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Table 1. Continued
Mussel conservation
issue
Educate and train the conservation community and
future generations about
the importance of mollusks
to ensure conservation
efforts continue in the
future.

Seek consistent, long-term
funding to support mussel
conservation efforts.

Coordinate a national strategy for the conservation of
mollusk resources.

Strategy to address conservation
issue

Addressed in the
conservation assessment framework?

How is it addressed in the conservation
assessment framework?

1. Develop and recommend a list of key
skills and competencies for mollusk
conservation biologists and the supporting disciplines such as communication.

Yes

The multiple individual research projects represented by our long-term strategy not only
allow training of graduate students in mollusk ecology, but also places that research in
a larger conservation context that they can
bring to their career as mussel conservation
biologists.

2. Develop and recommend new coursework for the study and conservation
of mollusks based on the skills and
competencies identified in Strategy 1.

No

3. Manage a database of training courses, internships, details, and other professional opportunities for students
and practicing professionals to gain
hands-on experience with mollusk
conservation.

No

4. Provide travel funds for FMCS members to attend training courses, outreach events, educational institutions,
college fairs, and job fairs to encourage students interested in biology and
natural history to consider careers in
mollusk conservation.

No

5. Develop a FMCS grant program for
students and other conservation
groups to advance the conservation
of mollusks through research and
management activities.

No

1. Identify and create a database of
existing sources of funding for mollusk
research and management activities.

No

2. Take advantage of existing local, state,
national, and international grant programs wherever possible.

Yes

3. Advocate for prioritization of existing
funding to mollusk research and
management.

No

4. Develop guidelines for monetary mitigation banking.

No

1. Establish an ad hoc committee every
12 years to review and update the
National Strategy.

No

2. Revise the National Strategy document
every 15 years and implement it at
multiple scales.

No

3. Help integrate the national strategies
into regional, ecosystem, and state
action plans.

Yes

The research approach integrates many of
the issues and strategies listed in this plan
for a statewide or regional conservation
assessment.

4. Encourage publication of research and
management actions.

Yes

The multiple research projects represented
in our research approach will result in multiple publications and provide information
to direct management actions towards the
conservation of freshwater mussels.

Our approach allows smaller and fundable
individual projects to be placed into a larger
research and management framework,
which provides immediate guidance to
multiple funding sources how projects will
directly contribute to a long-term and comprehensive conservation assessment and
monitoring plan.
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BOX 3
IDENTIFICATION OF THREATS TO THE MERAMEC RIVER MUSSEL FAUNA IN MISSOURI

In the Meramec River basin, we are taking a three-
step approach to determine mussel occupancy in locations predicted to be suitable habitat by the niche model.
First, a stratified random design was used to select locations identified as suitable by the niche model to assess
the presence or absence of mussel beds across five river
reaches (i.e., strata). A visual search of the river banks
for mussel shells served as a rapid assessment of mussel
presence. Sites that had mussels present were revisited
to delineate the boundaries and extent of mussel beds
by visually searching the river bed for mussels. Finally,
timed visual surveys were conducted to estimate species
richness. This step provides mussel assemblage metrics for
identified suitable habitat. These data are then compared
with threats whose influence may limit mussel assemblage
richness. These analyses allow for a spatial description
of impacts on mussel assemblage richness, informing risk
characterization.
Mussel distribution and diversity in the Meramec
River basin declined between 1979 and 1997, and a series
of threats were implicated; these included excessive sedimentation, altered hydrology and geomorphology, altered
riparian condition, and water quality contaminants (Hinck
et al. 2012). More specific and spatially explicit identification of threats requires a local knowledge of drivers that
have changed in the system. For example, in the Meramec

In the Meramec River basin, we are in the midst of implementing this framework. Each step of the framework builds
upon the previous step to develop a spatially explicit categorization of river reaches by mussel assemblage status and
risk. We expect that developing monitoring protocols specific
to these categories will allow for more strategic and efficient
use of resources through lowering the costs of monitoring
studies while simultaneously increasing the probability of
detecting declines or range expansions. For example, identifying mussel strongholds, which would require less frequent
monitoring than other reaches, allows monitoring to be more
frequent and focused in reaches that are at risk. With our improved understanding of habitat suitability and risk, we will
be able to more quickly assess potential risk from impending
threats and identify strategic conservation and management
actions to restore and protect mussel communities within the
basin.
Use or modification of this approach to propose and justify needed research may improve the capacity and success
of regional conservation and monitoring programs for mussels. Mechanisms such as the State Wildlife Grants Program
may be used to purposefully fund sequential research projects
that cumulatively provide relevant information for state or regional mussel conservation while separately meeting distinct
research goals. Lessons learned in Missouri could inform
efforts elsewhere, and future modifications of the approach
should reflect ongoing advances in the understanding of mussel ecology, monitoring, and conservation. With a common
guiding framework for the development and implementation
of a research program, we invite opportunities to collaborate
and build partnerships among states, federal agencies, and
nonprofit institutions across broader ecoregions, allowing
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River basin, widespread clear-
cutting during a timber
boom in the late 1800s resulted in large quantities of gravel
accumulating in river beds; this accumulation continues to
adversely affect in-channel habitat conditions (Jacobson
and Gran 1999). In the Big River, a major tributary of
the Meramec River, legacy sediments contaminated with
zinc, lead, and cadmium from past mining activities have
been implicated in the loss of mussels (Roberts et al.
2009). Mussels are highly sensitive to contaminants such
as ammonia and pesticides (Bringolf et al. 2007; Newton
and Bartsch 2007), indicating agriculture in the basin could
be a factor in mussel declines. Further, concentrated die-
offs of the nonnative Asian clam Corbicula fluminea and
resulting ammonia production can have lethal effects on
native mussels (Cherry et al. 2005). The invasive molluscivore, Black Carp Mylopharyngodon piceus, has been
found in the Mississippi and Missouri rivers (Nico and
Jelks 2011; Haag and Williams 2014) and is a potential
threat to native mussel populations, though this has not
been documented within the Meramec River basin. We are
using occupancy modeling to develop candidate models to
investigate threats to mussel species richness (Mackenzie
2006). Because spatially defined potential threat information is compiled throughout the drainage, we will be able
to assign risk categories to reaches based on our threat
analysis and occupancy modeling.

agencies to pool resources and work towards larger regional
assessments and improved strategies for mussel conservation
and recovery.
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