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Surveys

Mapping and Modeling the Distribution, Abundance, and
Habitat Associations of the Endangered Fat Threeridge in
the Apalachicola River System
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Abstract

Large, Coastal Plain rivers of the southeastern United States contain some of the most diverse freshwater communities
in North America; however, surveying the fauna of these large rivers presents numerous logistical and statistical
challenges. We assessed the contemporary distribution, abundance, and habitat associations of the endangered fat
threeridge mussel Amblema neislerii throughout the Apalachicola River system in northwestern Florida. To achieve this
goal, we used side scan sonar to map the distribution of mesohabitats and conducted a system-wide, quantitative
survey to define mussel habitat associations. We then used habitat and mussel data to develop predictive models of
spatial distribution and to estimate the abundance of fat threeridge across the entire Apalachicola River system.
Findings revealed a broadly distributed (i.e., 128 river kilometers occupied), robust population of approximately 9
million individuals (95% CI¼ 5–12 million), with a center of distribution (i.e., where abundance and occurrence were
highest) approximately 45–80 river kilometers upstream of the river mouth. Fat threeridge primarily occupy fine
sediment mesohabitats characterized by smooth/plane bedforms that are clearly definable via sonar habitat mapping.
We hypothesize that this species may be particularly sensitive to the availability of stable, fine sediments during one or
more critical life history phases and that the availability of this habitat may explain its restricted distribution in tributary
rivers. Our study provides a quantitative, replicable foundation upon which future population and habitat monitoring
can be based.
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Introduction

Freshwater mussels are among the most imperiled
aquatic species in North America (Ricciardi and Rasmus-
sen 1999; Strayer et al. 2004). Regionally, the southeast-
ern United States is home to a majority of these species,
with many taxa inhabiting large river systems such as the
Apalachicola in northwestern Florida (Neves et al. 1997;
Williams et al. 2008, 2014). This culturally important
waterway played a vital role in the history of the region
as a transportation and commercial trading route during
pre– and post–Civil War periods (Mueller 1990). To
provide these and related services, the river was subject
to substantial modification in the form of channel
straightening, snag removal, groin construction, im-
poundment and flow regulation, and channel dredging
during the late 19th and 20th centuries (Couch et al.
1996; Brim Box and Williams 2000; Mossa et al. 2017).
Anthropogenic modification of physical habitat and flow
regimes are frequently cited causes of freshwater mussel
decline and imperilment in large river systems (Neves et
al. 1997; Watters 2000), and these alterations probably
impacted the mussel fauna of the Apalachicola to some
degree (USFWS 2003).

The Apalachicola-Chattahoochee-Flint (ACF) Basin is
home to a diverse (~30-taxa) assemblage of native
mussels, several of which occur only in this watershed
(Williams et al. 2014). Among the endemic species is the
fat threeridge Amblema neislerii, a species originally
described from the Flint River in Macon County, Georgia
(Lea 1858). Van Hyning (1925) considered the fat
threeridge rare, and Clench and Turner (1956) also
described this species as rare but locally abundant at
sites in the Apalachicola River and lower Chipola River, a
major tributary. However, very few historical (pre-1990s)
surveys were conducted within the lower 2/3rd of the
Apalachicola River mainstem (Brim Box and Williams
2000). In the early 1990s, the U.S. Fish and Wildlife
Service (USFWS) commissioned a status survey of
mussels in the ACF Basin that resulted in the total
collection of only 32 live fat threeridge at 6 of 86 sites
within the historical range of the species, at 3 sites each
on the Apalachicola and lower Chipola rivers (Butler
1993). These results informed the 1998 decision to
classify fat threeridge as endangered under the U.S.
Endangered Species Act (ESA 1973, as amended; USFWS
1998).

Under the ESA, the USFWS coordinates recovery of
imperiled species using approaches such as strategic
habitat conservation. This approach calls for the acqui-
sition of detailed habitat information to study factors
influencing species distribution and abundance (assump-
tion-driven research), the development of models linking
populations to their habitat (biological planning), and
the development of maps predicting patterns in the
ecosystem (conservation design; USFWS 2008b). Such
maps and models are commonly used to assess status
and threats to species recovery, and to forecast effects of
habitat alteration (Germaine et al. 2014; Tronstad et al.
2018). The 2003 Recovery Plan for Fat Threeridge—a
management plan that provides guidance for species

recovery—identifies increasing the number of viable
subpopulations (i.e., occupied sites) through discovery or
reintroduction, and monitoring subpopulations and their
habitats, among the six primary objectives for achieving
recovery (USFWS 2003).

Since the early 1990s, numerous mussel surveys have
been undertaken in the Apalachicola and lower Chipola
rivers, but these efforts were not standardized or
comprehensive and employed varying methods, compli-
cating post hoc attempts to extrapolate results, evaluate
population trends, or provide the data necessary to
develop species distribution models (SDMs). Although
this work remains unpublished in the primary literature,
findings generally indicated that fat threeridge was
much more abundant than previously believed and that
recruitment was occurring at many locations (USFWS
2012). Severe drought conditions occurring in the basin
in 2006–2007, and coincident observations of stranding
and mortality of fat threeridge in shallow, near-bank
areas, triggered a series of ESA Section 7 consultations
between the USFWS and the U.S. Army Corps of
Engineers, the agency responsible for managing flows
in the system (USFWS 2008a, 2012). In order to assess the
risk of exposure of mussels during river drawdowns, a
broad, quantitative survey was conducted in 2008 and
2010 that focused on shallow, river margin habitat at
sites throughout the Apalachicola and lower Chipola
Rivers (Gangloff 2012). Findings of this study reinforced a
paradigm that fat threeridge commonly distributed
around a 1-m depth contour at low water levels, within
moderately depositional habitats located adjacent to
point bars (USFWS 2012). This work also resulted in the
first system-wide estimates of fat threeridge abundance
(826,000–1,144,000 individuals) within an estimated total
of 36 ha of available river margin habitat (USFWS 2012).
However, preliminary sampling conducted during this
period also indicated that some fat threeridge occurred
in deeper habitats of the Apalachicola and Chipola rivers.
These observations challenged the emergent paradigm
and underscored the need for a comprehensive study of
the distribution, abundance, and habitat associations of
fat threeridge throughout the Apalachicola system.

To tackle the logistical challenges associated with
ecological investigations in large, turbid rivers, and to
provide the spatially explicit, quantitative information
needed to pursue strategic habitat conservation and
fulfill status assessment demands for freshwater mussels,
Smit and Kaeser (2016) developed an approach that
integrated side scan sonar habitat mapping and stratified
random surveys to describe the mesohabitat associations
of mussels throughout the meandering, middle portion
of the Apalachicola River (Smit 2014). The authors
recommended that future work aim to verify the
transferability of the mesohabitat-based approach to
mussel investigation by expanding to other reaches of
the system. Smit and Kaeser (2016) also suggested that
resulting geographic data might be used to develop
SDMs to inform management and recovery of fat
threeridge and other imperiled species using variables
identified as important determinants of mussel density
and community composition such as river kilometer
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(RKM; McRae et al. 2004; Atkinson et. 2012; Hegeman et
al. 2014) and sinuosity and channel slope (Arbuckle and
Downing 2002; Gangloff and Feminella 2007; Atkinson et
al. 2012). The objectives of this study were thus to map
and model the distribution, abundance, and habitat
associations of fat threeridge throughout the Apalachi-
cola River system.

Methods

Study area

The Apalachicola River is a large, alluvial stream in

northwestern Florida formed by the confluence of two

major tributaries, the Chattahoochee and Flint rivers. A
third tributary, the Chipola River, joins the Apalachicola
River 45 km upstream of its terminus in Apalachicola Bay
(Figure 1). In terms of mean annual discharge (~620 m3/
s; Light et al. 2006), the Apalachicola is the largest river in
Florida (Iseri and Langbein 1974). Since 1957, the head of
the river has been impounded by Jim Woodruff Lock and
Dam, a navigation and hydropower facility. Regulation of
river flows at the dam maintains a minimum flow of
141.5 m3/s (5,000 ft3/s) at the U.S. Geological Survey
gage in Chattahoochee, Florida, during seasonally dry
periods of the year. All flow conditions referenced in this
article correspond to observations made at this gage.

Figure 1. Maps illustrating the approximate location of the Apalachicola River in Florida (top right), the Apalachicola River system,
and the four reaches examined during the 2012–2017 study, with labeled black dots denoting the distance from the river mouth in
kilometers (left; the Chipola Cutoff and lower Chipola River comprise one of the study reaches), and a closer look at one of the study
reaches—the upper reach of the Apalachicola—and the actual distribution of mussel sampling locations (black dots, n ¼ 231)
throughout the 66 km of this reach (bottom right).
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Downstream from Woodruff Dam, the Apalachicola
River flows unimpeded for approximately 171 km to the
Gulf of Mexico (Figure 1). Along this course, changes in
channel geomorphology permit the dissection of the
river into upper, middle, and lower nontidal reaches. In
the upper reach (RKM 104–171), the river exhibits a
relatively straight, low sinuosity channel that cuts
through geologic formations associated with the North-
ern Highlands geographic province of Florida (Corbett
2004). Predominant bed substrates include coarse sand
and gravel and numerous limestone, claystone, and marl
outcrops (USACE 2004), some of which encompass large
portions of the channel. In the vicinity of Blountstown,
the river channel begins to meander in an irregular to
tortuous manner (Kellerhals and Church 1989), a change
associated with a transition into the Gulf Coast Lowlands
District (Couch et al. 1996).

