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Abstract
ESTIMATING APPALACHIAN ELKTOE DISTRIBUTION AND ABUNDANCE USING
OCCUPANCY AND DETECTION MODELS
Chantelle Leigh Rondel
B.S., Western Carolina University
M.S., Appalachian State University

Chairperson: Michael M. Gangloff, Ph.D.

Understanding the factors influencing the abundance, density, occupancy and
detectability of endangered species is a critical component of managing at-risk species.
However, to date few studies have attempted to incorporate detectability into estimates of
endangered freshwater mussel population size or occupancy. The Appalachian elktoe
(Alasmidonta raveneliana) is an endangered freshwater mussel endemic to the upper
Tennessee River Drainage. I studied an Appalachian elktoe population in the South Toe
River in Yancey County, North Carolina and used a 3-pass mark-recapture study to model
mussel detectability and occupancy at long-term monitoring sites. I used models that
accounted for imperfect detection and allowed me to estimate capture, recapture, occupancy,
and detection probability while incorporating habitat, mussel behavior, and sampling
covariates. Appalachian elktoe capture probability ranged from p = 0.582 ± 0.035 to p =
0.685 ± 0.031 and was most influenced by substrate composition whereas recapture
probability ranged from c = 0.372 ± 0.019 and c = 0.376 ± 0.022 and was most influenced by
mussel length and substrate composition. Probability of occupancy was influenced by
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substrate type and current velocity and detectability was influenced by depth, searcher
experience and the percentage of bedrock cover. Model-averaged occupancy and detection
estimates were Ψ = 0.778 ± 0.067 and p = 0.550 ± 0.063. This study represents the first largescale, empirical estimate of Appalachian elktoe population size, detectability and occupancy
and serves as a model for future distribution and status surveys for this species and with a
framework for collecting robust and precise population estimates for freshwater mussel
populations. Future studies of Appalachian elktoe should include habitat modeling to identify
occupied habitats and improve search effectiveness while obtaining data that may be useful
to long-term monitoring in dynamic headwater streams.
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Introduction
North America is home to the most species-rich freshwater mussel (Bivalvia: Unionoida)
assemblages in the world. More mussel species can be found in 1 m2 of river bed in the
eastern United States than those found in all of Europe, making this region a freshwater
mussel biodiversity hotspot (Haag, 2012). Because they may be numerically dominant in
benthic communities and link sediment and surface waters, freshwater mussels are important
components of freshwater ecosystems (Haag & Williams, 2014; Spooner & Vaughn, 2012;
Vaughn & Hakenkamp, 2001). Ecosystem services provided by mussels include, but are not
limited to, nutrient cycling and storage, habitat modification, and biofiltration (Vaughn,
2018). Haag and Williams (2014) suggested that protecting freshwater mussels to benefit
aquatic ecosystems should be a higher conservation priority than protecting stream
ecosystems to benefit mussels.
Although some freshwater mussels may be very abundant in suitable habitats, some
taxa are among the world’s most endangered species (Gangloff & Feminella, 2007).
Estimates indicate that of the ~300 currently-recognized North American taxa, ~70% are
endangered, threatened, or locally at risk (Cope et al., 2008; Parmalee & Bogan, 1998;
Strayer et al., 2004; Williams et al., 1993). Declines in freshwater mussel faunas are
primarily attributable to changes in physicochemical habitat conditions (Villella et al., 2004).
Sedimentation and changes in benthic substrate composition are among the most frequentlycited examples of habitat alterations that negatively impact mussels (Buczek et al., 2018;
Landis et al., 2013; Wheeler et al., 2005). Increased levels of fine sediments and total
suspended solids (TSS) may negatively impact some freshwater mussels. Increases in TSS
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can interfere with feeding, respiration, and sperm uptake rates and may contribute to reduced
growth rates and mortality (Tuttle-Raycraft et al., 2017).
In addition to habitat alterations, freshwater mussel assemblages inhabiting upland
headwater streams face unique challenges compared to those within lowland reaches.
Characteristics of upland streams are their high gradients, coarse substrates, turbulent flows,
clear waters, cool temperatures, and consistently high oxygen levels (Haag, 2012). Reaches
closer to, or within upland headwaters often possess high shear stress during high-flow
events due to their high gradients and turbulent flows, resulting in a decrease in substrate
stability needed to keep mussels from becoming displaced (Atkinson et al., 2012; MyersKinzie et al., 2002). Additionally, the fragmentation from downstream reaches, geographical
characteristics, and climatic cycles of headwater streams can result in genetically isolated
populations with low genetic variation (Haag, 2012; Pringle, 1997; Williams et al., 2008).
Low genetic variation within geographically-isolated populations is common in freshwaters
and inbreeding may result in genetic bottlenecks (Pearse & Crandall, 2004). Lastly, it has
been suggested that headwater streams are characterized by more unstable fish assemblages
compared to downstream reaches. As a result many headwater mussels are host-generalists or
species with an elaborate and specified mantle lure that presumably increases the likelihood
of host encounters (Haag & Warren, 1998).
Quantifying the size or assessing the distribution of freshwater mussel populations is
challenging because freshwater mussels move vertically in the substrate both seasonally and
in response to disturbances and individual detection rates are likely low (Strayer & Smith,
2003). Undetected mussels may contribute substantial variability to population estimates,
especially if populations are small or difficult to detect (Meador et al., 2011; Strayer &
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Smith, 2003). Ontogenetic or taxon-specific differences in size, life history or behaviors may
impact mussel detectability. For example, smaller (and presumably younger) mussels are
frequently endobenthic and typically have lower capture rates compared to adults (Amyot &
Downing, 1991; Annie et al., 2013; Meador et al., 2011; Watters et al., 2001; Wisniewski et
al., 2013). The ability to capture mussels during visual-tactile searches could also be affected
by survey conditions (Wisniewski et al., 2013). Increased turbidity hinders visibility of
searchers and cold and/or fast water causes fatigue and safety issues that may potentially
cause distractions. Freshwater mussels are cryptic benthic animals that can be mistaken as
substrate matter and a trained eye is necessary to effectively detect mussel apertures or wellcamouflaged shells. Thus, the experience level of the searcher also likely affects mussel
detection rates as searchers with a higher experience level are likely better able to
differentiate mussels from their surrounding substrate.
Additionally, physicochemical habitat parameters may also play a role in mussel
detectability. Substrate composition, water temperature, and current velocity all influence
mussel vertical movements and it seems likely that these factors also influence detectability
(Amyot & Downing, 1997; Allen & Vaughn, 2009; Meador et al., 2011; Perles et al., 2003;
Schwalb & Pusch, 2007; Villella et al., 2004). Freshwater mussel vertical movement rates
vary between finer substrates when compared to larger substrates and it may be easier for
mussels to bury themselves within silt and sand compared to cobble (Villella et al., 2004).
Low flow associated with increased stability of fine substrates in hydraulic refugia and other
low shear stress habitats is correlated with increased mussels detectability (Hardison &
Layzer, 2001; Schwalb & Pusch, 2007; Strayer, 1999). Accounting for imperfect detection
due to the difficulty of detecting mussels in different substrates and the role of vertical
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movement is an important component in obtaining more reliable estimates of mussel
population size or occupancy.
Capture-mark-recapture (CMR) and presence/absence data can be used to construct
models that both account for imperfect detection and allow for the estimation of detection
probability. Adapting CMR and presence/absence designs to studies of freshwater mussels
can be challenging and robust designs may not always be feasible given budgetary
constraints and the logistical challenges associated with some habitats (e.g., navigable
rivers). As a result, resource managers typically obtain data from qualitative (i.e., timed
search), presence/absence based surveys targeting uncommon taxa. While these qualitative
approaches are appropriate for the consistent monitoring of populations, robust quantitative
data collection is needed to add certainty to impact assessments on freshwater mussel
populations. Increasing the amount of area searched as well as sampling areas multiple times
throughout a set time period can yield vital data needed to assess population viability.
Although freshwater mussel monitoring surveys are rarely conducted multiple times
within a site or within a sampling season, this approach can provide key information about
population sizes or seasonal changes in mussel activity. For example, because individual
mussels are difficult to detect, many more individuals are frequently present at a site but not
detected during a given survey effort. Thus, population size estimates will always be a
function of mussel density and the amount of search effort exerted within a site. Detection
thresholds for some species are very high (i.e., a large number of person hours are frequently
needed to detect rare species). False-absence data can lead to underestimates of both
abundance and the amount of area occupied (MacKenzie & Royle, 2005). Imperfect
detection can thus have important ramifications for species management and ignoring this
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issue may lead to inaccurate and artificially low estimates of population size or occurrence
that may support misleading ideas about the health of a species or ecosystem (Gu & Swihart,
2004; MacKenzie, 2005; Tyre et al., 2003).
Accurate and precise population estimates are important for effective monitoring,
management, and recovery of imperiled species (Lettink & Armstrong, 2003). CMR
sampling designs seek to minimize the effects of population and habitat heterogeneity and
yield more precise, and ultimately more accurate population size estimates for difficult to
detect species by accounting for individuals that remain undetected (Lindberg, 2012;
Wisnewski et al., 2013). Moreover, data collected during CMR studies can be used to model
the importance of covariates including habitat parameters and the heterogeneity of capture
probability that is not typically accounted for in general CMR estimators (Boulanger et al.,
2004). CMR survey protocols have been used to account for imperfect detection while also
reducing bias in estimates of freshwater mussel abundance (Dorazio, 1999; Eads & Levine,
2013; Schwalb & Pusch, 2007; Smith et al., 2001; Villella et al., 2004).
Occupancy (presence/absence) data can also be used to account for imperfect
detection caused by mussel behavior, habitat conditions, and searcher biases to better
understand the role of environmental heterogeneity in the ability to assess status, distribution,
and habitat use of these ecologically sensitive organisms (Wisniewski et al., 2014). Imperfect
detection can be incorporated into occupancy models that in turn provide bounded estimates
of detection and occupancy probabilities (MacKenzie, 2005; MacKenzie et al., 2002;
Mazerolle et al., 2007). Because repeated surveys are required by occupancy models,
confidence in the true occupancy state increases with subsequent visits thereby reducing the
probability of false-negative detections (MacKenzie et al., 2002; MacKenzie et al., 2006).
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Site-level covariates including physical habitat attributes can be incorporated into occupancy
models which allows researchers to investigate the contributions of these factors to both
occupancy and detection probability (Bailey et al., 2004). Traditionally, biologists have used
pre-conceived notions of habitat suitability (e.g., stable riffles, run-pool transitions, vegetated
banks) to identify suitable sampling sites (Meador et al., 2011). Effective monitoring of
freshwater mussel populations necessitates an understanding of how habitat parameters affect
mussel detectability and occupancy.
There have been few studies utilizing population modeling to account for imperfect
detection and incorporate both biotic and abiotic factors affecting detection and distribution
of freshwater mussels in headwater streams. Therefore, the objectives of my study were to 1)
determine Appalachian elktoe (Alasmidonta raveneliana) abundance and density throughout
the South Toe River, 2) obtain reliable abundance estimates and continue habitat and mussel
monitoring at six sites with historical Appalachian elktoe data in the South Toe River, and 3)
to obtain an accurate estimate of occupancy and detection while accounting for
variation/effects in habitat, behavior and/or sampling variables. The ultimate goal is to
provide robust estimates for the distribution and population size of Appalachian elktoe
mussels in the South Toe River.

