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Abstract Historically, suckers (Catostomidae) 
have been largely neglected in conservation efforts. 
Due to pervasive lotic habitat degradation and loss 
throughout North America, sucker habitat knowl-
edge is urgently needed for conservation. The sick-
lefin redhorse (Moxostoma sp.) is an undescribed, 
imperiled sucker, endemic to a small geographic 
range in the southern Appalachian Mountains (USA). 
We described adult sicklefin redhorse seasonal and 
spawning microhabitat suitability, quantified spawn-
ing substrate composition, identified seasonal and 
spawning habitat niches (i.e., macrohabitats), and 
characterized foraging habitat. We combined radio-
telemetry and visual observations of Hiwassee River 
basin adult sicklefin redhorses during March–January 

(2006–2008) to address our objectives. Sicklefin red-
horses occupied seasonal and spawning microhabi-
tats non-randomly, and we developed season- and 
spawning-specific habitat suitability criteria (HSC) 
using a Bayesian approach. Adult sicklefin redhorses 
occupied habitats with swift midchannel currents, 
moderate depths, and coarse substrates supporting 
hornleaf riverweed (Podostemum ceratophyllum). In 
contrast, suitable spawning sites were located in near-
bank shallow depths, slow currents, over intermedi-
ate-sized substrates near cover, but free of riverweed. 
Annually, principal component analyses indicated 
that sheet and run macrohabitats were predominantly 
occupied, while pocket-water riffles near deposi-
tional, edgewater zones provided spawning sites. 
Spawning substrate composition was predominantly 
small cobble (40.9%) and very coarse gravel (21.3%), 
but fines (3.0%) were also prevalent within intersti-
tial spaces. Mean Fredle index was 28.2, indicating 
spawning substrate permeability at half potential. 
Annually, bedrock covered with hornleaf riverweed 
was the dominant foraging substrate. Our adult sick-
lefin redhorse annual, seasonal, and spawning HSCs, 
multivariate habitat niche characterizations, spawn-
ing substrate analyses, and foraging habitat descrip-
tions can guide habitat conservation and restoration 
throughout the species’ geographic range.
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Thomas J. Kwak (8 August 1958–19 November 
2021)—The impact of Tom’s remarkable career 
is immeasurable; only a moment in Tom’s pres-
ence was needed to witness his exceptionality. 
From Tom’s early years as a Master’s student 
working with black and golden redhorses in Illi-
nois, to studying salmonids in Ozark tailwaters 
as an Arkansas Assistant Coop Unit Leader, 
to researching sicklefin redhorse reproductive 
ecology in the southern Appalachian Moun-
tains, to studying native freshwater fishes of 
Puerto Rico as the North Carolina Coop Unit 
Leader, Tom continually exhibited an unrivaled 
desire to quantitatively describe the aquatic nat-
ural world around him. His insatiable desire to 
advance fisheries knowledge was only rivaled 
by his desire to recruit and foster the growth 
of young fisheries professionals. Tom was a 
high-energy, captivating professor and advisor 
that molded generations of fish biologists; Tom 
continually strived to “fill the cup” of those 
around him through advice, praise, encourage-
ment, and camaraderie, especially his students. 
Tom was an extremely accomplished researcher 
and writer having authored 150 + peer-reviewed 
papers, numerous book chapters, and books. He 
was an active member of the American Fisher-
ies Society and most recently served as Presi-
dent of its Southern Division (2020–2021). 
Perhaps Tom’s most endearing and admirable 
quality was his efforts advocating for diver-
sity and inclusiveness in fisheries vocations; 
Tom was always quick to stand up for what 
was good and right. Those fortunate enough to 
work alongside Tom inevitably benefited from 
his fisheries science knowledge and strong ana-
lytical skill set; however, those that were truly 
lucky also acquired his overflowing kindness, 
warming inclusiveness, infectious laughter, and 
love for friends and family.