Downstream from RKM 104, the Apalachicola exhibits
a regular and repeating meandering pattern typical of
alluvial, Coastal Plain rivers. This middle reach (at ~RKM
56–104) is characterized by medium and fine-sand bed
substrates (Light et al. 2006), patches of silt and mud
deposition, and clay outcrops along some of the river
margins. Downstream from the River Styx confluence (at
RKM 56), the Apalachicola channel is irregular and
wandering. This lower, nontidal reach extends to RKM
33, a location considered to be within the approximate
upstream limits of tidal influence (Light et al. 2006).

Northeast of Wewahitchka, Florida, and within the
middle reach (at RKM 67), a naturally formed, anabranch
channel called the Chipola Cutoff intersects the main-
stem Apalachicola River (Figure 1) and captures approx-
imately 30% of the river’s discharge (USACE 2001). Within
5 km, the Chipola Cutoff joins the Chipola River, a main
tributary to the Apalachicola, and downstream from this
junction the channel becomes known as the lower
Chipola River. The irregular, wandering channel of the
lower Chipola rejoins the Apalachicola River at RKM 44.8,
after traveling a distance of 27.3 km. In this study, we
refer to the entire anabranch channel (i.e., the Chipola
Cutoff and the lower Chipola River) as the Chipola reach.

This study encompassed the upper, middle, and lower
Apalachicola and Chipola reaches (hereafter, the Apa-
lachicola River system). We did not examine sloughs and
tributary streams within the river system because
mussels were relatively uncommon or sparsely distribut-
ed in such areas (Payne and Miller 2002). In addition, we
did not include a 1-km reach of river immediately below
Jim Woodruff Lock and Dam to avoid sampling in this
hazardous environment.

Sonar data collection and processing
We used a Humminbirdt 1198c side-imaging (SI)

system (Johnson Outdoors, Racine, WI) as detailed in
Smit and Kaeser (2016) to collect sonar imagery of nearly
the entire Apalachicola River during the first 2 wk in
March 2012, when flows were greater than or equal to
566 m3/s (range, 566–765 m3/s) because the river

channel is fully inundated at these discharges. We
scanned the Chipola reach June 19, 2014, during a
period of elevated discharge (~370 m3/s), and subse-
quently rescanned on October 15, 2014, during a period
of lower flow (~200 m3/s), to obtain imagery for
digitization of the low-flow river margins. We conducted
geoprocessing of sonar imagery according to methods
described by Kaeser et al. (2012) but adapted for ArcGIS
version 10.0 (Environmental Systems Research Institute,
Redlands, CA). Once processed, we loaded the sonar
image maps (i.e., rectified image datasets) into an ArcGIS
workspace to provide a spatially continuous, two-
dimensional representation of the river bottom across
the study area.

Habitat mapping
We expanded the mesoscale classification scheme

used by Smit and Kaeser (2016) during mapping of the
middle reach to include 5 additional habitat classes
appearing elsewhere, raising the total to 10 classes:
hardbottom (HB), smooth bank-attached (SBA), man-
made structures (MMS), point bar (PB), point/shallow
bank (PSB), inner recirculation zone (IRZ), outer recircu-
lation zone (ORZ), pool/outer bend (POB), mid channel
(MC), and rip rap (RR; Figure 2; Table 1). Table 1 presents
a description of distinguishing features used to classify
each mesohabitat type. Garcia et al. (2012) provides a
technical review of the hydrological conditions occurring
within several of these mesohabitats. We manually
digitized the mesohabitat map during heads-up inspec-
tion of the sonar image maps following methods
detailed in Kaeser and Litts (2010), Smit (2014), and Smit
and Kaeser (2016). In brief, we delineated mesohabitat
boundaries by separating regions of differing bedform or
substrate composition occurring within distinct regions
of the river channel and by recognizing differences in
bathymetry, image tone, bank slope, and the lateral
extent of submerged wood among regions (Table 1).

The final step of map production involved trimming
the map to represent only the portions of the channel
inundated during periods of minimum flow. To do this
within Apalachicola River reaches, we digitized the
wetted edge of the river (i.e., the low-flow river
boundary) as it appeared in aerial imagery of 1-m2 raster
resolution collected during a period of low flow (141.5
m3/s) in late September 2010 by the U.S. Department of
Agriculture’s National Agricultural Inventory Program.
We accessed these data via the U.S. Department of
Agriculture’s Geospatial Data Gateway (https://gdg.sc.
egov.usda.gov/). Because tree canopy obscured the
banks of the lower Chipola River, we used the sonar
imagery obtained during low-flow conditions to digitize
the low water boundary of the channel in this reach. We
used the low-flow river boundaries to excise marginal
areas of the map that would not be inundated during
periods of minimum flow, thereby defining the maxi-
mum extent of habitat available to mussels across all
flow conditions.
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Mussel-habitat surveys
To assess mussel-habitat associations, we designed a

stratified mussel survey for each study reach by using the
mesohabitat map as a template (Table 2). Mussel surveys
were first conducted in 2012 in the middle reach of the
Apalachicola River. The sampling design involved seg-
menting the reach into 50 consecutive sites by drawing
boundaries between adjacent IRZs and ORZs (i.e., at each
meander-bend crossover), such that each site contained
one representative of each of the five mesohabitats. We
randomly selected 6 of the 50 sites for sampling to
reduce transit time among sampling locations and to
maintain proximity between the two sampling crews
involved (Smit and Kaeser 2016). We then randomly

assigned six sampling points to each of the five
mesohabitat classes occurring within each site (i.e., 30
sampling points per site) with the aid of the generalized
random tessellated stratification sampling algorithm
with the spsurvey package (Kincaid and Olsen 2013)
enabled in R software (version 3.2; R Project for Statistical
Computing, Vienna, Austria). The generalized random
tessellated stratification algorithm was used to achieve
both spatial balance and proportional distribution of
sampling points (Stevens and Olsen 2004). Sampling
design in the upper (2017), lower (2015), and Chipola
(2014) reaches alternatively involved randomly distribut-
ing sampling locations throughout entire reaches (Table
2) with the aid of the generalized random tessellated

Figure 2. Illustration of the mesohabitat map completed during the 2012–2017 study; this example represents a small 2.5-km
portion of the upper Apalachicola study reach that included the following mesohabitat classes: MC, SBA, MMS, HB, IRZ, and POB. The
aerial imagery shown here was used to define the low-flow margin of the river channel. In this example, the MMS are polygons
drawn around areas bound by river training structures called wing dikes.
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stratification sampling algorithm; we made this design

modification because dive crews operated independent-

ly and traveled freely from one sampling location to the

next during surveys of these reaches. Because several HB

habitats extended into the middle of the river channel

where diving was treacherous, we limited the assign-

ment of sampling locations to within 15 m of the low-

flow river margin for this mesohabitat only. After

determining that PB and MC mesohabitats were

unsuitable for freshwater mussels during the 2012 survey

Table 1. Description and features of the classification scheme used to identify and delineate submerged mesohabitats throughout
the Apalachicola River system during the 2012–2017 study.

Mesohabitat

unit

(abbreviation)

Features

recognized

for

classification

Substrate

composition

Bedform

pattern

Spatial

position

in channel

Sonar

features

Flow

conditions

Hardbottom (HB) Substrate

composition

Hard, rocky

substrates including

limestone, claystone,

marl, cobble,

boulder

Various, smooth/

plane to coarsely

textured

Outcroppings

typically along outer

bends of river,

occasionally

spanning channel or

mid channel

Bright image tones,

textures indicative of

hard substrate

Variable

turbulence, high

velocity

Smooth bank-

attached (SBA)

Bedform and

spatial position

Gravel, coarse or fine

sand, clay, silt/mud

Smooth/plane Bank-attached in

areas lacking well

defined meander

morphology

Smooth texture;

varied image tone;

moderate bank

slopes - dull sonar

return from edge;

submerged wood

present

Unidirectional,

low velocity

Man-made

structures (MMS)

Bedform and

spatial position

Coarse or fine sand,

clay, silt/mud

Smooth/plane

and/or beyond

sonar range (no

data)

Bank-attached,

bounded by

structures of

anthropogenic origin

(e.g., rock and pile

jetties)

Smooth-textured

areas or areas of no

data confined by

structures of

anthropogenic origin

Variable

Point bar (PB) Bedform and

spatial position

Coarse or fine sand Ripple/dune Inner bend bank-

attached

Bright image tone,

dunes and ripples

Turbulent, high

velocity

Point/shallow

bank (PSB)

Bedform and

spatial position

Coarse or fine sand Variable Inner bend bank-

attached

Bright image tone,

smooth bedform or

dunes and ripples

Variable

Inner

recirculation

zone (IRZ)

Bedform and

spatial position

Coarse or fine sand,

clay, silt/mud

Smooth/plane Bank-attached

downstream of point

bar

Smooth texture;

darker image tone;

moderate bank

slopes - dull sonar

return from edge

Recirculation/

flow separation

eddy

Outer

recirculation

zone (ORZ)