Materials and Methods
Study Site
The South Toe River is a tributary of the Toe and Nolichucky rivers and its catchment
extends to the eastern slope of Mount Mitchell, the highest point in North America east of the
Mississippi River (2,037-m). The right and left prongs of the South Toe River join near Celo,
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North Carolina (NC) and the river then flows north through Yancey County before joining
the North Toe River near Kona, NC to form the Toe River. The South Toe River is a pristine
headwater stream classified by the North Carolina Wildlife Resources Commission
(NCWRC) as an outstanding resource water (NCWRC, 2015). In addition to the Appalachian
elktoe, the South Toe supports populations of Wavy-rayed lampmussel (Lampsilis fasciola),
as well as several species of greatest conservation need including the Blotchside logperch
(Percina buroni) and Eastern hellbender (Cryptobranchus alleganiensis alleganiensis)
(NCWRC, 2015).

Focal Species
The Appalachian elktoe (Alasmidonta raveneliana) has been both state- and federallyendangered since 1994 (USFWS, 2017). It is endemic to headwaters of the upper Tennessee
River Drainage in eastern Tennessee and western North Carolina and appears to be sensitive
to landuse change and sedimentation (Pandolfi, 2016; Parmalee & Bogan, 1998; USFWS,
2017). The most recent 5-year review from the U.S. Fish and Wildlife Service states that all 7
remaining Appalachian elktoe populations were declining and that the 2 largest populations
occurred in the Tuckasegee and South Toe rivers in western North Carolina (USFWS, 2017).
Long-term monitoring of A. raveneliana populations in the South Toe River began in
2015 following the initiation of a highway (US Highway 19E) expansion project that crosses
the South Toe River and numerous tributaries near this population’s distribution (The Catena
Group & NCDOT, 2007). Results of recent surveys appear to show population declines
downstream of the US Highway 19E corridor that may be attributable to sediment or
associated pollutant inputs associated with highway construction (Thompson, 2018).
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However, prior mussel surveys in the South Toe River used a semi-quantitative sampling
design to obtain catch per unit effort (CPUE) estimates of Appalachian elktoe abundance at
six sites (Pandolfi, 2016; Thompson, 2018). Prior CPUE estimates are highly variable and
based solely on the enumeration count of mussels detectable at the substrate surface during
one survey. This is likely because a substantial proportion of the population was overlooked
during prior monitoring efforts (Meador et al., 2011). More reliable estimates of Appalachian
elktoe population sizes in the South Toe River are needed to more effectively observe
population trends for this species in one of its two stronghold populations.

Appalachian Elktoe Distribution, Abundance, and Density
To determine Appalachian elktoe distribution and abundance throughout the South Toe
River, I canoed the South Toe from Celo, NC to its confluence with the Toe River in Kona,
NC while visually assessing Appalachian elktoe habitat suitability (Figure 1). Suitable sites
included those with transitional glides, runs and/or moderate gradient riffles. If a site was
deemed visually suitable, a GPS point was taken using a Bad Elf GNSS Surveyor Bluetooth
GPS unit (Bad Elf, LLC). A total of 40 GPS points were logged during this assessment. I
first selected historical sites (i.e., those with historical Appalachian elktoe occurrence data,
n=6 sites). I then selected sites that were easy to access via road or private land-owners (n=8
easy access sites). Finally, I randomly selected all remaining sites that allowed only river
access (n=9 random sites). This resulted a total of 23 sites used to assess Appalachian elktoe
distribution and relative abundance throughout the South Toe River.
At each of the 23 sites, I delineated a 50-m reach. These reaches were then divided
into 10-m transects (n=5 transects per site). Transects laterally spanned the width of the
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stream (Figure 2). Each transect was visually searched by trained personnel using visualtactile methods (i.e., snorkel) to detect mussels. Survey time for each transect was recorded.
In order to account for personnel having different levels of experience, each transect was
divided into four equidistant longitudinal lanes and each searcher was randomly assigned to a
lane. A GPS point was obtained and recorded for each mussel using a Bad Elf GNSS
Surveyor Bluetooth GPS unit (Bad Elf, LLC) and all mussels were identified, measured
(total length in mm) with calipers and their distance to the nearest stream bank was recorded.
Mussels were then returned to the substrate in the same location and position they were
initially found. The area (m2) of each transect was calculated by taking the average of the two
encompassing transect line widths (m) and multiplying it by 10-m. Density of each transect
was calculated by dividing the number of Appalachian elktoe found within the transect by the
transect area. Density (D) was calculated for each reach by averaging the density of each
transect.