Robert E. Jenkins (9 February 1940–12 July 
2023)—Bob’s contributions to fisheries science 
throughout his illustrious career are profound. 
From Bob’s early years as a doctoral student at 
Cornell University where he authored an 800+ 
page dissertation on the genus Moxostoma, 
to publishing his definitive work Freshwater 
Fishes of Virginia, to his recognition of the 

sicklefin redhorse as a unique species in 1992 
as a professor at Roanoke College, Bob consist-
ently contributed grandiose contributions to the 
fisheries science community. Bob’s work ethic 
and thoroughness were on another level; Bob 
was often described as embodying the essence 
of “anything worth doing, is worth overdoing.” 
Bob was a professor at Roanoke College (Vir-
ginia) for over four decades where he inspired 
and mentored countless students, many of 
whom went on to have highly successful careers 
as fellow ichthyologists. Bob received numer-
ous accolades during his career, which included 
the 1989 Thomas Jefferson Medal for Outstand-
ing Contributions to Natural Science. Bob’s 
raw enthusiasm and love for the fishes of the 
southern Appalachian Mountains, especially the 
sicklefin redhorse, was palpable and contagious. 
Bob’s energy and exhilaration upon encounter-
ing a sicklefin redhorse was infectious, and to a 
degree, inspired this paper.

Introduction

Despite the remarkable species richness of southeast-
ern US fish communities (Burr and Mayden 1992; 
Warren et  al. 1997, 2000), only a small fraction of 
that fauna has commercial or recreational value; the 
majority are classified as nongame fishes, and many 
are imperiled (Jenkins and Burkhead 1994; Etnier and 
Starnes 1993; Jelks et al. 2008; Lauer and Pyron 2016). 
Nongame fishes typically become imperiled prior to 
receiving management or conservation efforts (Cooke 
et al. 2005). Currently, southeastern US fishes are dis-
proportionately jeopardized compared to those in other 
regions of the country, primarily due to habitat degra-
dation and loss (Wilcove et al. 1998; Jelks et al. 2008). 
Benthic habitats are especially sensitive to degradation, 
and thus, bottom-dwelling stream fishes (e.g., sculpins, 
darters, and suckers) exhibit disproportionately high 
levels of imperilment (Berkman and Rabeni 1987; 
Angermeier 1995; Warren et  al. 1997, 2000; Suther-
land et  al. 2002). Moreover, isolated endemics are 
highly susceptible to extirpation due to habitat degra-
dation and loss (Angermeier 1995; Warren et al. 2000).

Most suckers (Catostomidae) are classified as non-
game species, benthic specialists, and isolated endemics 
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(Robison and Buchanan 1988; Jenkins and Burkhead 
1994; Rohde et al. 1994; Etnier and Starnes 1993). The 
fish fauna of the southeastern USA includes 44 recog-
nized catostomids, of which 17 species are of the genus 
Moxostoma (redhorses; Warren et al. 2000; Cooke et al. 
2005). Redhorses face numerous threats associated with 
anthropogenic activities, such as environmental con-
taminants, nonindigenous species, migration barriers, 
water diversion, eutrophication, exploitation, hydro-
power, and perhaps most prominently, habitat degrada-
tion and loss (Cooke et al. 2005).

A few redhorse species have recently been either 
rediscovered after being considered extinct (e.g., 
robust redhorse [Moxostoma robustum]) or remain 
undescribed (e.g., Carolina redhorse [Moxostoma sp.] 
and sicklefin redhorse [Moxostoma sp.]; Cooke et al. 
2005). The sicklefin redhorse became known to sci-
ence in 1992, but has long provided cultural value 
(Jenkins 1999; Altman 2006; USFWS 2015). Histori-
cally, sicklefin redhorses likely inhabited the major-
ity of large streams and rivers in the Hiwassee and 
Little Tennessee river basins of the upper Tennessee 
River drainage (Ohio River Basin) in western North 
Carolina, eastern Tennessee, and northern Georgia, 
but currently inhabit less than 20% of that presumed 
historic distribution (Jenkins 1999; Favrot and Kwak 
2018). Thus, the sicklefin redhorse is protected with 
state protective listings (GA and NC), a candidate for 
listing under the Endangered Species Act of 1973, 
and covered by a Candidate Conservation Agreement 
(GADNR 2015; NCWRC 2015; USFWS 2015, 2016).