Bedform and

spatial position

Coarse or fine sand,

clay, silt/mud

Smooth/plane Bank-attached

upstream of point

bar

Smooth texture;

darker image tone;

moderate bank

slopes - dull sonar

return from edge;

submerged wood

present

Recirculation/

flow separation

eddy

Pool/outer bend

(POB)

Bedform and

spatial position

Coarse or fine sand,

clay, silt/mud

Smooth/plane Bank-attached outer

portion of meander

bend

Smooth texture;

bright image tone;

steep/vertical bank-

bright sonar return

from edge;

submerged wood

present, deep

bathymetry

Unidirectional

secondary flow

Mid channel

(MC)

Bedform and

spatial position

Gravel, coarse or fine

sand

Smooth/plane in

upper portion of

upper reach only,

ripple/dune

everywhere else

Interior portion of

channel

Bright image tone,

dunes and ripples

Turbulent, high

velocity

Rip rap (RR) Substrate

composition

Boulder Coarse textured Varied, associated

with MMS

Bright image tones,

textures indicative of

hard substrate

Turbulent
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of the middle reach (see details in Smit and Kaeser 2016),
and after experiencing the hazards associated with
diving in these high-velocity environments, we chose
not to target these mesohabitats in other reaches;
however, we did not buffer the boundaries shared with
PB or MC mesohabitats during point assignment. We did
not target the RR and PSB mesohabitats for mussel
sampling due to their rarity.

During all surveys, we located sampling points in the
field with a global positioning system unit (GPSmap
76CSx; Garmin, Chicago, IL) and marked them with a dive
block (i.e., concrete anchor) tethered to a floating buoy.
Two metal cables, the length of which represented the
radius of either a 5- or 10-m2 circular area (126 or 178 cm,
respectively), were attached to an eye-bolt embedded in
top of the block (Ghent et al. 1978; Gregorie and
Valentine 2007) and used to delimit the extent of the
sampling plot (Figure S1, Supplemental Material). All plots
were sampled by two self-contained underwater breath-
ing apparatus (SCUBA) divers, using the line tethered to
the dive block to safely reach the sampling plot, with few
exceptions (e.g., some of the shallow-water sampling
locations occurring in the IRZ, ORZ, and PB mesohabitats
of the middle reach were accessible by snorkeling). Use
of the tethered dive block provided a controlled
approach for divers to navigate to and from the
sampling plot in low visibility conditions, and use of
the metal, radial cables provided a means to locate a
companion diver underwater when communications
were necessary. We conducted tactile searches of the
substrate to a depth of approximately 10 cm until all
mussels present within the plot had been excavated and
removed without time constraints imposed on the
collection process. All freshwater mussels were identified
to species, enumerated, and released alive except for a
few specimens that were retained to confirm identifica-
tions (Text S1, Supplemental Material). At each sampling
location, we recorded a set of geographic coordinates,
the depth at plot center, and the predominant substrate
type occurring within the plot. Predominant substrate
(Wentworth 1922) was typically categorized based on

particle size as follows: silt/mud, fine sand, coarse sand,
gravel, cobble, boulder, and HB (i.e., either clay, marl, or
limestone).

Distribution and abundance modeling
We used logistic regression, an approach commonly

used to develop SDMs from binary, presence–absence
data (Guillera-Arroita et al. 2015; Duarte et al. 2019), to
predict the occurrence of fat threeridge across the study
area. We developed a set of eight candidate models
(Table S1, Supplemental Material) for each study reach
using various combinations of the following predictor
variables representing four scales of influence: RKM
(landscape scale), sinuosity and slope (reach scale),
mesohabitat class (patch scale), and distance to the
low-flow river margin and distance to nearest unstable
mesohabitat (i.e., either PB or MC; microhabitat scale).
We calculated predictor variables as described in Text S2
(Supplemental Material). We did not include water depth
and predominant substrate type because we deemed
these variables uninformative based on preliminary
modeling and analyses (Smit 2014; Smit and Kaeser
2016). We coded mesohabitat, a categorical variable,
during modeling to distinguish each class, and we
arbitrarily selected the IRZ habitat type to serve as the
model intercept (Hosmer and Lemeshow 2005). Models
developed for the middle reach used fat threeridge
occurrence data obtained from all five mesohabitats. For
the Chipola and lower Apalachicola reaches, we gener-
ated a set of pseudoabsence points within the un-
sampled MC and PB habitats equivalent to the number
of mussel samples obtained elsewhere. We added
pseudoabsence points to increase the number of
unoccupied points for modeling purposes, a step
supported by results of the 2012 middle reach survey
indicating that fat threeridge was seldom present within
the MC and PB mesohabitats. We assigned pseudoab-
sence points to the map using the approach described
for mussel sampling points, and attributed each point
with the predictor variables described above. Because
occurrence of fat threeridge varied widely among the six

Table 2. Details associated with freshwater mussel sampling occurring in each of the four study reaches of the Apalachicola River
system during the period 2012–2017. Mesohabitat abbreviations are defined as follows: MC¼mid channel; HB¼hardbottom; SBA¼
smooth/bank-attached; MMS ¼man-made structures; IRZ ¼ inner recirculation zone; ORZ ¼ outer recirculation zone; POB ¼ pool/
outer bend; PB¼ point bar.

Reach

Year

of

survey

Range

of

survey

dates

Mean

discharge

(m3/s) on

sampling

dates (range)

Mesohabitats

targeted

Methods

used

Radial

plot area

sampled

(m2)

No. of

samples

obtained

Spatial

distribution

of samples

Total

area

sampled

(m2)

Total

time (h)

expended

during

survey

Upper 2017 June 20–

September 6

348 (272–736) HB, SBA, MMS,

IRZ, ORZ, POB

SCUBA 10 231 Throughout

reach

2,310 528

Middle 2012 July 17–

October 13

156 (144–176) IRZ, ORZ, POB,

MC, PB

Snorkel/grub,

SCUBA

10 164 Within six sites

in reach

1,640 744

Chipola 2014 September 11–

October 17

249 (191–377) SBA, POB SCUBA 5 72 Throughout

reach

360 424

Lower 2015 September 22–

October 22

248 (212–377) SBA, IRZ, ORZ,

POB

SCUBA 5 or 10 67 Throughout

reach

480 208
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mesohabitats targeted in the upper Apalachicola reach,
we chose to focus modeling efforts in sampled regions
only and did not model occurrence in the unsampled
MC, PB, or RR mesohabitats.

We used an information-theoretic model selection
approach to determine which variables or sets of
variables were most informative in predicting the
occurrence of fat threeridge (Kullback and Leibler 1951;
Kullback 1959). The information-theoretic approach is an
evidence-based model selection technique useful for
investigating complex ecological hypotheses (Anderson
2008), each represented by a candidate model. We
calculated second-order Akaike’s Information Criterion
and Akaike’s weight for each model to identify the most
parsimonious model(s) from each set. Because no
candidate model exhibited overwhelming support (i.e.,
weight .0.9), we used Akaike weights for all candidate
models in each set to calculate model-averaged coeffi-
cients and unconditional standard errors for a single
‘‘composite’’ model for each study reach (Buckland et al.
1997; Burnham and Anderson 2002; Dinkins et al. 2016).
We used averaged coefficients and model weights to
calculate the relative importance of each composite
model parameter (Burnham and Anderson 2002), and we
plotted receiver operating characteristic curves for each
composite model to determine the optimal threshold of
probability (i.e., the ‘‘cutpoint’’) where sensitivity (true
positive) and specificity (true negative) rates are equiv-
alent (Fielding and Bell 1997; Freeman and Moisen 2008).
Area under the curve (AUC) was calculated using 10-fold
cross-validation to assess discrimination accuracy for
each composite model (Hosmer and Lemeshow 2005),
and we obtained associated 95% confidence intervals by
bootstrapping the results of the cross-validation. Values
of AUC greater than or equal to 0.8 were considered
characteristic of models with high discrimination ability
(Swets 1998). We implemented all statistical procedures
using the computing platform R version 3.6.0 (April 26,
2019).

To predict the occurrence of fat threeridge across the
study area (i.e., the occupied footprint), we first overlaid
a raster grid over the map of each study reach. This grid
covered the entire map of the middle and lower
Apalachicola reaches, with a cell size equal to 10 m2; a
grid cell size of 5 m2 was used to cover the entire Chipola
reach. We excluded RR and PSB habitats from these grids
because we did not sample these habitats. The
prediction grid for the upper reach specifically overlaid
only those mesohabitat areas targeted during the mussel
survey; as such, the prediction grid covered only 166.5 ha
of the 1,110-ha map of this reach. We assigned a point to
the centroid of each cell in the prediction grid and
attributed each point with the corresponding value for
each of the predictor variables. Next, we used the
composite model for each reach to predict a probability
of occurrence at each point (i.e., cell) in the correspond-
ing prediction grid. We considered cells with predicted
probabilities greater than or equal to the optimal

cutpoint for each model occupied by fat threeridge; we
considered all occupied cells to represent the best
available estimate of the total area occupied by the
species in each reach.