Mussel Surveys at Historical Appalachian Elktoe Sites
I preformed both a capture-mark-recapture and occupancy study at six historical Appalachian
elktoe sites with long-term mussel monitoring data site (Figure 1). Using these six sites
allowed for me to continue monitoring at these reaches. I first measured a 150-m stream
reach that was then sub-divided into fifteen 10-m transects spanning the width of the stream
(Figure 4). Each transect was visually-time searched and mussel length, stream position, and
microhabitat parameters were measured using the same protocol as mention in the previous
section. However, all mussels in these reaches were tagged using unique bee tags (Queen
Marking Kits, The Bee Works®) and Zap-A-Gap cyanoacrylate glue before being returned
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to their position within the substrate. To investigate searcher bias, each of the four searchers
was given a score based on their experience level. Searchers with a score of 1 represented
snorkelers who had completed a minimum of three prior mussel surveys, but were
inexperienced in the South Toe River. A score of 2 was given to searchers who had
conducted at least six mussel surveys in the South Toe River and/or other streams, and a
score of 3 was given to searchers who had extensive experience surveying for mussels in the
South Toe River and other streams. The total score for each site was taken and averaged over
the three searching days, resulting in one number representing searcher experience for each
of the six historical sites.
Two subsequent surveys and the same reaches were conducted within 72 hours of the
first survey to assume a closed system. I recorded whether mussels had been previously
tagged and placed tags on untagged mussels. Each new mussel was processed using the
methods described previously for initial surveys. Enumeration population estimates were
obtained by adding the number of new mussels found each day. Density was calculated using
the same methods previously detailed for the 50-m reaches.
During all annual or biannual efforts prior to 2018 (2015-2017), surveys used
protocols similar to those described above but the number of searchers was not standardized,
mussels remained untagged, and no subsequent surveys were performed.

Habitat Characterization
Habitat parameters were measured at each previously un-surveyed and historical site (Figure
1). I used a modified Wolman Pebble count to quantify benthic substrates (Wolman, 1954). I
measured the maximum diameter or categorized (bedrock, organic matter, detritus, wood,
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sand and silt) 25 particles along each transect line (n=6 for 50-m, n=16 for 150-m). A Marsh
McBirney Flo-Mate model 2000 flow meter was used to measure streamflow (m/sec) at
mid-water column level at 5 equi-distant points along each transect line. Depth (cm) was also
measured at each of these points using a meter stick or stadia rod (Figure 3). Total wetted
width (m) at each transect was measured using a hand-held Nikon model Aculon range
finder or a tape measure. Lastly, water temperature, pH, specific conductance, dissolved
oxygen, and NO3 were measured at each site using a YSI Pro Series Multi-Meter.

Capture-Mark-Recapture Modeling at Historical Sites
The Lincoln-Peterson capture-mark-recapture models are based on the Lincoln-Peterson
̂=
index of population size. The Lincoln-Peterson index is 𝑁

𝑀𝑥𝑆
𝑅

̂ is the
; where 𝑁

population size estimate, M is the number of marked individuals released, S is the size of the
second sample, and R is the number of marked individuals found during the second sample
(Seber, 1982). Assumptions of the Lincoln-Peterson population models (in closed systems)
are that populations do not experience births, deaths, immigration or emigration during the
sampling period, all animals are assumed to have the same probability of capture, and no
marks are lost between sampling events (Lettink & Armstrong, 2003). However, adaptations
of this model allow investigators to model the behavior of focal animals after being captured
(animals may become more or less likely to be captured due to handling) and how covariates
affect the assumption that all individuals are equally likely to be captured (Lettink &
Armstrong, 2003).
Encounter histories were determined for each mussel found during the three sampling
̂)
events. I used Program MARK (White & Burnham, 1999) to obtain population estimates (𝑁
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at each individual site (n = 6) by utilizing Huggins p and c closed population models
(Huggins, 1991). Closed Huggins p and c models allow individual covariates to be
incorporated and for investigators to account for changes in both capture and recapture
probabilities. These models also allow probability of capture (p) and probability of recapture
(c) to be estimated. I used the constant {M0} model described by Otis et al. (1978) to obtain
basic population estimates for the six historical sites, This model assumes that capture (p)
and recapture (c) probabilities remain constant across the three sampling events and follows
the same assumptions of the Lincoln-Peterson estimator mentioned above.
Prior to modeling with covariates, data from each of the six historical sites were
compiled to form one large data set of encounter histories and covariates for each mussel
among all sites allowing for the study of microhabitat- and site-scale covariates (n = 455
mussels) (Figure 1). Microhabitat- and site-scale covariates were used to determine broadscale resolution of how habitat covariates may influence mussel detection across all of these
historic sites. I again used the closed population Huggins p and c (Huggins, 1991) models
within Program MARK (White & Burnham, 1999) to obtain population estimates (Ň) for all
historical sites combined. I started with basic models described by Otis et al. (1978) {M0,
Mb, Mt, Mh, Mbt, Mbh, Mth, Mtb}, incorporating heterogeneity, behavior, and time effects
on capture and recapture probabilities while adding no covariates. Models incorporating
heterogeneity (h) account for differences in capture and recapture probabilities between
individual mussels. All models incorporating behavior (b) account for differing capture and
recapture probabilities due to changes in animal behavior caused by capture. Models with
time effects (t) account for different capture and recapture probabilities for separate capture
occasions.
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To account for multicolinearity, I used Pearson correlations to test for significant
correlations between covariates (SigmaPlot version 12.5, Systat Software, San Jose, CA).
Covariates were considered to be significantly correlated if their correlation coefficient (r)
was >0.60. If two covariates were significantly correlated, only one of the covariates was
included in the models. Because I had many covariates associated with substrate
composition, I ran a subset of models with only varying combinations of covariates based on
substrate data and selected only the substrate covariates appearing to be highly associated
with parameters. Individual mussel- and microhabitat-scale covariates included
measurements of mussel length depth, mid-channel velocity, percent silt, and percent pebble.
Site-scale covariates included mean mid-channel flow velocity, mean substrate size and the
overall searcher experience score for each site (Table 1). I used the same values for site-scale
covariates for all mussels within each individual site. All continuous variables not
𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 − 𝑚𝑒𝑎𝑛

represented as a percentage were standardized using z-scores (

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

) to reduce

parameter estimation biases.
I first modeled Appalachian elktoe detection while keeping capture and recapture
probabilities constant and assumed they were a function of the same microhabitat- or sitescale covariate {p=c(cov)}. I then ran models that kept capture (p) constant while also
allowing recapture (c) to vary as a function of multiple covariates {p(.),c(cov)}. Next, I ran
models in which only capture probabilities associated with covariates were allowed to vary
while recapture rates were kept constant {p(cov),c(.)}. Subsequently, combinations of
covariates from the top-performing models were examined to account for their influence on
capture and recapture probability estimates {p(covs),c(covs)}. I then determined model fit for
each model by selecting only models with an over-dispersion parameter (ĉ) value <4.00.
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While typical accepted ĉ values are <3.00, all of my models showed slight over-dispersion
with many being <4.00. Thus, I considered ĉ values <4.00 acceptable. I used Akaike’s
information criterion with a correction for small sample size (AICc) and ΔAICc (the
difference in AICc scores between any given model) to identify the best-supported models
(Burnham & Anderson, 2002). Models with a ΔAICc ≤ 2.00 were ranked and modelaveraged by taking the sum of weighted means for capture and recapture probability
estimates, as well as population estimates to obtain one value for each parameter.