The sicklefin redhorse is a potamodromous fish spe-
cies (i.e., lifetime freshwater residency and migration: 
Favrot and Kwak 2018). For sicklefin redhorses, dimin-
ished geographic distribution is predominantly associ-
ated with habitat degradation and loss (Jenkins 1999; 
Warren et al. 2000; Cooke et al. 2005). During the late 
1800s and early 1900s, prevalent agriculture, livestock 
grazing, and mining resulted in widespread sedimenta-
tion throughout western North Carolina and northern 
Georgia (Messer 1965; Jenkins 1999). Furthermore, 
extensive dam construction occurred within the Hiwas-
see and Little Tennessee systems between 1911 and 
1957 (Etnier and Starnes 1993). To guide sicklefin red-
horse management, conservation, and restoration in the 
Hiwassee and Little Tennessee river basins, knowledge 
of sicklefin redhorse habitat relationships are needed.

Knowledge of quantitative fish–habitat relations 
is crucial to effectively implement conservation, 

management, and restoration strategies (Bovee 1986; 
Rosenfeld 2003). Habitat suitability criteria (HSC) 
translate structural and hydraulic characteristics of 
aquatic environments into indices of habitat quality 
(Bovee 1982; Thomas and Bovee 1993). In addition, 
HSCs are a species’ “characteristic behavioral traits,” 
which are established as standards to guide deci-
sion-making processes (Bovee 1986). Overwhelm-
ingly, HSCs have been established for salmonids and 
incorporated into instream flow analyses (Degraaf 
and Bain 1986; Waite and Barnhart 1992; Beecher 
et  al.  2002); however, recently, HSCs have been 
developed for nongame species to guide management 
of flow-regulated systems (Hewitt et al. 2009; High-
tower et al. 2012; Fisk et al. 2014, 2015). Following 
historic habitat restoration challenges, ranging from 
restoration tactics exacerbating habitat degradation to 
displacing native biota (Fuller and Lind 1991; Fris-
sell and Nawa 1992; Bernhardt et  al. 2005), formal 
aquatic habitat restoration frameworks have been rec-
ommended (Hobbs and Norton 1996; Ebersole et al. 
1997). A key aspect associated with these concep-
tual habitat restoration frameworks is that species- 
and season-specific critical habitat knowledge (e.g., 
HSCs) is an instrumental tool to achieve meaningful 
habitat protection and restoration.

Some fish taxa have approached extinction before 
they were even discovered or described, and their life 
history information and critical habitat knowledge 
are usually lacking (Warren et  al. 2000). Under such 
circumstances, managing habitat may default to edu-
cated guesswork, which may fail and result in negative 
unforeseen consequences, or a “conserve-everything” 
approach is implemented, which can yield societal con-
sequences that are difficult to justify (Rosenfeld 2003). 
Similarly, mostly anecdotal habitat use and foraging 
data exist for adult sicklefin redhorses (Jenkins 1999), 
while quantitative seasonal and spawning microhabitat 
HSCs and foraging microhabitats are lacking for adult 
sicklefin redhorses. Furthermore, hornleaf riverweed 
(Podostemum ceratophyllum, henceforth referred to 
as riverweed) is a foundation species (i.e., most influ-
ential species in an ecosystem), vitally important to 
the food web of co-occurring benthic macroinverte-
brates and fish (Grubaugh et al. 1997; Hutchens et al. 
2004; Argentina et al. 2010; Wood and Freeman 2017); 
however, knowledge of any interspecies relationships 
between the sicklefin redhorse and riverweed are lack-
ing. Thus, sicklefin redhorse seasonal and spawning 
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HSCs, foraging microhabitats, and riverweed relation-
ship knowledge may be critical toward developing 
future conservation, management, and restoration initia-
tives throughout the species’ geographic range. Toward 
filling these knowledge gaps, our objectives were to (1) 
characterize Hiwassee River basin adult sicklefin red-
horse annual, seasonal, and spawning microhabitat use 
and availability, (2) quantitatively characterize spawn-
ing substrate composition, and (3) identify seasonal for-
aging substrates and riverweed relationships.