To assess the predictive accuracy of the SDMs (i.e.,
model validation), we compiled mussel data (n ¼ 171
samples) from independent sampling conducted before,
during, and after the study from three sources. The first
source was data collected by M. Gangloff during the
period 2008–2011 that included sampling of shallow IRZ
and ORZ habitats at a total of 37 separate sites located
throughout the entire study system (Gangloff 2012), in
addition to samples randomly collected in deeper
habitats in the upper, middle, and Chipola reaches (n ¼
55) using SCUBA and radial plots similar to the approach
taken in this study (USFWS 2012). When sampling
shallow sites, Gangloff (2012) used multiple transects;
for the purposes of model validation, we pooled the
results of transects replicated at the site level and simply
determined whether Fat Threeridge was observed at a
site. For radial plot data, we considered samples that
were collected at least 100 m apart as independent. The
second source of data was samples (n ¼ 22) randomly
collected within the IRZ, ORZ, POB, and MC habitats of
the middle and lower reaches of the Apalachicola River
by the Florida Fish and Wildlife Conservation Commis-
sion in collaboration with M. Gangloff’s dive crew in
August 2016. We removed 4 of the 22 samples from this
set because habitat mapping conducted by USFWS in
November 2016 revealed these sampling locations were
not inundated during lower flow conditions, and thus
would not have been considered suitable mussel habitat
as defined in this study. The third source of data was
samples collected in the middle reach by USFWS in 2016
(n¼ 8) and in 2019 from all mesohabitats of the lower (n
¼ 22) and Chipola (n ¼ 28) reaches using methods
identical to those used during this study. We overlaid
geographic coordinates for all sampling locations on a
map of the area predicted by the SDMs to be occupied
by fat threeridge. Model predictions were compared with
actual sampling results and compiled in an accuracy
assessment matrix; we calculated overall predictive
accuracy (i.e., both type I and type II errors) of each
SDM at the reach level.

We calculated the abundance of fat threeridge in each
study reach using actual sampling data and model
predictions. We first converted observed counts of fat
threeridge to density values according to sampling plot
area. We then calculated mean density from the set of
samples obtained within the occupied footprint of each
reach (i.e., the model-predicted area of occupancy).
Because counts of fat threeridge were not normally
distributed—and calculation of the simple geometric
means would yield biased estimates—we instead used a
nonparametric bootstrap method (Inoue et al. 2014) to
calculate unbiased estimates of mean density and
corresponding 95% confidence intervals. We then
derived fat threeridge abundance in each reach by
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multiplying the bootstrapped mean density by the area
of the occupied footprint. We summed reach-based
abundance estimates to provide an overall estimate of
the fat threeridge population in the study system.

Results

Habitat mapping
The completed map of the study area contained 915

polygons and encompassed approximately 2,300 ha of
river channel inundated at the minimum, regulated flow
(Table 3). The upper reach represented half the area of
the map (49%), and the middle reach represented 31% of
the total area. The lower reaches of the Apalachicola and
Chipola rivers represented much smaller proportions of
the study area (12 and 8%, respectively).

The upper reach exhibited the highest mesohabitat
diversity and was the only reach to incorporate MMS and
HB habitats (Table 3). We delineated a large number of
MMS polygons, but these areas represented only a small
fraction (1.6%) of the reach. Smooth, bank-attached
mesohabitats predominated in near-bank areas in the
upper half of the upper reach. By contrast, the lower half
of this reach exhibited meander-bend morphology, and
near-bank areas contained distinguishable POB, IRZ, and
ORZ habitats. The total areal proportion of SBA, POB, IRZ,

and ORZ habitats within the upper Apalachicola reach
was 9.6%.

Downstream reaches of the Apalachicola system
contained variable quantities of smooth/plane bedform
habitats. The middle reach contained POB, IRZ, and ORZ
habitats in repeating arrangement (Smit and Kaeser
2016); these mesohabitats represented 21% of the total
habitat of the reach. In the absence of meander-bend
morphology, smooth bedform mesohabitats of the
Chipola reach were represented in the map as either
SBA or POB. These two habitats occupied approximately
34% of the total area of the Chipola reach. The lower
Apalachicola reach contained all four types of smooth
bedform, bank-attached mesohabitats; in total, these
habitats represented 24% of the reach area.

Mussel-habitat surveys

The freshwater mussel surveys resulted in the collec-
tion of 19,743 mussels, representing 19 species from
4,790 m2 of sampled area. Completing the mussel
surveys required approximately 1,900 person-hours of
fieldwork (Table 2). Three species numerically dominated
the total mussel collection: fat threeridge (43%), round
pearlshell Glebula rotundata (22%), and gulf spike Elliptio
pullata (22%; Table 4). These three species were also the

Table 3. Composition of the mesohabitat map of each study reach in the Apalachicola River system. Mesohabitat abbreviations are
defined as follows: MC¼mid channel; HB¼hardbottom; POB¼pool/outer bend; SBA¼ smooth/bank-attached; PB¼point bar; MMS
¼man-made structures; IRZ¼ inner recirculation zone; ORZ ¼ outer recirculation zone; RR ¼ rip rap.

River Reach length Mesohabitat class Total no. of polygons Total area (ha) % Total habitat

Apalachicola Upper MC 61 879.5 79.2

HB 88 79.6 7.2

POB 24 47.7 4.3

SBA 80 47.4 4.3

PB 20 26.4 2.4

MMS 86 18.2 1.6

IRZ 20 6.7 0.6

ORZ 17 4.9 0.4

RR 66 2.9 0.3

Subtotal 65.7 km 462 1,110.5

Apalachicola Middle MC 1 503.4 71.7

POB 51 104.9 14.9

PB 50 50.2 7.2

IRZ 50 27.4 3.9

ORZ 49 16.1 2.3

Subtotal 47.9 km 201 702.0

Chipola Lower MC 1 126.4 65.6

SBA 95 36.7 19.0

POB 73 27.9 14.5

PSB 7 0.4 0.2

RR 9 1.2 0.6

Subtotal 27.3 km 185 192.6

Apalachicola Lower MC 1 212.4 75.5

SBA 27 39.2 13.9

POB 20 25.0 8.9

IRZ 8 2.9 1.0

ORZ 5 0.9 0.3

PB 6 0.8 0.3

Subtotal 23.5 km 67 281.2

Grand total 164.4 km 915 2,286.3
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Table 4. Mussel species collected during the 2012–2017 Apalachicola River system survey, sorted by survey reach and listed in order
of decreasing total number collected. Relative frequency of occurrence among samples collected in the hardbottom (HB), smooth/
bank attached (SBA), inner recirculation zone (IRZ), outer recirculation zone (ORZ), and pool/outer bend (POB) mesohabitats (i.e.,
suitable habitats, those typically inhabited by mussels), was calculated separately from frequency of occurrence among mid channel
(MC), man-made structures (MMS), and point bar (PB) mesohabitats (i.e., unsuitable habitats, those typically not inhabited by
mussels). Samples represent a collection of mussels made within either a 5- or 10-m2 radial plot. The total number of samples
obtained in each category is denoted by n. Data collected for Amblema neislerii, the focal species in this study, are highlighted in
boldface.