Capture-mark-recapture Modeling at Site 2
Previous monitoring efforts prior to 2018 revealed that one of the historical sites (Site 2)
supported a much larger mussel population compared to other sites (Figure 4). I used markrecapture models to estimate capture and recapture probabilities at this site alone to obtain
fine-scale resolution of how habitat covariates may be driving mussel detectability at this site
and to better understand why this site appears to support the largest Appalachian elktoe subpopulation in the South Toe River.
Covariates and models were constructed, selected, and standardized using methods
described previously. However, only mussel encounter histories with associated individual
covariates from South Toe Site 2 (n = 343) were used in this modeling iteration. Microhabitat
scale covariates included mussel length and microhabitat parameters (depth and mid-channel
velocity at each mussel along with percent silt, percent pebble, and mean substrate size) and
the only transect-scale covariate incorporated was the percent of sand within the transect
(Table 2). This transect-scale covariate was incorporated into models as an individual
covariate by using the same value for all mussels within each transect.
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Occupancy and Detection Modeling at Historical Sites
Lastly, I ran occupancy and detection models for mussels found within the 6 historicallymonitored sites to determine the habitat variables driving distribution of Appalachian elktoe
within these reaches. Prior to analysis, all Appalachian elktoe count data was converted to
presence (1) – absence (0) data for each transect. Each transect from the historical monitoring
sites (n=6) was treated as an individual site during these analyses (n=90 sites). Because I
have observed minimal lateral movement (i.e., between transects or sites) of Appalachian
elktoe in the South Toe River and because the two subsequent samples were completed
within 72 hours of the first sample, I considered these sites to be independent of one another
(Lara & Parada, 2009; Villella et al., 2004). Single-season occupancy and detection models
also assume that 1) sites are considered closed during sampling, 2) the probability of
occupancy and detection are constant across all sites unless they can be in turn modeled
using site-level covariates, 3) detections of a species at each site are independent of one
another, and 4) there are no misidentified individuals (Mackenzie et al., 2006).
I again used the multicolinearity analysis as laid out above to select covariates
incorporated into these models. Site specific covariates included searcher experience, mean
substrate size, mean stream width, mean stream depth, mean mid-channel velocity, percent
sand, percent bedrock, and percent cobble cover (Table 3). Z-scores were again used to
standardize covariates not represented as percentages.
In Program PRESENCE (Version 2.12.29; Hines, 2006), I used single-season, singlespecies models to determine the probability of Appalachian elktoe occupancy (ψ) and
detection (p) at each site. I first ran a constant model {ψ(.),p(.)}, then developed an a priori
set of models varying detection probability as a function of various covariates {ψ(.),p(covs)}.
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Finally, using the top model for detection, I developed a set of a priori models for occupancy
{ψ(covs),p(top detection covs)}. All models with an over-dispersion parameter (ĉ) <3.00 and
a p-value >0.05 were considered to fit the data well. I used AIC (with no correction for small
sample size) and ΔAIC to identify the best-supported models (Burnham & Anderson, 2002).
In order to obtain estimates of probabilities of detection and occupancy, I again modelaveraged the top model estimates.

Results
Appalachian Elktoe Abundance, Density and Monitoring
During 2018 surveys, Appalachian elktoe were found at 9 of the 17 previously un-surveyed
sites and at 15 of 23 sites (65%) sampled within the South Toe River. Within these fifteen
50-m reaches, I found a total of 300 mussels during a single pass with the number of
Appalachian elktoe found at each 50-m reach ranging from 1-100 mussels. Density estimates
varied from 0.001 ± 0.001 to 0.055 ± 0.015 Appalachian elktoe/m2 for the fifteen occupied
50-m reaches (Figure 4). At the 6 historical sites, the three-pass capture-mark-recapture study
allowed me to compute enumeration estimates at each 150-m reach. The total number of
Appalachian elktoe found at all 23 surveyed sites after individuals found during historical
enumeration estimates are added is 634 with 176 (27.8%) of those being found in previously
un-surveyed sites. Only one A. raveneliana was found upstream of the most upstream
historical site (Site 1), and none were found downstream of the most downstream historical
site (Site 6). All seven sites between my most upstream site (Site 1) and the site with the
largest population (Site 2) were occupied (Figure 4).
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During capture-mark-recapture sampling the number and percent of unmarked
Appalachian elktoe encountered decreased from 299 mussels (100% unmarked) in the first
pass to 103 mussels (58.1% unmarked) in the second pass and 56 mussels (29.6% unmarked)
in the third pass. I found a total of 458 individual Appalachian elktoe at the six historical
sites. Of these, 250 (54.6%) were found once, 140 (30.7%) were found twice, and 68 (14.9%)
were found during all three passes.
Enumeration abundance estimates ranged from 6-344 mussels per site and density
ranged from 0.002 ± 0.001 to 0.081 ± 0.000 Appalachian elktoe/m2 (Figure 5). Markrecapture models with constant capture and recapture probabilities estimated that a total of
550 ± 15 mussels were present at all six historical sites. Site 2 had the highest enumeration
estimate (344), the highest mark-recapture population estimate (404 ± 12), and the highest
densities for enumeration (0.081 ± 0.000) and mark-recapture (0.096). Conversely, Site 4 had
the lowest number of mussels (6) detected, the smallest population estimate (8 ± 2), and the
lowest densities for enumeration (0.002 ± 0.001) and mark-recapture (0.003). Mark-recapture
estimates using constant models were 12.9-51.9% higher than the enumeration abundances
for all sites (Figure 5).
Monitoring data from 2015-2018 showed high variability in abundance among
seasons and sites. South Toe Site 2 had consistently higher population estimates throughout
all surveys, and South Toe Site 4 had consistently low estimates of Appalachian elktoe
abundance across all seasons (Figure 6). Comparisons of one pass and three pass abundance
estimates for all sites during the summer of 2018 revealed that 159 additional mussels were
found using three passes at these sites. When abundance estimates for each season were
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compared, summer estimates from 2015 and 2018 were higher than those from Fall 2016 and
Spring 2017 (Figure 6).

Mark-Recapture Models Including Covariates for Historical Sites
According to the top-ranking model, the probability of capturing an Appalachian elktoe at all
historical sites was positively associated with searcher experience (beta = 0.607 ± 0.303), but
negatively associated with site-scale mean substrate size (beta = -0.263 ± 0.145). The topranking model also revealed that the probability of recapture for all sites had a positive
relationship with mussel length (beta = 0.650 ± 0.086) and microhabitat percent silt (beta =
2.172 ± 1.176) and a negative relationship with microhabitat percent pebble (beta = -0.895 ±
0.0.448) (Figure 7, Table 4). Additionally, capture and recapture probabilities varied
minimally between the four top-competing models. Averaged capture probability was
estimated as p = 0.582 ± 0.035 and averaged recapture probability was estimated as c = 0.372
± 0.019 (Table 5).
The averaged population estimate for top-competing models across all historical sites
when covariates and a behavioral effect were associated with capture and recapture
probability was 2.8% higher than when both capture and recapture probabilities were kept
̂ = 535 ± 72, Table 5). During my three surveys at all sites I accounted for 85.6%
constant (𝑁
(458/535) of the Appalachian elktoe at the six historical South Toe sites based on the
averaged population estimate for top-competing models.
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Mark-Recapture Models Including Covariates for Site 2
The averaged mark-recapture population estimate from the top-competing models for Site 2
was 379 ± 21 mussels (Table 7). According to the top ranking model for Site 2 that included
covariate associations with both capture and recapture probability, I detected 90.8%
(344/379) of Appalachian elktoe present at Site 2 during the course of all three surveys. The
top-ranked mark-recapture model for Site 2 estimated that the probability of capture (p) for
Appalachian elktoe at was positively influenced by transect-scale percent sand (beta = 4.908
± 1.718) and microhabitat-scale mean substrate size (beta = 0.597 ± 0.225) but negatively
influenced by microhabitat-scale percent pebble (beta = -3.883 ± 1.057). The top-ranked
model also estimated that recapture probability (c) for Appalachian elktoe at Site 2 was
positively associated with mussel length (beta = 0.654 ± 0.096) and microhabitat-scale
percent silt (beta = 2.137 ± 1.248), but negatively associated with microhabitat-scale percent
pebble (beta = -1.140 ± 0.504) (Table 6, Figure 8).
The additive effect of microhabitat percent silt, transect percent sand, and
microhabitat mean substrate size on capture probability was represented in both topcompeting models. For recapture probability, the additive effect of mussel length and
microhabitat-scale percent pebble were found in both top-competing models. Modelaveraging resulted in a capture probability estimate of p = 0.685 ± 0.031 and a recapture
probability estimate of c = 0.376 ± 0.022 (Table 7).