Methods

Study area

The upper Hiwassee River basin of the southern 
Blue Ridge Province in the southern Appalachian 

Mountains of western North Carolina and northern 
Georgia supports one of only two known sicklefin 
redhorse populations (Fig. 1). Hiwassee River, in the 
upper Tennessee River drainage, is a highly regulated 
system that originates on the northwestern slopes of 
the Blue Ridge Mountains in northern Georgia. The 
majority of Hiwassee River’s substratum is com-
posed of rugose bedrock runs and sheets (i.e., shallow 
water flowing over smooth bedrock). Valley River, an 
unregulated spawning stream, is a moderate-gradient 
tributary of the upper Hiwassee River (Fig. 1).

Valley River has a maximum headwater eleva-
tion of 1,339  m and drains 303  km2. Valley River’s 
watershed is composed primarily of deciduous forest, 
while the lower floodplain is largely devoted to agri-
culture. At the Valley River and Hiwassee River con-
fluence, Hiwassee River drains 1092  km2, is 79  km 
long, and has a maximum headwater elevation of 
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Fig. 1  Map of the upper Hiwassee River basin with the study area bounded downstream by Hiwassee Dam and upstream by Mission 
and Nottely dams
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1422 m. Valley River converges with Hiwassee River 
47  km from its origin in the Snowbird Mountains, 
and Valley River’s mouth is periodically inundated by 
Hiwassee Lake (Fig. 1). In addition to Valley River, 
Hiwassee Lake and Hiwassee River receive numer-
ous additional sicklefin redhorse spawning tributaries 
including Brasstown Creek, Hanging Dog Creek, and 
Nottely River (Fig. 1; Favrot 2009; Favrot and Kwak 
2018).

Radiotelemetry

During March–April 2006 and 2007, 34 adult sickle-
fin redhorses, from lower Valley and Hiwassee rivers 
(i.e., prespawn staging areas; Favrot and Kwak 2018), 
were implanted with Advanced Telemetry Systems 
radio transmitters (48–49  MHz, Model F1820) pro-
grammed with a 12 h/d duty cycle. Adult fish to be 
tagged were captured by boat electrofishing, using a 
Smith-Root 2.5 GPP electrofishing unit with pulsed-
DC current (60 Hz) at 3.0–5.0 A. Following capture, 
total length (TL, mm), weight (g), and water tem-
perature (°C) were measured. Determination of sex 
was accomplished by gamete expression and tubercle 
development. Fish maturity was established using cri-
teria found in Jenkins (1999).

Adult sicklefin redhorse weighing greater than 
425  g were selected for tag implantation to ensure 
radio transmitters weighed less than 2% of the fish’s 
total body weight (Table 1; Winter 1996). Implanted 
radio transmitters exhibited a mean weight of 8.19 g 
(SE 0.05) in air. All radio transmitters operated 
between 48.0 and 49.0 MHz and emitted a signal at 
a rate of 34 pulses per minute, guaranteeing a bat-
tery life of 287 days and an expected battery life of 
575 days.

Sicklefin redhorse transmitter implantation sur-
geries were conducted on the stream bank promptly 
following capture. Immediately following capture, 
adult sicklefin redhorse were individually placed in 
an aerated 40 L container containing a 35–40  mg/L 
Benzocaine solution until a loss of equilibrium and 
reduced opercular rate was achieved. Following 
sicklefin redhorse displaying symptoms of stage 4 
anesthesia (mean 4.5 min, SE 0.17; Summerfelt and 
Smith 1990), anesthetized adults were moved to a 4 
L container to continuously expose each fish’s gills 
to freshwater during surgery. A transmitter sterilized 
with a cold sterilant (Cidex, Johnson & Johnson 