Species

Total

collected

Proportion

of total

collected

in reach

Relative frequency of occurrence

Among

samples from

suitable habitats

Proportion of

samples

occupied

Among

samples from

unsuitable habitats

Proportion of

samples

occupied

Upper Apalachicola reach

Elliptio pullata 941 0.40 72 0.373 8 0.211

Amblema neislerii 613 0.26 42 0.218 0 0

Glebula rotundata 241 0.10 36 0.187 8 0.211

Cyclonaias infucata 234 0.10 48 0.249 5 0.132

Lampsilis floridensis 104 0.045 48 0.249 5 0.132

Elliptio crassidens 81 0.035 32 0.166 3 0.079

Elliptio purpurella 55 0.024 6 0.031 0 0

Elliptoideus sloatianus 27 0.012 6 0.031 1 0.026

Villosa vibex 15 0.0064 9 0.047 0 0

Megalonaias nervosa 7 0.0030 2 0.010 1 0.026

Pyganodon grandis 5 0.0021 4 0.021 0 0

Elliptio arctata 4 0.0017 2 0.010 0 0

Lampsilis straminea 2 0.0009 2 0.010 0 0

Toxolasma spp. 2 0.0009 1 0.005 1 0.026

Utterbackia imbecillis 1 0.0004 1 0.005 0 0

Subtotal 2,332 n ¼ 193 n ¼ 38

Middle Apalachicola reach

Amblema neislerii 3,958 0.35 90 0.882 8 0.129

Glebula rotundata 3,472 0.30 68 0.667 5 0.081

Elliptio pullata 2,829 0.25 75 0.735 4 0.065

Lampsilis floridensis 590 0.052 75 0.735 11 0.177

Cyclonaias infucata 392 0.034 59 0.578 10 0.161

Elliptio crassidens 104 0.009 26 0.255 1 0.016

Villosa vibex 30 0.003 14 0.137 2 0.032

Elliptoideus sloatianus 24 0.002 13 0.127 0 0

Megalonaias nervosa 12 0.001 8 0.078 0 0

Villosa villosa 25 0.002 8 0.078 3 0.048

Elliptio arctata 10 0.001 5 0.049 0 0

Pyganadon grandis 5 0.0004 5 0.049 0 0

Toxolasma spp. 5 0.0004 5 0.049 0 0

Utterbackia imbecillis 4 0.0003 4 0.039 0 0

Utterbackiana heardi 3 0.0003 3 0.029 0 0

Alasmidonta triangulata 1 0.0001 1 0.010 0 0

Elliptio chipolaensis 1 0.0001 1 0.010 0 0

Subtotal 11,465 n ¼ 102 n ¼ 62

Lower Chipola reach

Amblema neislerii 3,591 0.70 57 0.89 1 0.125

Glebula rotundata 435 0.085 50 0.77 2 0.25

Cyclonaias infucata 358 0.070 36 0.56 5 0.625

Elliptio pullata 320 0.063 44 0.69 3 0.375

Elliptio crassidens 265 0.052 30 0.47 5 0.625

Elliptio chipolaensis 64 0.013 18 0.29 0 0

Lampsilis floridensis 49 0.0096 27 0.44 1 0.125

Megalonaias nervosa 18 0.0035 8 0.13 0 0

Alasmidonta triangulata 6 0.0012 4 0.06 0 0

Elliptio arctata 5 0.0010 2 0.03 0 0

Elliptoideus sloatianus 5 0.0010 3 0.05 1 0.125

Pyganodon grandis 2 0.0004 2 0.03 0 0

Villosa vibex 2 0.0004 2 0.03 0 0

Lampsilis straminea 1 0.0002 1 0.02 0 0

Villosa villosa 1 0.0002 1 0.02 0 0

Subtotal 5,122 n ¼ 64 n ¼ 8
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most commonly encountered mussels across the study
area.

Mussel abundance and occurrence varied widely by
reach, and by mesohabitat type within each reach
(Figure 3; Table 4). The upper Apalachicola reach
generally exhibited lower mussel densities, yet mussels
were widely distributed throughout the reach and
commonly occurred within the HB, SBA, POB, IRZ, and
ORZ habitats; 73% of samples obtained within these
habitats contained at least one mussel. By contrast,
mussels were frequently absent (24 of 35 samples
unoccupied) or few in number (4% of total collection)
among samples obtained within the MMS mesohabitat.
Although fat threeridge was the second most abundant
species collected within the upper reach (Table 4), the
longitudinal distribution of this species varied markedly
across the reach (Figure 4). In the upper half of the reach
(RKM 150–170), fat threeridge was rarely encountered;
this species occurred in only 1 of 50 HB samples, 3 of 72
SBA samples, and 0 of 35 MMS samples that we
obtained. A mid reach transitional zone (RKM 135 to
150), containing many MMS habitats and marked by very
low abundance and occurrence of mussels in general,
separated upper and lower regions of the upper
Apalachicola reach. Downstream of this transitional zone,
fat threeridge occurrence was markedly higher (51% of
POB, IRZ, and ORZ samples occupied), yet not nearly as
high as observed among these same mesohabitats
farther downstream (Table 4).

Freshwater mussels were most abundant in the
smooth bedform mesohabitats of the middle Apalachi-
cola and Chipola reaches (Figure 3; Table 4). Mussels
occurred in 94% of the 166 samples obtained from these
habitats, and Fat Threeridge was collected in nearly 90%
of samples obtained from these habitats. The relative
abundance of fat threeridge in the Chipola reach was
exceedingly high relative to that of all other study
reaches (Figure 4; Table 4). In sharp contrast, MC and PB
habitats in the middle Apalachicola reach typically
contained either no mussels (47 of 62 samples) or very

few individuals (138 mussels total, 1.2% of total
collection; Smit and Kaeser 2016).

The lower Apalachicola reach exhibited both lower
mussel density (Figure 3) and lower species diversity
compared with the adjacent Chipola reach (Table 4),
despite the sampled area being similar (Table 2). Mussels
were found in 85% of the samples obtained within
smooth bedform mesohabitats. Fat threeridge was the
second most abundant and second most commonly
occurring mussel in the lower Apalachicola reach.

Distribution and abundance modeling
The most informative models for each study reach

always included mesohabitat as a predictor variable
(Table 5); models without this parameter carried virtually
no weight. Composite models developed for the upper,
middle, and Chipola reaches exhibited very high
discrimination ability with respect to the original data
(AUC values ranged from 0.90 to 0.95; Table 5). The
discrimination ability of the lower reach composite
model was comparatively lower (AUC ¼ 0.72) and
indicative of moderate ability to discriminate between
areas occupied or not occupied by fat threeridge. Overall
accuracy of the four models at predicting fat threeridge
occurrence with respect to the original data ranged from
0.71 (lower reach) to 0.94 (Chipola reach). Similarly,
validation of the four SDMs using independently
collected data indicated that overall predictive accuracy
ranged from 0.70 (lower reach) to 0.89 (upper and
Chipola reaches; Table 6).

The composite model for the upper reach included
variables from all four scales of influence. At the
landscape scale, increasing distance from the river
mouth (i.e., increasing RKM values) was associated with
a decrease in probability of occurrence of fat threeridge
(Table 7). The odds ratio calculated for this parameter
indicated that for every 1-km increase in distance
upstream within this reach, the relative probability of
encountering fat threeridge declined by 12% (Table 7).
Of the two reach scale variables, sinuosity was more

Table 4. Continued.

Species

Total

collected

Proportion

of total

collected

in reach

Relative frequency of occurrence

Among

samples from

suitable habitats

Proportion of

samples

occupied

Among

samples from

unsuitable habitats

Proportion of

samples

occupied

Lower Apalachicola reach

Glebula rotundata 289 0.35 43 0.70 2 0.33

Amblema neislerii 265 0.32 34 0.56 0 0

Elliptio pullata 143 0.17 27 0.44 0 0

Lampsilis floridensis 57 0.069 24 0.39 1 0.16

Elliptio crassidens 32 0.039 13 0.21 0 0

Megalonaias nervosa 22 0.027 8 0.13 0 0

Cyclonaias infucata 13 0.016 10 0.16 0 0

Elliptoideus sloatianus 2 0.0024 2 0.033 0 0

Elliptio arctata 1 0.0012 1 0.016 0 0

Subtotal 824 n ¼ 61 n ¼ 6

Grand total 19,743 Total sample size n ¼ 420 samples Total sample size n ¼ 114 samples
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influential, as evidenced by higher precision and higher

statistical significance attributed to the parameter

estimate. The negative coefficient for this variable

indicated that fat threeridge occurrence was less likely

in more sinuous reaches. At the microhabitat scale,

distance to low water margin was clearly the more

reliable and influential parameter. For every 1-m increase
in distance from the low water margin, the relative
probability of encountering fat threeridge declined by
19%.

In the candidate model set for the middle reach of the
Apalachicola River, two models carried a combined 87%
of the weight of evidence (Table 5). These models
included parameters representing patch, landscape, and
microhabitat scales. The models including the variables
slope and sinuosity were not informative, indicating
these variables did not influence the likelihood of fat
threeridge occurrence in the middle reach. A weak,
negative relationship existed between distance from
river mouth and the presence of fat threeridge; for every
1-km increase in the upstream direction, the relative
probability of encountering the species declined by 2%.
At the microhabitat scale, the presence of fat threeridge
was both strongly and negatively associated with
distance to low water margin; for every 1-m increase in
the distance from the low water margin, the relative
probability of encountering the species declined by 14%.
By contrast, the variable distance to unstable habitat did
not appear to influence the probability of species
presence in the middle reach.

In the Chipola reach, no single candidate model
appeared to stand out in terms of predicting the
occurrence of fat threeridge. Parameter estimates for all
continuous variables were imprecise and exhibited low
statistical significance (Table 7). In this reach occurrence

Figure 3. Boxplot and whisker plots illustrating differences in total mussel density (log10 scale) observed among the mesohabitats
targeted during the 2012–2017 survey of Apalachicola River system in Florida. Surveys encompassed the following four primary
reaches of the river system: upper, middle, and lower Apalachicola and lower Chipola (i.e., Chipola Cutoff and lower Chipola River).
Mesohabitat acronyms are defined as follows: IRZ¼ inner recirculation zone; ORZ¼ outer recirculation zone; SBA¼ smooth bank-
attached; POB¼pool/outer bend; MC¼mid channel, PB¼point bar; HB¼hardbottom; MMS¼man-made structures. Sample results
obtained from the IRZ and ORZ habitats of the lower Apalachicola reach are combined in this figure. The box represents the upper
and lower quartiles, and the line represents the median value for the distribution of values in each data set. The whiskers represent
the smallest (lower) or largest (upper) observations that are outside the upper and lower quartiles, but do not exceed 1.5 times the
interquartile range, and the dots represent outlying observations that exceed 1.5 times the interquartile range.

Figure 4. Longitudinal trends in overall mussel density (white
bars) and fat threeridge Amblema neislerii density (black bars)
summarized within 5-km river segments of the lower Chipola
River (top) and Apalachicola River (bottom) in Florida. Bars
represent mean density values calculated from samples
obtained during the 2012–2017 study within the smooth
bank-attached, hardbottom, inner and outer recirculation
zones, and pool/outer bend mesohabitats of each 5-km river
segment.
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of fat threeridge was best predicted by mesohabitat type

alone. In the lower Apalachicola reach, the most

informative model included the variables mesohabitat

and RKM. A weak positive relationship existed between

distance from the river mouth and presence of fat
threeridge; for every 1-km increase in distance upstream,
the relative probability of encountering fat threeridge
increased by 8%.