Occupancy and Detection Modeling for Historical Sites
The top-ranked occupancy and detection model for 6 historical sites estimated that
Appalachian elktoe detection probability was strongly negatively associated with mean depth
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(beta = -1.158 ± 0.215) and percent bedrock (beta = -4.618 ± 1.847), but positively associated
with searcher experience (beta = 0.6160 ± 0.164) at this scale. The top-ranked occupancy
model for all 23 sites found that occupancy had a negative relationship with mean velocity
(beta = -0.952 ± 0.636) and a positive relationship with percent cobble (beta = 17.131 ±
6.651) and percent sand (beta = 13.414 ± 7.027, Table 8, Figure 10). The additive positive
relationship between occupancy probability and percent sand and percent cobble was
supported by the three all top-competing models with a ΔAIC of < 2.0. Model averaged
estimates of occupancy probability and detection probability were ψ = 0.778 ± 0.068 and p =
0.550 ± 0.063, respectively (Table 9).

Discussion
Alasmidonta raveneliana is currently restricted to nine streams in western North Carolina but
only four of these are believed to support stable and actively-recruiting populations. Across
its range, the size and occurrence of Appalachian elktoe populations appears to be influenced
by anthropogenic stressors (Pandolfi, 2016; USFWS, 2017). However, there are currently no
published quantitative population estimates or habitat suitability studies available for this
species. The South Toe River supports one of the largest remaining Appalachian elktoe
populations. My study was the first to conduct quantitative Appalachian elktoe surveys
across a large area within the South Toe River. My research is also the first to quantitatively
model the size of Appalachian elktoe populations in the South Toe River and I obtained
estimates of population size, detection, and occupancy at 6 sites with historical Appalachian
elktoe data in this river. I also modeled the role of physical habitat variables in predicting A.
raveneliana occupancy and my ability to detect these cryptic animals. These data provide an
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important baseline for future monitoring of South Toe River Appalachian elktoe populations
as well as a model for quantifying population sizes of other headwater stream mussels.

Appalachian Elktoe Abundance, Density, and Monitoring
Abundance data collected from 23 South Toe River sites found that Appalachian elktoe are
concentrated within the middle reaches of this stream with sites j-r containing the highest
abundance and density estimates. Distribution downstream of the US Highway 19E is likely
limited by the lack of Appalachian elktoe habitat and anthropogenic effects. Upstream
distribution of Appalachian elktoe in the South Toe could be due to a lack of sufficient
substrate composition, a smaller amount of readily available food sources and the prevalence
of high shear stress environments like riffles. Because they are more susceptible to extreme
flows during high rainfall events, headwater streams tend to have fewer silt and sand
sediments compared with downstream reaches (Daniel & Brown, 2013). Although an excess
of fine sediments can be harmful to mussels, if there are not enough smaller substrates, a
mussel’s ability to move vertically can be hindered (Villella et al., 2004). Because upstream
reaches of the South Toe are located in smaller-sized catchments compared to downstream
reaches, it is also possible that food resources including suspended algae and fine particulate
organic matter, limit elktoe populations at the upstream end of the watershed (Dycus et al.,
2015).
Appalachian elktoe are found in rivers of the upper Tennessee River Drainage where
annual precipitation is typically higher than many other regions of the United States (NCAR,
2019). The upstream limits of A. raveneliana in these streams may be a function of shear
stress during heavy rainfall events. Headwater reaches often experience high shear stresses

21

during spates, and this results in decreased substrate stability and mussel persistence
(Atkinson et al., 2012; Myers-Kinzie et al., 2002). Additionally, higher bankfull shear stress
has been correlated with a decrease in freshwater mussel abundance and richness (Gangloff
& Feminella, 2007). Finally, riparian and watershed land-use has been found to influence
Appalachian elktoe distribution in the Nolichucky River Drainage. The amount of forest
cover measured at both the watershed and riparian scales was found to be positively
associated with Appalachian elktoe occurrence in the Nolichucky Drainage (Pandolfi, 2016).
The sites with the largest Appalachian elktoe populations in the South Toe River are in
relatively undeveloped portions of the watershed and the lack of sediment inputs from
riparian zone disturbance may explain why these sites have more freshwater mussels.
Although I only searched a fraction of the suitable habitats observed in the South Toe
River, several sites where Appalachian elktoe were abundant were located. Appalachian
elktoe occurred in 9 of the 17 previously un-surveyed sites searched, and most if these sites
supported sizeable Appalachian elktoe populations. Appalachian elktoe abundance at many
of the newly-surveyed sites was comparable or higher to historical sites. Previously unsurveyed sites j, l, n, o, and p had higher abundance and density estimates than did 5 of 6
historical sites with the exception of historical Site 2. These results suggest that Appalachian
elktoe populations in the South Toe River are substantially larger than originally thought.
Prior to my study, annual monitoring of Appalachian elktoe abundance at historical
sites primarily involved single pass surveys. These surveys produced highly variable
abundance estimates but little effort was made to understand how seasonality and the
imperfect detection of mussels may have affected catch rates. In order to better track
Appalachian elktoe population trends at historical sites and assess their response to
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anthropogenic habitat alterations, it is important to obtain reliable abundance and population
trend estimates. The high degree of variation in Appalachian elktoe abundance observed
among historical sites is likely due to differences in habitat conditions and suitability.
Historical Site 4 had the lowest mussel abundance suggesting that habitat suitability for
Appalachian elktoe is low at this site. However, this site supported relatively large
Appalachian elktoe abundances as recently as 2012 but infrequent surveys, differences in
how sampling protocols were employed, and the fact that no habitat data were collected prior
to 2015 make it difficult to determine why population sizes have changed so dramatically at
this site. However, changes to substrate composition associated with inputs from a highlyimpacted tributary may explain why populations have crashed at this site (Thompson, 2018).
Historical Site 2 appears to support the largest and highest-density mussel population
in the South Toe River, suggesting that habitat conditions are optimal at this site. However, it
is important to note that populations at this site were augmented with tagged mussels
relocated from a construction site located just downstream of the US Highway 19E bridge
between 2008 and 2011 (NCDOT, 2014). Although mussel relocations likely influenced the
populations at this site, no previously tagged animals were found during my surveys and
Pandolfi (2016) found that Appalachian elktoe only live to ~10-12 years of age in the South
Toe River. Mussels from the Highway 19E project were also relocated to historical Site 1 and
despite this abundance has remained low during recent surveys and my rather modest
abundance estimate (n = 27) for this site is higher than all other recent estimates but an order
of magnitude lower than the estimate for Site 2 (n = 344). This provides further evidence that
although the population at historical Site 2 was augmented ~10 years ago, habitat suitability
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for Appalachian elktoe appears very high at this site and this likely explains why this site
supports such large mussel populations.
Appalachian elktoe abundance was also found to be variable among seasons with
more individuals found during early summer surveys. This is likely due to the reproductive
patterns of this species. Alasmidonta raveneliana is a bradytictic, or long-term brooding
species. Adults exchange gametes in late summer, brood larvae through the winter, and
release glochidia in early spring (USFWS, 2017). This reproductive pattern likely influences
surface activity and vertical movement rates. It seems probable that detectability of adults of
both sexes should be highest immediately prior to the late-summer gamete exchange period
and other studies have found that mussel vertical movement and detectability are related to
reproductive patterns (Annie et al., 2013; Meador et al., 2011; Schwalb & Pusch, 2007;
Watters et al., 2001). Long-term monitoring data from this system suggest that early summer
is likely when Appalachian elktoe surface activity rates are highest. Therefore, Appalachian
elktoe monitoring should take place during the early summer to ensure that reliable
abundance estimates for population status assessments.
Constant mark-recapture models for each of the six historical sites produced higher and
more precise population estimates compared enumeration results. More than half (54.6%) of
all mussels detected were only found once during the three surveys, suggesting that mussels
may be responding to handling for processing during the first survey. Utilizing a three-pass
survey design produced larger abundance estimates at the historical sites compared to
previous single-pass estimates. Across all three sampling passes, I found 458 mussels at six
historical sites. However, on the first sampling pass for all six sites I found only 299 mussels
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at these sites. Therefore, the three-pass sampling design found 159 more mussels than would
have been detected using the single-pass study design previously employed at these sites.