Company, USA) was inserted intraperitoneally 
through a 1.5 cm incision anterior to the pelvic girdle 
and offset 1.5  cm left of ventral midline. Transmit-
ters with a trailing antenna were employed to maxi-
mize field range. The trailing antenna was coiled up 
and inserted into the body cavity to minimize mortal-
ity as external wire antennas may be associated with 
mortality and infection of tissues around the exit of 
the antenna (Matheney and Rabeni 1995). The tip 
of each trailing antenna included a 3-mm Scotchcast 
resin bead to prevent peritoneal irritation. All inci-
sions were closed with three interrupted sutures that 
were made using sterile, non-absorbable, monofila-
ment suture material (Monosof 3–0) with a 24-mm, 
3/8 circle reverse cutting needle (Wagner and Cooke 
2005). Mean total surgery time for all radio-tagged 
sicklefin redhorse was 7.9  min (SE 0.35). Once the 
incision was closed, fish were placed into an aerated, 
covered tank and monitored until normal equilibrium 
and opercular rate were regained (mean 2.6 min, SE 
0.27). Following initial recovery, implanted fish were 
transferred to a 2.12-m3 coated wire mesh instream 
cage to ensure immediate post-surgery survival prior 
to release (mean 3.2 h, SE 0.16).

Seasonal microhabitat use and availability

Following a 14-day post-release recovery period 
(Stasko and Pincock 1977), radio-tagged fish 
were tracked weekly during spring and summer 
(April–June) to identify and characterize diurnal criti-
cal spawning and foraging habitats, respectively. In 
addition, to document fall and winter diurnal critical 
habitats, additional tracking occurred during October 
2006 and January 2007–2008, respectively. During 
the study period, Brasstown Creek (23.8 km), Hang-
ing Dog Creek (14.4 km), Hiwassee Lake, Hiwassee 
River (17.1  km), Nottely River (24.0  km), and Val-
ley River (32.2 km) were tracked weekly to bi-weekly 
(Fig. 1). In addition, 18 Hiwassee River basin tribu-
taries were opportunistically tracked by foot during 
the study period (Favrot 2009).

To identify and characterize adult sicklefin red-
horse seasonal microhabitat use and suitability, fish 
were relocated using an ATS Model R2100 receiver 
and loop antenna assembly from a two-person canoe. 
Radio-tagged fish locations were identified using tri-
angulation techniques (Cooke et  al. 2012). Tracking 
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Table 1  Summarized adult sicklefin redhorse microhabitat 
use and availability for occupied Hiwassee River basin streams 
during 2006 and 2007. Substrate abbreviations are CL (clay), 

SI (silt), SA (sand), FG (fine gravel), MG (medium gravel), CG 
(coarse gravel), VCG (very coarse gravel), SC (small cobble), 
SB (small boulder), and BR (bedrock)

Reproductive behavior Period

Variable and statistic Courting Spawning Spawning Postspawning Winter Available

Total depth (m)
  N 17 43 353 260 20 1,815
  Mean 0.34 0.28 0.53 0.45 0.75 0.37
  SE 0.02 0.01 0.01 0.01 0.07 0.01
  Range 0.18–0.46 0.15–0.46 0.09–1.88 0.08–1.66 0.40–1.50 0.00–2.00

Bottom velocity (m/s)
  N 17 43 353 260 20 1,815
  Mean 0.16 0.20 0.17 0.14 0.21 0.10
  SE 0.04 0.02 0.01 0.01 0.03 0.00
  Range 0.00–0.42 0.02–0.55 0.00–0.75 0.00–0.90 0.03–0.58 0.00–1.23

Mean velocity (m/s)
  N 17 43 353 260 20 1,815
  Mean 0.42 0.51 0.44 0.42 0.51 0.22
  SE 0.06 0.02 0.01 0.01 0.05 0.01
  Range 0.03–0.84 0.16–0.90 0.00–1.50 0.00–1.46 0.16–1.02 0.00–1.50

Dominant substrate
  N 17 43 357 266 20 1,815
  Mode SC SC BR BR BR BR
  SE 0.41 0.13 0.16 0.11 0.73 0.10
  Range FG–SB MG–SB SI–BR SA–BR SA–BR CL–BR