Approximately 11% of the entire study area (i.e., 250.5
ha) was predicted to be occupied by fat threeridge,
although the proportion of habitat occupied varied
widely by reach (Table 8). The upper reach exhibited the
lowest proportion of total area occupied (3.3%), whereas
the middle and Chipola reaches had the highest
proportions of occupied habitat (17.1 and 29.8%,
respectively). The distribution of occupied habitat was
between RKM 37 and RKM 138 on the Apalachicola River
and throughout the entire 27-km length of the Chipola
reach, closely matching the farthest downstream (RKM
36) and upstream (RKM147) observations of the species.
Mean density of fat threeridge within occupied areas also
varied among reaches. Mean density was less than one
fat threeridge per square meter in both the upper and
lower reaches of the Apalachicola; mean density was
significantly higher in the middle (3.96/m2) and Chipola
(6.00/m2) reaches of the system. Differences in density
and occupied area produced wide variation in estimated
abundance of the species among the four study reaches.
We estimated the upper and lower Apalachicola reaches
to contain ,400,000 fat threeridge mussels per reach,
whereas the middle Apalachicola and Chipola reaches
contained 4.8 million and 3.5 million mussels, respec-
tively. In total, the results of species distribution
modeling and abundance estimation indicated that the
middle and Chipola reaches of the Apalachicola system

Table 5. Model selection statistics for all models cumulatively carrying .80% of the weight of evidence developed to predict the
occurrence of fat threeridge Amblema neislerii within each of the four study reaches of the Apalachicola River system during the
2012–2017 study. The number of parameters in each model is denoted by K, DQAIC refers to the difference in Akaike’s Information
Criterion value between the most informative model (i.e., DQAIC¼0.00) and subsequent models, and Weight represents the relative
likelihood of one model being in favor over the other models. The area under the curve (AUC) value represents a statistic that
reflects the discriminatory value of the model, with values of 1.0 equal to perfect discrimination among occupied vs. unoccupied
sites. The GLOBAL model included all variables, the Patch component included the mesohabitat class variable, the Landscape
component included river kilometer, the Reach component included both sinuosity and slope variables, and the Micro component
included the variables distance to the low flow river margin and distance to nearest unstable mesohabitat.

Models with .80%

cumulative weight K DQAIC Weight AUC

AUC bootstrap 95%

CI (lower, upper)

Upper 0.90 0.89, 0.92

GLOBAL 11 0.00 0.85

Patch þ Landscape þ Micro 9 4.71 0.08

Middle 0.92 0.89, 0.94

Patch þ Landscape þ Micro 8 0.00 0.53

Patch þ Micro 7 0.88 0.34

Chipola 0.95 0.92, 0.97

Patch þ Micro 5 0.00 0.22

Patch þ Reach þ Micro 7 0.11 0.21

Patch þ Reach 5 0.75 0.11

Patch þ Landscape þ Micro 6 0.97 0.14

Patch þ Landscape 4 1.13 0.13

GLOBAL 8 1.62 0.10

Lower 0.72 0.67, 0.78

Patch þ Landscape 4 0.00 0.55

Patch þ Landscape þ Reach 6 2.55 0.15

Patch þ Landscape þ Slope 5 3.31 0.10

Table 6. Results of model accuracy assessment of each of the
four species distribution models developed during the 2012–
2017 Apalachicola River system study. Field sampling data were
independently collected during the period 2008–2019 by using
both transect-based and fixed radial plot approaches and were
compared to model-based predictions to estimate the overall
predictive accuracy (type I and type II errors) of each model.
The terms ‘‘present’’ and ‘‘absent’’ refer to the status of fat
threeridge Amblema neislerii at a sampled location in the study
system.

Field sampling

Model predictions

Overall accuracyPresent Absent

Upper reach 0.89

Present 6 3

Absent 0 18

Total samples ¼ 27

Middle reach 0.83

Present 43 3

Absent 8 11

Total samples ¼ 65

Lower reach 0.70

Present 7 9

Absent 0 14

Total samples ¼ 30

Chipola reach 0.89

Present 33 2

Absent 3 7

Total samples ¼ 45
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contained 71% of the total occupied habitat in the
system and 94% of the total estimated population of fat
threeridge. Our most conservative estimate (i.e., using
lower 95% confidence limits) indicated that at least 5
million fat threeridge mussels occupied the Apalachicola
River system.

Discussion

Our novel approach to studying freshwater mussels
throughout the Apalachicola River system yielded new
insights into the distribution, abundance, and habitat
associations of the federally endangered fat threeridge.
The first step toward acquiring this knowledge involved
extending the approach of Smit and Kaeser (2016) into
reaches that lacked the characteristic meander-bend

morphology that typified the middle reach and rendered
its five primary mesohabitats. Doing so required an
expansion of the habitat classification scheme and an
investigation of the suitability of added mesohabitats for
freshwater mussels. Within the expanded scheme, we
retained the primary feature used to delineate class
boundaries (i.e., bedform) that separated river margin
habitats covered by fine sediments (e.g., SBA habitats)
from sandy areas of the mid channel (MC habitats).
Mussel sampling confirmed that this simple bedform-
based approach was successful at defining the extent of
fine sediment habitat typically inhabited by mussels
throughout the entire Apalachicola system, further
supporting the relationship identified by Smit and Kaeser
(2016) between smooth, plane bedforms occurring in
sand-bed rivers (Dietrich and Smith 1984; Arcement and
Schneider 1989; Zigler et al. 2008; Garcia et al. 2012) and

Table 7. Parameter estimates and associated standard error (SE), lower and upper 97.5% confidence interval (CI) values, odds ratio
(OR), lower and upper 97.5% confidence interval of the odds ratio, z value (z), p value (p), and importance value (Imp) for each
variable included in the composite model developed to predict occurrence of fat threeridge Amblema neislerii in each of the four
study reaches of the Apalachicola River system during the 2012–2017 study. Variable abbreviations are defined as follows: IRZ ¼
inner recirculation zone; ORZ¼ outer recirculation zone; POB¼ pool/outer bend; SBA¼ smooth/bank-attached; HB¼ hardbottom;
MMS ¼man-made structures; NA¼ not applicable; RKM ¼ river kilometer; PB¼ point bar; MC ¼mid channel.

Reach Variable Estimate SE

97.5 CI

OR

97.5 CI

z p ImpLower Upper OR lower OR upper

Upper IRZ 17.82 4.29 9.35 26.27 4.31 0.00 0.94

ORZ �1.51 1.25 �4.02 0.81 0.22 0.02 2.25 1.20 0.23

POB �1.08 0.90 �2.89 0.59 0.34 0.06 1.81 1.20 0.23

SBA �2.33 1.39 �5.04 0.09 0.10 0.01 1.09 1.67 0.10

HB �2.08 1.53 �5.13 0.72 0.13 0.01 2.06 1.35 0.18

MMS �18.64 1,359.38 �2,781.43 2,741.81 0.00 0.00 NA 0.01 0.99

RKM �0.13 0.03 �0.19 �0.06 0.88 0.83 0.94 3.73 0.00 1.00

Slope 0.32 0.40 �0.45 1.16 1.38 0.64 3.18 0.80 0.42 0.91

Sinuosity �0.76 0.40 �1.52 �0.14 0.47 0.22 0.87 1.86 0.06 0.91

Distance to low water �0.21 0.08 �0.36 �0.07 0.81 0.70 0.93 2.79 0.01 0.99

Distance to unstable habitat �0.01 0.02 �0.05 0.03 0.99 0.95 1.03 0.50 0.62 0.99

Middle IRZ 5.28 2.46 0.43 10.13 2.14 0.03 1.00

ORZ �0.17 0.87 �1.89 1.54 0.84 0.15 4.67 0.20 0.84

POB 1.39 0.89 �0.36 3.14 4.03 0.70 23.17 1.56 0.12

PB �3.43 0.89 �5.18 �1.67 0.03 0.01 0.19 3.83 0.00

MC �3.60 1.30 �6.17 �1.04 0.03 0.00 0.35 2.75 0.01

RKM �0.02 0.03 �0.09 0.01 0.98 0.92 1.01 0.89 0.38 0.60

Slope �0.03 0.15 �0.91 0.51 0.97 0.40 1.67 0.18 0.86 0.13

Sinuosity 0.00 0.13 �0.79 0.68 1.00 0.45 1.97 0.05 0.96 0.13

Distance to low water �0.15 0.04 �0.23 �0.06 0.86 0.80 0.94 3.44 0.00 1.00

Distance to unstable habitat �0.02 0.04 �0.10 0.07 0.98 0.90 1.07 0.38 0.70 1.00

Chipola SBA 3.61 1.52 0.61 6.60 2.36 0.02 1.00

POB �0.09 1.14 �2.34 2.16 0.92 0.10 8.69 0.08 0.94

MC �5.73 1.61 �8.92 �2.55 0.00 0.00 0.08 3.53 0.00

Slope �0.41 0.52 �1.70 0.11 0.67 0.18 1.12 0.79 0.43 0.51

Sinuosity �0.05 0.30 �0.92 0.71 0.95 0.40 2.03 0.17 0.86 0.51

RKM 0.02 0.05 �0.08 0.17 1.02 0.93 1.18 0.41 0.68 0.41

Distance to low water �0.11 0.12 �0.37 0.03 0.89 0.69 1.03 0.98 0.33 0.67

Distance to unstable habitat �0.09 0.10 �0.31 0.06 0.92 0.73 1.06 0.88 0.38 0.67

Lower SBA �1.25 4.80 �10.74 8.24 1.35 0.18 0.98

POB 0.76 0.68 �0.58 2.13 2.14 0.56 8.43 1.09 0.27

MC �17.29 1,661.37 �3,374.74 3,339.41 0.00 0.00 NA 0.01 0.99

RKM 0.07 0.05 �0.01 0.19 1.08 0.99 1.20 1.34 0.18 0.84

Slope 0.09 0.28 �0.56 1.13 1.10 0.57 3.10 0.33 0.74 0.33

Sinuosity �0.15 0.29 �1.14 0.24 0.86 0.32 1.27 0.50 0.62 0.33

Distance to low water 0.00 0.03 �0.14 0.17 1.00 0.87 1.18 0.07 0.95 0.19

Distance to unstable habitat 0.01 0.02 -0.03 0.11 1.01 0.97 1.12 0.34 0.73 0.19
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hydraulic suitability of these habitats for freshwater
mussels (Newton et al. 2008).