Mark-Recapture Models Including Covariates for Historical Sites
The model-averaged recapture probability estimate (c = 0.372 ± 0.019) from mark-recapture
models incorporating covariates for the six historical sites was lower than the initial capture
probability estimate (p = 0.582 ± 0.035), suggesting that mussels were likely burying
themselves after being found and processed during the first survey. Although the topcompeting models were slightly over-dispersed with ĉ values around 3.5, the model-fit
seemed to be relatively constant for all models ran using this data. The highest ranking model
included a behavioral effect and associated covariates with both capture and recapture
probability. The top-ranked model showed that as mean substrate size increased at the sitescale, the probability of capture decreased, suggesting that larger, coarser substrates such as
cobbles could alter the ability of searchers to detect mussels. This model also revealed that as
searcher experience increases, the probability of capture also increases, suggesting that there
could be potential searcher biases incorporated into surveys that should be accounted for
within models. Utilizing randomly-designated lanes for each searcher as I did in my study
can help reduce the searcher bias by allowing searchers with differing levels of experience to
search a variety of habitat types.
The top model also suggested that larger mussels and mussels in microhabitat
substrates with higher percentages of silt had a higher probability of being recaptured but that
mussels occurring in microhabitats comprised of pebbles were less likely to be recaptured.
Larger (and presumably older) mussels are less likely to bury themselves than juvenile
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mussels (Amyot & Downing, 2001; Annie et al., 2013; Wisniewski et al., 2013). It is
probable that after being captured the first time, the smaller mussels buried themselves far
enough to not be recaptured. Further, silt is uncommon in the South Toe River and easily
displaced during surveys. It is likely that during subsequent surveys there was less silt
obscuring mussels making them easier to find. It is also possible that Appalachian elktoe are
less likely to be completely buried in areas with high amounts of silt because fine substrates
may interfere with respiration or feeding (Tuttle-Raycraft et al., 2017). Additionally, small
mussels buried in pebble substrates are very hard to detect using visual and tactile methods.
The mean length of encountered elktoe (52.4 mm) fell within the size range for pebble
substrates (2.001-64.0 mm) and this likely made it harder to distinguish mussels from
surrounding substrate.

Mark-Recapture Models Including Covariates for Site 2
The mark-recapture models for only the historical site with the highest abundance (Site 2)
allowed me to assess the importance of habitat variables at the transect scale. These results
were similar to model results obtained using data collected from all sites and suggest that
mussel behavior may affect estimates. Recapture probabilities were lower than capture
probabilities and population estimates were again slightly over-dispersed. The top-ranked
model suggested a positive relationship between capture probability, the percent of sand
within at the transect scale and substrate size at the microhabitat scale but a negative
relationship between capture probability and percent pebble substrate at the microhabitat
scale. This is likely because mussels are easier to detect in fine substrates such as sand
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compared to pebbles or cobbles because they are more easily distinguishable both visually
and using tactile methods.
Because the data used in these models were collected at a finer scale than in the
occupancy models, I found a different relationship between mean substrate size and the
probability of capturing mussels. Although it can be harder to detect mussels at sites with
larger substrate sizes at larger (reach) scales, at a smaller (transect or microhabitat) scales,
mussel detection was positively influenced by substrate size. The mean substrate size at the
site scale ranged from 75-180 mm but the mean substrate size measured at the microhabitat
scale ranged from 1 to 462 mm. Cobbles and boulders in the South Toe River frequently
accrete sand deposits directly downstream, and these hydraulic refugia offer a relatively
stable microhabitat for freshwater mussels and mussels found near boulders are typically
easily detected. However, this model also suggested that the percent of pebble microhabitat
decreased mussel detection during mark-recapture surveys.
The top-ranked model for mark-recapture surveys at Site 2 showed relationships
between the factors that predict mussel recapture probability that were similar to those
obtained using mark-recapture models from the six historical sites. Mussel length,
microhabitat percent pebble, and microhabitat percent silt all positively influenced capture
probability. This provides further evidence that smaller mussels are more likely to bury
themselves and avoid recapture than are larger mussels. Additionally while mussels can be
hard to detect in relatively coarse substrates they are easier to recapture when they are found
in areas with more fine substrates. Although the averaged capture probability for this model
set (p = 0.685 ± 0.031) was higher than the capture probability for all six historical sites (p=
0.582 ± 0.035), the recapture probability (c = 0.376 ± 0.022) for this model set was very
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similar to that of the model set utilizing all of the historical site data (c = 0.372 ± 0.019).
Similarities in recapture probabilities and covariates influencing the ability to recapture
mussels for both sets of models demonstrate that mussel behaviors were consistently
observed across different scales.

Occupancy and Detection Modeling for Historical Sites
Occupancy models for the six historical monitoring sites treated each transect as a site and
allowed for the assessment of occupancy and detection probabilities at a transect scale. The
top model incorporating variables associated with occupancy and detection revealed that
there is a positive relationship between occupancy and the percent sand and percent cobble
observed within transects and a negative relationship between occupancy and mean transect
velocity. In the South Toe River, cobble substrates are often inter-woven with patches of fine
gravels and sand and these protected microhabitats may serve as stable, hydraulic refuges for
mussels (Gangloff & Feminella, 2007; Strayer, 1999).
Detection probability for transect-scale occupancy models was negatively associated
with both the percent of bedrock and mean depth at the transect scale, but positively
associated with searcher experience. Sites that are dominated by bedrock offer limited habitat
for freshwater mussels. Mussels are infrequently found in bedrock substrates because finer
substrates required for burial are often absent. Searchers are also more likely to overlook
bedrock dominated microhabitats because mussels are infrequently encountered in these
areas. Deeper habitats are more difficult to sample and may require the use of a weight belt
or SCUBA to more effectively search for mussels. Because I only used mask-and-snorkel
searches, mussel detection may be lower in deeper habitat patches. However, deeper habitats
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including pools are generally considered to be poor mussel habitats because the fine
substrates that accumulate in these habitats are unstable and are easily displaced during
higher flow periods. Although occupancy models found that a range of habitat variables
likely influence the ability of searchers to detect mussels in the South Toe River, they
revealed that searcher experience is associated with mussel detectability at a level that was
similar to that observed for mark-recapture models. This suggests that searcher experience
level is an important factor to consider when designing mussel surveys as it likely plays a
large role in accounting for imperfect detection.
The model-averaged occupancy probability was relatively high (ψ = 0.778 ± 0.068),
suggesting that Appalachian elktoe occur in a majority of the available microhabitats within
the six historically-monitored South Toe River sites. The model-averaged detection
probability (p = 0.550 ± 0.063) provided by occupancy models was lower than the markrecapture models, and also revealed that substrate covariates affect mussel detectability.
Examining how detection differs across spatial scales using different methods allows for a
more comprehensive understanding of how habitat factors may affect mussel abundance and
facilitates a more nuanced understanding of how these parameters influence the precision of
mussel population estimates.

Conclusions and Management Recommendations
My study found that Appalachian elktoe are more abundant and that they occupy more sites
in the South Toe River than was previously believed. I was also able to model the factors
contributing to Appalachian elktoe occupancy and detection probability in this stream.
Although Appalachian elktoe populations in historically-occupied downstream reaches are
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small and appear to have declined from historical levels, populations at several newlydetected sites appear large and this is encouraging news for managers concerned with the
persistence of this population. However, protecting the more remote and undeveloped
reaches of the middle South Toe River will likely be important to ensuring the persistence of
this population. Because these sites encompass a relatively short stream reach (~12 km), a
single catastrophic event affecting this stream could potentially eradicate this population.
Continued mussel and habitat monitoring should be conducted at historically-occupied sites
and additional surveys, possibly guided by spatial habitat modeling (e.g., MAXENT) should
attempt to identify other habitats capable of supporting large Appalachian elktoe populations.
Monitoring at historical sites should also track the animals tagged during this study to obtain
growth and survival rates for Appalachian elktoe.
On a broader scale, similarly-designed occupancy and mark-recapture studies could
examine Appalachian elktoe habitat preferences in streams across its range. Use of a robust
sampling and modeling design (e.g., Meador et al., 2011) could help determine how
behavioral patterns impact mussel detection across seasons. Further, employing an
occupancy approach but with a large number of sites and fewer replicates (e.g., Wisniewski
et al., 2013) could allow mussel population assessments to account for imperfect detection to
even when resources are limited.
Resource managers should place more emphasis on standardizing search efforts with
the goal of obtaining more comparable datasets. Population estimates based on one survey
pass at historical sites may be sufficient to detect temporal or spatial trends if implemented
yearly and a standardized approach is used. Standardizing time, effort, and experience appear
to be important considerations when designing surveys to examine temporal trends and
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implementing a three-pass mark-recapture survey design in systems with low density
populations or populations that have seemingly undergone large populations changes may be
desirable. When conducting mark-recapture studies, it also may be desirable to increase the
time between survey passes to increase detectability of individuals during the second and
third passes, especially if detectability is not going to be accounted for in models. Finally,
mark-recapture designs are time-consuming and challenging to implement. Similarly
designed studies will likely work best in wadeable streams with high visibility and relatively
small mussel populations.
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Tables and Figures
Table 1. Covariates for mark-recapture modeling of Appalachian elktoe historical sites in the South Toe River with
corresponding definitions and units.
Covariate
Mussel length
Depth at mussel
Velocity at mussel
Percent Silt
Percent Pebble
Site Mean Substrate Size
Site Mean Velocity
Searcher Experience

Definition
Total length of mussel
Depth measurement taken at each individual mussel
Mid-channel velocity measurement taken at each individual mussel
Percent silt (0.002-0.063 mm diameter) within mussel microhabitat
Percent pebble (2.001-64.000 mm diameter) within mussel microhabitat
Mean substrate size across entire 150 m reach
Mean mid-channel flow velocity across entire 150 m reach
Sum of 4 searchers experience level averaged across the 3 sampling days
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Unit
mm
cm
m/s
%
%
mm
m/s

Table 2. Covariates for mark-recapture modeling for only historical South Toe Site 2 with corresponding definitions and units.
Covariate
Mussel Length
Depth at Mussel
Velocity at Mussel
Percent Silt
Percent Pebble
Microhabitat Mean Substrate Size
Percent Sand of Transect

Definition
Total length of mussel
Depth measurement taken at each individual mussel
Mid-channel velocity measurement taken at each mussel
Percent of silt (0.002-0.063 mm diameter) within mussel microhabitat
Percent of pebbles (2.001-64.000 mm diameter) within mussel microhabitat
Mean size of 12 particles measured within mussel microhabitat
Percent of sand (0.063-2.000 mm diameter) along two encompassing transect lines

42

Unit
mm
cm
m/s
%
%
mm
%

Table 3. Covariates for occupancy modeling at historic Appalachian elktoe sites in the South Toe River with the corresponding
definitions and units.
Covariate
Mean Substrate Size
Mean Stream Width
Mean Depth
Mean Velocity
Percent Sand
Percent Bedrock
Percent Cobble
Searcher Experience

Definition
Mean size of particles across 10 m reach
Mean width of stream for 10 m reach
Mean depth for 10 m reach
Mean mid-channel flow velocity for 10 m reach
Percent of sand (0.0626-2.0000 mm diameter) for 10 m reach
Percent of bedrock for 10 m reach
Percent of cobbles (64.0001-256.0000 mm diameter) for 10 m reach
Sum of 4 searchers experience level averaged across the 3 sampling days
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Unit
mm
m
cm
m/s
%
%
%

Table 4. Beta estimates from the top-ranked mark-recapture model for six historical Appalachian elktoe sites in the South Toe
River; p(searcher experience + site mean substrate size)c(mussel length + microhabitat percent pebble + microhabitat percent
silt). SE represents the standard error followed by the lower confident interval (LCI) and the upper confidence interval (UCI) for each
beta estimate.
Parameter
p
p
p
c
c
c
c

Covariate
Intercept
Searcher Experience
Site Mean Substrate Size
Behavior
Mussel Length
Microhabitat Percent Pebble
Microhabitat Percent Silt

Beta
0.3348
0.6068
-0.2630
-0.5800
0.6504
-0.8951
2.1718

SE
0.1519
0.3026
0.1445
0.2440
0.0861
0.4484
1.1760
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LCI
0.0371
0.0137
-0.5462
-1.0582
0.4816
-1.7741
-0.1330

UCI
0.6325
1.1999
0.0202
-0.1018
0.8193
-0.0162
4.4767

Table 5. Top-ranking models (ΔAICc ≤ 2.00) for historical site mark-recapture analysis in the South Toe River (n=6 sites) to
assess broad-scale influences on detection of Appalachian elktoe. Table reports AICc, ΔAICc, AICc weight (w), number of
̂) with standard error (SE).
parameters (k), and estimates of capture (p), recapture (c), and population size (𝑁
AIC

ΔAIC

w

k

p

SE (p)

c

SE (c)

̂
𝑵

̂)
SE (𝑵

1644.090

0.000

0.299

7

0.589

0.035

0.376

0.020

536.385

63.428

p(site mean substrate size + searcher
experience), c(mussel length +
microhabitat percent pebble)

1645.558

1.469

0.144

6

0.589

0.035

0.376

0.020

536.385

63.428

p(searcher experience), c(mussel length +
microhabitat percent pebble +
microhabitat percent silt)

1646.060

1.971

0.112

6

0.585

0.037

0.376

0.020

557.345

102.246

p(searcher experience + site mean
substrate size), c(mussel length +
microhabitat percent silt)

1646.080

1.990

0.111

6

0.589

0.035

0.378

0.020

536.385

63.428

Averaged

0.582

0.035

0.372

0.019

535.394

72.010

Model
p(site mean substrate size + searcher
experience), c(mussel length +
microhabitat percent pebble +
microhabitat percent silt)
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Table 6. Beta estimates based on the top-ranked mark-recapture model for historical Appalachian elktoe Site 2 in the South
Toe River only; p(microhabitat percent pebble + transect percent sand + microhabitat mean substrate size)c(mussel length +
microhabitat percent pebble + microhabitat percent silt). SE represents the standard error followed by the lower confident interval
(LCI) and the upper confidence interval (UCI) for each beta estimate.
Parameter
p
p
p
p
c
c
c
c

Covariate
Intercept
Microhabitat Percent Pebble
Transect Percent Sand
Microhabitat Mean Substrate Size
Behavior
Mussel Length
Microhabitat Percent Pebble
Microhabitat Percent Silt

Beta
1.3622
-3.8833
4.9084
0.5965
-1.5107
0.6541
-1.1400
2.1366

SE
0.5198
1.0570
1.7184
0.2249
0.5632
0.0964
0.5039
1.2477
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LCI
0.3433
-5.9549
1.5403
0.1556
-2.6146
0.4651
-2.1278
-0.3088

UCI
2.3811
-1.8116
8.2766
1.0373
-0.4069
0.8431
-0.1523
4.5820

Table 7. Top-ranking models (ΔAIC ≤2.00) for mark-recapture analysis at historical Appalachian elktoe Site 2 in the South
Toe River only to assess fine-scale influences on Appalachian elktoe detection. Table reports AICc, ΔAICc, AICc weight (w),
̂) with standard error (SE).
number of parameters (k), and estimates of capture (p), recapture (c), and population size (𝑁
Model
p(microhabitat percent pebble + transect
percent sand + microhabitat mean
substrate),c(mussel length + microhabitat
percent pebble + microhabitat percent silt)
p(microhabitat percent pebble + transect
percent sand + microhabitat mean
substrate size),c(mussel length +
microhabitat percent pebble)

AIC

ΔAIC

w

k

p

SE (p)

c

SE (c)