Distinguishing suitable hydraulic habitat based upon
bedform texture in the upper reach of the Apalachicola
was challenging, however, because coarse sand, gravel,
and relict shell material (i.e., primarily Corbicula fluminea)
were predominant; these coarse-grained substrates
typically exhibited less distinct bedform texture (Kel-
lerhals and Church 1989) than observed in the MC
habitats downstream. A coarsening of bed substrates in
the upper reach is primarily attributable the effects of
Jim Woodruff Lock and Dam that impedes the down-
stream transport of sediments, leading to channel
incision, widening, and bed scour (Williams and Wolman
1985; Kondolf 1997; Light et al. 2006). Rather than rely
exclusively on bedform, we also used the lateral extent of
submerged wood to discriminate SBA from MC areas.
Thus, the bedform-based approach to identifying mes-
ohabitats suitable for mussels appears to be most
appropriate in alluvial rivers with beds composed of
medium- to fine-grained sand because these substrates
clearly assumed the characteristic ripple and dune
textures that define the unstable habitat of the mid
channel.

The upper reach of the Apalachicola also contained a
variety of hard, consolidated substrates, and because all
were incorporated into a single mesohabitat class (i.e.,
HB), our random sampling approach targeted each type
according to its relative frequency. Most sampling of the
HB class occurred within limestone outcrops exhibiting
cobble- and boulder-sized particles atop bedrock expo-
sures. When encountered, mussels were among pockets
of fine sediments that had accumulated within cracks or
crevices in the bedrock, or among loose rocks (see also
Wisniewski et al. 2013). These microhabitats most likely
serve as cover for host fishes (Freeman and Freeman
1994) and provide flow refugia to mussels inhabiting
these high-velocity environments (Vannote and Minshall
1982). Although we found suitable microhabitats within
the HB class, conditions within the MMS habitats formed
by river training structures did not appear to favor
mussels. Benthic composition suggested that MMS
habitats were either too unstable or too depositional
to support mussels, indicating a negative effect of these
structures on mussel habitat in the upper reach
(Kellerhals and Church 1989). The influence of longitu-

dinal position on the general suitability of MMS habitats
could not be discerned in this study, however, because
MMS habitats are uncommon in the middle and lower
Apalachicola River reaches. On the other hand, smooth
bedform mesohabitats such as SBA and POB were
distributed throughout the study system, providing
insight on landscape-level influences on the suitability
of these mesohabitats.

The high relative abundance and occurrence of
freshwater mussels in smooth bedform mesohabitats of
the middle Apalachicola and Chipola reaches under-
scored the connection between landscape position and
mussel habitat quality in the system. Longitudinal trends
in mussel density are common (Haag 2012) and likely
reflect a prominent environmental gradient associated
with hydrogeomorphology and productivity across large
river systems (Vannote et al. 1980). Increased substrate
stability is likely a major component along this gradient,
as areas of stable substrate have been associated with
the development and persistence of mussel beds in
rivers (Strayer 1999; Morales et al. 2006). Smit and Kaeser
(2016) discussed the relationship between meander
morphology and recirculation zones (IRZ and ORZ) of
the middle Apalachicola reach where fine sediments
accumulate and remain stable during high discharge
events. Although the river channel exhibits a pro-
nounced meandering pattern that emerges in the
vicinity of Blountstown and continues throughout the
middle reach, the Chipola reach lacks this characteristic.
Nevertheless, smooth, plane bedform habitats covered
one-third of the entire channel in the Chipola reach, and
these habitats were replete with mussels. These findings
clearly indicate that meandering channel morphology is
not a requisite to high quality or quantity of mussel
habitat in the Apalachicola system.

The high abundance of fat threeridge in smooth
bedform habitats of the Chipola reach was particularly
noteworthy, leading us to reduce the size of the
sampling plots (by 50%) to maintain sampling efficiency.
With the exception of the Chipola Cut, where stream-
bank erosion linked to residential development was
evident in several locations, we suspect that greater
channel stability (i.e., low rates of lateral migration)
coupled with high woody debris loading contributed to
the high quality and quantity of stable, fine sediment
habitat in the Chipola reach (Abbe and Montgomery

Table 8. Total area of reach mapped (ha), area of reach predicted to be occupied by fat threeridge Amblema neislerii, the percentage
of reach occupied by the species, bootstrapped mean density of fat threeridge, and lower 95% confidence limit (LCL) and upper
95% confidence limit (UCL) calculated from samples (n) obtained within the occupied footprint of the mapped reach, and estimated
population abundance and associated confidence intervals by reach of the Apalachicola River system for the 2012–2017 study.

Reach

Total

mapped

area (ha)

Area

occupied by

fat threeridge

(ha)

% Reach

occupied

Bootstrapped mean

fat threeridge density

(mussels/m2)

n

Total estimated

abundance of fat

threeridge
% Total

populationLCL Mean UCL LCL Mean UCL

Upper 1,110.5 36.1 3.3 0.28 0.97 1.67 61 101,080 350,170 602,870 3.9

Middle 702.0 120.0 17.1 2.40 3.96 5.40 96 2,880,000 4,752,000 6,480,000 53.6

Chipola 192.6 59.0 30.6 4.00 6.00 8.2 59 2,360,000 3,540,000 4,838,000 39.9

Lower 281.2 35.4 12.6 0.36 0.65 0.95 32 127,440 230,100 336,300 2.6

Total 2,286.3 250.5 246 5,468,520 8,872,270 12,257,170 100
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1996; Montgomery et al. 2003). In addition, the Chipola
reach received little to no historic channel maintenance
dredging, a disturbance that was identified as a threat to
mussels in the Apalachicola mainstem (USFWS 2003).
Species distribution modeling predicted that 91% of the
smooth bedform regions of the Chipola channel were
occupied by fat threeridge and indicated that distance to
the low water margin was not a significant predictor of
species occurrence. We interpret these results as
providing additional evidence that substrate stability in
the Chipola reach remains higher at greater distances
from the bank than in the Apalachicola River. We further
hypothesize that fat threeridge may be particularly
sensitive to the availability and stability of fine substrates
(i.e., fine sand/silt/mud) during early phases of its life
history such as larval settlement (French and Ackerman
2014), or juvenile pedal feeding (Yeager et al. 1994).
Although additional research is necessary to better
understand the connections between habitat and fat
threeridge production, the findings of this study offer a
new perspective on the abundance and distribution of
this species in the Apalachicola system—a perspective
that differs considerably from that provided by the status
survey of the early 1990s.

Just a few years after a basin-wide survey yielded only
32 live fat threeridge (Brim Box and Williams 2000),
Richardson and Yokley (1996) revisited a site in the lower
reach of the Apalachicola and collected an additional 6
fat threeridge from 1.5 m2 of sampled area (mean density
¼ 4/m2). This site was located at RKM 35.0 and was
described in the 1998 listing rule as representing the
‘‘best known population of Fat Threeridge’’ (USFWS
1998). In this study, we collected six or more fat
threeridge at more than 130 sampling locations; these
findings are highly consistent with quantitative work
occurring within the most recent 10-y period. In 2007,
the USFWS sampled a total of 130 m2 in the middle
Apalachicola reach and reported a mean density of 3.25
fat threeridge/m2 (USFWS 2012). This work was followed
in 2008 and 2010 by the work of Gangloff (2012), who
used a hydraulic gold dredge (Keene Engineering Inc.,
Los Angeles, CA) to excavate a total of 534 m2 in habitats
existing within 1-m depth of the low water river margin,
and who reported the following fat threeridge densities
by reach: 0.53/m2 (upper), 3.9/m2 (middle), 7.9/m2

(Chipola), and 1.4/m2 (lower; USFWS 2012). In this survey,
we sampled a grand total of 4,791 m2 and derived very
similar density values (0.97/m2 [upper], 3.96/m2 [middle],
6.0/m2 [Chipola], and 0.65/m2 [lower]) used to estimate
the abundance of fat threeridge in occupied habitats.
Our study randomly sampled mussels throughout all
commonly occurring mesohabitats; thus, our results
provide a system-wide estimate of population size within
all occupied patches. These results conclusively demon-
strate that fat threeridge is far more abundant and
widely distributed among mesohabitats than previously
thought (USFWS 2012), including within deep POB
habitats (Smit and Kaeser 2016). Modeling results further
indicated that seven times the amount of habitat was
occupied by fat threeridge than previously considered
along only the river margins (USFWS 2012). Thus, an

improved recognition of the extent and number of
suitable, occupied habitat patches, rather than an
increase in fat threeridge density, ultimately explains
why population size estimates reported in this study are
5–10 times higher than reported in Gangloff (2012).

When logistic regression is used to develop SDMs,
perfect detection of the species is implicitly assumed
(Hegel et al. 2010). In situations where species detect-
ability is low, sampling efforts may fail to detect a species
when it is actually present. In such cases, additional data
are required to account for imperfect detection when
developing SDMs (Guillera-Arroita et al. 2015; Duarte et
al. 2019). These data are often generated by resampling
(i.e., same-day) or repeatedly sampling survey locations
over time (Duarte et al. 2019). Given that we modeled
distribution at the sampling plot scale (i.e., 5–10 m2),
resampling the exact plot locations would have proven
difficult, if not impossible, given the logistics and costs
associated with quantitative, deep-water mussel surveys
(Table 2). Achievement of perfect detection of fat
threeridge during all sampling efforts of this study
seems unlikely, particularly with respect to the age-1
individuals (10–18 mm long; USFWS, unpublished data).
However, because detection of fat threeridge occurred at
approximately 90% of the sampling plots situated in
suitable habitats of the middle Apalachicola and Chipola
River reaches, detection probability for fat threeridge in
this study was likely very high. Although sampling
methods were different, Wisniewski et al. (2013) inde-
pendently estimated a relatively high detection proba-
bility for fat threeridge in the Flint River. We attribute our
use of large sampling plots, and the widespread and
abundant nature of fat threeridge, to the high observed
detection rates in this study. Moreover, we always
conducted sampling in a standardized manner, and
during similar environmental conditions (e.g., flows,
temperatures); thus, we suspect that detection probabil-
ity for fat threeridge was also fairly constant across the
study period. If so, we can expect that our models
reliably provide an estimate of the relative likelihood of
species occurrence across the study area (Guillera-Arroita
et al. 2015). Furthermore, misidentification of fat
threeridge (i.e., both type I and type II errors) was highly
unlikely given its unique shell morphology relative to
others in the assemblage and the expertise of the
surveyors involved in this study (Shea et al. 2011).
Nevertheless, because imperfect detection was not
accounted for in this study, our model-based predictions
of area occupied, and our calculated abundances of fat
threeridge, are likely biased to some extent and should
be considered conservative. We also collected sampling
data used to validate the SDMs without accounting for
imperfect detection; yet, model predictions were highly
congruent with field observations, providing additional
support for the reliability of the SDMs.

Among the assemblage of freshwater unionid mussels
currently inhabiting the Apalachicola River system, fat
threeridge is a dominant species in terms of frequency of
occurrence and overall abundance. This distinction is
shared with gulf spike, a species that has been described
as ‘‘one of the most widespread, and often most

Fat Threeridge in Apalachicola River System A.J. Kaeser et al.

Journal of Fish and Wildlife Management | www.fwspubs.org December 2019 | Volume 10 | Issue 2 | 668



abundant, species along the Gulf Coast’’ (Williams et al.
2008), and with round pearlshell, a species described as
‘‘common at most localities’’ in northwestern Florida
(Williams et al. 2014), ‘‘most abundant in lower reaches
of rivers’’ (Williams et al. 2008), and typically found within
150 km of the coast (Haag 2012). The bell-shaped,
unimodal distribution of fat threeridge in the Apalachi-
cola system mirrors a spatial pattern of abundance
commonly exhibited by species of all clades in response
to environmental gradients (Brown 1984), particularly at
broad scales of observation as provided in this study.
This pattern indicates that the core, or range center of fat
threeridge distribution, where frequency of occurrence
and abundance are maximized, exists in a zone
approximately 45–80 RKM upstream of the Apalachicola
River mouth. Similar to round pearlshell, and in
accordance with ecological theory, both the occurrence
and abundance of fat threeridge declined with increas-
ing distance upstream (and downstream) of its range
center. Longitudinal shifts in dominance among mem-
bers of a mussel assemblage can also indicate shifts
along an environmental gradient (Atkinson et al. 2012;
Haag 2012). Within the ACF Basin, dominance appears to
shift from fat threeridge and round pearlshell in the
Apalachicola and lower Chipola to dominance by
elephant ear Elliptio crassidens in the Flint River and in
the Chipola River above Dead Lakes, whereas the
dominance of gulf spike remains constant (Wisniewski
et al. 2013; A.J. Kaeser, USFWS, unpublished data). Above
a distance .150 RKM upstream of the Apalachicola River
mouth in the ACF system, and upstream of Dead Lakes in
the Chipola River, fat threeridge and round pearlshell are
very rare. Fat threeridge has only been detected within a
discrete, approximately 2-km reach of the Flint River in
the last decade, and round pearlshell has never been
found in this river (Brim Box and Williams 2000;
Wisniewski et al. 2013). Fish host distribution is unlikely
to explain this pattern of distribution: fat threeridge is
considered a fish host generalist, capable of infecting
and transforming on a variety of fish (O’Brien and
Williams 2002; Fritts and Bringolf 2014) that are
commonly found throughout the ACF system (Walsh et
al. 2006). Rather than fish hosts, we suspect that the
dearth of stable, fine sediment mesohabitats in the
upper Apalachicola and lower Flint rivers (Kaeser et al.
2012) and in the Chipola River above Dead Lakes is a
factor contributing to the historical and contemporary
rarity of fat threeridge in areas distant from its range
center.

Although it is difficult to isolate the effects of sampling
approach from changes in river management and
habitat conditions in a manner that scientifically
elucidates long-term trends in mussel populations, this
study indicates that a robust, widely distributed popu-
lation of fat threeridge now exists in the study system,
whereas previous evidence suggested otherwise. An
intriguing and important question arises: If the abun-
dance of fat threeridge has indeed increased since the
early 1990s, why has this occurred? Some insights might
be gleaned by considering mussel life history attributes.
A closely related congener, the threeridge Amblema

plicata, has been described as an equilibrium life history
strategist that inhabits downstream reaches of higher
order rivers, with traits such as long life span, late
maturity, low reproductive effort, heavy shell architec-
ture, and slow movement rates (Atkinson et al. 2012;
Haag 2012; Daniel and Brown 2014). Populations
exhibiting these traits are favored by, and will typically
achieve dominance under, stable environmental condi-
tions (Haag 2012). Haag (2012) also identified A. plicata
as intolerant of channelization or other impacts that
destabilize streambeds. We suspect these attributes, if
also shared by A. neislerii, may help explain the pattern of
distribution and dominance of the species in mesohabi-
tats of the Apalachicola system characterized by stable,
fine sediments. Furthermore, it stands to reason that the
cessation of dredging, dredge spoil disposal, and snag
removal activities in the Apalachicola system nearly 20 y
ago (Mossa et al. 2017) and the management of
minimum discharge levels and river drawdown rates
(USACE 2012; USFWS 2012) have also served to restore a
degree of habitat stability and equilibrium to the system
with expected benefits to freshwater mussels that not
only depend on, but also thrive under such conditions.

Summary
The mapping of mesohabitats was essential to

achieving the goals of this study. Mesohabitat mapping
proved to be a viable technique for characterizing the
primary habitats of the study system, thereby providing
a template by which to conduct a stratified, probabilistic,
and quantitative survey that revealed the habitat
associations and trends in fat threeridge distribution at
multiple scales. The mapping also provided the data
necessary to develop SDMs and estimate system-wide
abundance of the population. The use of low water
imagery to define perennially inundated habitat and the
use of SCUBA for mussel surveys were critical to
successfully defining the extent of habitat occupied by
fat threeridge and its associates in this large system.
Moreover, the use of large sampling plots (i.e., 5–10 m2)
replicated system-wide aided in the detection of fat
threeridge when present at densities less than one
individual per square meter (Green and Young 1993), a
density below the detection threshold of smaller plots
(e.g., 0.25-m2 quadrats; Vaughn et al. 1997). Although we
did not estimate capture probabilities for fat threeridge,
tactile detection was likely a function of shell size
(Meador et al. 2011); thus, the population estimates
and areas of occupancy we report based on count data
should be considered conservative and not representa-
tive of the entire population of fat threeridge in the
Apalachicola system. In other words, fat threeridge is
likely to be distributed over a larger area and is probably
more abundant than we have estimated in this study.
Beyond identifying a large number of viable subpopu-
lations, this research also provided a replicable founda-
tion upon which to monitor the status of fat threeridge
and its habitats; both accomplishments represent
fundamental objectives for achieving recovery of the
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species (USFWS 2003). Considering the need for spatially
explicit information to better manage imperiled popula-
tions of freshwater mussels, we recommend this
approach to those conducting ecological investigations
in navigable sand-bed rivers.
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