̂
𝑵

̂)
SE (𝑵

1192.678

0.000

0.383

8

0.699

0.032

0.382

0.022

385.718

21.479

1193.650

0.973

0.235

7

0.699

0.032

0.382

0.022

385.718

21.479

Averaged

0.685

0.031

0.376

0.022

378.558

21.004
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Table 8. Beta estimates from the top-ranked occupancy model for all historical Appalachian elktoe sites in the South Toe
River; ψ(mean velocity + percent sand + percent cobble), p(mean depth + searcher experience + percent bedrock). SE
represents the standard error for each beta estimate.
Parameter
Ψ
Ψ
Ψ
Ψ
p
p
p
p

Covariate
Intercept
Mean Velocity
Percent Sand
Percent Cobble
Intercept
Mean Depth
Searcher Experience
Percent Bedrock

Beta
-5.0952
-0.9519
13.4139
17.1308
0.9311
-1.1575
0.6160
-4.6179

SE
2.1162
0.6364
7.0272
6.6509
0.2428
0.2149
0.1637
1.8470
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Table 9. Top-ranked models (ΔAIC ≤2.00) for occupancy surveys at six historical sites in the South Toe River to assess
influences on Appalachian elktoe distribution and detection. Table reports AIC, ΔAIC, AIC weight (w), number of parameters (k),
and estimates of occupancy (ψ) and detection (p) with standard error (SE).
Model
Ψ(mean velocity + percent sand + percent cobble)p(mean depth
+ searcher experience + percent bedrock)

AIC

ΔAIC

w

k

282.830

0.000

0.316

8

Ψ(percent sand + percent cobble)p(mean depth + searcher
experience + percent bedrock)

284.450

1.620

0.141

7

Ψ(percent sand + percent cobble + mean width)p(mean depth +
searcher experience + percent bedrock)

284.570

1.740

0.133
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ψ

SE(ψ)

p

SE(p)

0.068

0.571

0.065

0.811

0.066

0.574

0.065

8

0.798

0.072

0.577

0.066

Averaged

0.778

0.068

0.550

0.063

0.809

Figure 1. All sites surveyed for Appalachian elktoe population study throughout the
South Toe River (n=23). Historical sites with long-term data are shown as red circles (n=6)
and previously un-surveyed sites selected for this study are shown as black circles (n=17).
All sites range from Celo, NC to the South Toe and North Toe confluence. Map credit:
Vincent Santini
50

Figure 2. Survey design for river-scale abundance and distribution study at 50-m reach sites throughout the South Toe River
(n=23 sites). Dark solid lines represent stream banks, thin solid lines represent transect lines. Each 10-m long transect is numbered 15, and divided into four latitudinal equi-distant lanes (depicted with dashed lines) for randomly placed searchers.
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Figure 3. Survey design for continued Appalachian elktoe and habitat monitoring,
mark-recapture, and occupancy study at six historical sites in the South Toe River.
Dark solid lines represent stream banks, thin solid lines represent transect lines. Each 10-m
long transect is numbered 1-15, and divided into four latitudinal equi-distant lanes (depicted
with dashed lines) for randomly placed searchers. Stars represent the five depth and midchannel velocity measurements taken during habitat quantification for each reach. Circles
represent 25 particles measured or characterized during the modified Wolman Pebble Count.
Mussel microhabitat refers to the space immediately around that mussel. One depth and midchannel velocity measurement is taken at each mussel and 12 particles around that mussel are
measured or characterized for a modified Wolman Pebble Count. The mussel microhabitat is
represented by the black box within the reach.
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Figure 4. Appalachian elktoe (A) abundance and (B) density for each of the 50-m
reaches surveyed throughout the South Toe River (n=23). White bars represent the six
historical sites and grey bars represent previously un-surveyed sites in the South Toe with
Appalachian elktoe present. Error bars represent the standard error of density estimates. Sites
are oriented from upstream to downstream (a-w).
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Figure 5. Enumeration and mark-recapture (A) population and (B) density estimates
based on models keeping the probability of capture and recapture constant for the six
historical Appalachian elktoe monitoring sites in the South Toe River. Enumeration
values are depicted with white bars and mark-recapture estimates are depicted with grey bars.
Error bars represent standard error and estimate values are depicted above bars.
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Figure 6. Appalachian elktoe abundance for monitoring surveys at six historical sites
across all years. Each colored line represents one site with black representing all site
estimates summed together. The dotted black line shows the abundance estimate based on
three-pass enumeration surveys taken in SM’18. SM = summer, FA = fall, and SP = spring.
‘15 = 2015, ’16 = 2016, ’17 = 2017, and ’18 = 2018.
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Figure 7. The predicted relationships between Appalachian elktoe (A-B) capture
probability and (C-E) recapture probability and (A) searcher experience, (B) site mean
substrate size, (C) mussel length, (D) microhabitat percent pebble, and (E) microhabitat
percent silt from the top-ranked mark-recapture model for the six historical sites. 95%
confidence intervals are represented as gray lines. Corresponding beta estimates are in Table
4.
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Figure 8. The predicted relationships between Appalachian elktoe (A-C) capture
probability and (D-F) recapture probability and (A) microhabitat percent pebble, (B)
transect percent silt, (C) microhabitat mean substrate size, (D) mussel length, (E)
microhabitat percent pebble, and (F) microhabitat percent silt from the top-ranked
mark-recapture model for historical South Toe Site 2 only. Microhabitat mean substrate
size is normalized and raw values vary from (1.00-462.083 mm). 95% confidence intervals
are represented as gray lines. Corresponding beta estimates are in Table 6.
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Figure 9. The predicted relationships between Appalachian elktoe (A-C) occupancy
probability and (D-F) detection probability and (A) mean velocity, (B) percent sand, (C)
percent cobble, (D) average depth, (E) searcher experience, and (F) percent bedrock
from the top-ranked occupancy model for all historical sites in the South Toe River.
95% confidence intervals are represented as gray lines. Corresponding beta estimates are in
Table 8.
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Appendix A
Table 1A. All 23 site localities throughout South Toe. Historical sites have their designated site names bolded in the site locality.
Sites are oriented from upstream to downstream (a-w).
Site Locality
Site a- US Highway 80 South in Celo, North Carolina
Site b- 7 Mile Ridge Road
Site c- Halls Chapel Road
Site d- Copperhead Bend Road
Site e- Lower Browns Creek Road
Site f- Halls Chapel Baptist Church
Site g- Downstream Murphy Branch confluence
Site h- Blue Rock Road
Site i,1- Upstream Blue Rock Road crossing
Site j- Toe River Campground
Site k- Downstream Toe River Campground
Site l- 1121 Blue Rock Road
Site m- Windy River Ridge
Site n- Upstream Ossie Gouge Road
Site o- Waterside Drive
Site p- Rice Road
Site q,2- Upstream US Highway 19 East crossing
Site r,3- Martin’s Chapel
Site s- Stream Road
Site t,4- Wyatt Town Road
Site u,5- Downstream waste water treatment plant on Wyatt Town Road
Site v,6- Baccus Siding Road
Site w- Upstream Presnell Hollow Road
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Latitude
35.810736
35.834443
35.839968
35.855404
35.858105
35.865308
35.871203
35.868943
35.871221
35.871625
35.876305
35.881017
35.883404
35.889998
35.893738
35.898995
35.905182
35.907769
35.910380
35.915051
35.921330
35.926794
35.942385

Longitude
-82.197658
-82.183003
-82.179295
-82.179770
-82.173070
-82.174353
-82.175810
-82.186988
-82.195219
-82.202627
-82.204017
-82.185844
-82.195685
-82.189931
-82.185960
-82.198810
-82.191674
-82.190096
-82.199155
-82.213237
-82.207110
-82.202692
-82.197427

Elevation (m)
822.615
809.205
807.681
798.842
792.441
790.308
788.479
784.517
782.383
781.164
777.507
766.230
762.572
757.391
755.562
751.295
747.333
746.419
743.371
739.104
736.970
732.399
716.245
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