Subdominant substrate
  N 17 43 357 266 20 1,815
  Mode VCG VCG BR BR BR SA
  SE 0.40 0.15 0.19 0.21 0.85 0.09
  Range SA–SB CG–SB SI–BR SI–BR SI–BR CL–BR

Cover
  N 17 43 356 260 20 1,815
  Mode Boulder Boulder Boulder No cover No cover No cover

Distance from cover (m)
  N 14 40 136 83 2 969
  Mean 0.84 0.36 1.15 0.99 0.75 1.02
  SE 0.19 0.07 0.05 0.07 0.25 0.02
  Range 0.10–2.00 0.10–2.00 0.10–2.00 0.01–2.00 0.50–1.00 0.10–2.00

Distance from bank (m)
  N 17 43 347 260 20 1,815
  Mean 4.00 2.85 7.50 13.53 21.15 13.43
  SE 0.44 0.24 0.38 0.48 3.41 0.30
  Range 1.00–6.00 0.75–8.00 0.50–45.00 1.00–30.00 4.00–60.00 0.00–83.00

Riverweed
  N 17 43 357 269 20 1,815
  Present (%) 0 0 55 92 55 29
  SE 0.03 0.02 0.11 0.01
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via a canoe permitted trackers to closely approach 
(5–10  m) radio-tagged sicklefin redhorse prior to 
triangulating each fish’s occupied location. Triangu-
lation accuracy is higher when the distance between 
the transmitter and receiver is small (Simpkins and 
Hubert 1998), and triangulation techniques can pro-
duce accuracies ranging from 0.5 to 1.0  m2 (David 
and Closs 2001, 2003). Caution was practiced during 
triangulation efforts not to disturb adult sicklefin red-
horse and introduce fright bias (Cooke et  al. 2012). 
During canoe tracking sessions, in addition to tri-
angulated fish, microhabitat use data were collected 
from co-occurring undisturbed non-tagged conspe-
cifics to minimize individual fish-level dependence. 
Co-occurring conspecifics were identified based on 
coloration and morphological features described in 
Jenkins (1999) as well as pre-study personalized Mox-
ostoma identification training sessions with Dr. Rob-
ert E. Jenkins, the ichthyologist that recognized the 
sicklefin redhorse as a unique Moxostoma species in 
1992 (Favrot and Kwak 2018). At each fish location 
(Favrot and Kwak 2018), microhabitat use variables 
were measured and included total depth (m), bottom 
velocity (m/s), mean column velocity (m/s), dominant 
substrate, subdominant substrate, cover type, distance 
from cover (m), distance from bank (m), and occur-
rence of riverweed (present or absent).

Microhabitat availability data were collected from 
occupied reaches (mean = 2.6 sites per stream) of 
Hiwassee River, Nottely River, Valley River, Hang-
ing Dog Creek, and Brasstown Creek during base 
flow conditions using line-transect surveys (McMa-
hon et  al. 1996; Stanfield and Jones 1998; Fav-
rot 2009). Transects were spaced two mean stream 
widths apart (mean = 49.8  m; range = 14–150  m), 
and microhabitat variables were measured at evenly-
spaced points across each transect (mean = 2.2  m; 
range = 0.7–5.0 m; Simonson et al. 1994). A total of 
142 transects were surveyed and 1,815 survey points 
were assessed. A total of 7.6 km (6.8%) of the 112 km 
regularly radio-tracked were surveyed. Morphological 
stream characteristics obtained during microhabitat 
availability surveys included bank angle (°), under-
cut bank distance (m), and 30-m riparian land use (% 
agriculture, developed, or forested; McMahon et  al. 
1996; Bain and Stevenson 1999).

At microhabitat use and availability locations, 
a top-set wading rod was used to measure depth to 
the nearest centimeter. A Marsh-McBirney digital 

flow meter (Model 2000) was used to measure bot-
tom and mean column velocity (m/s). Mean column 
velocity was measured at depths 60% from the sur-
face when total depth was ≤ 0.75 m; however, if total 
depth exceeded 0.75 m, velocities were measured at 
depths 20% and 80% from the surface and averaged 
(McMahon et al. 1996). Dominant substrate was visu-
ally determined using a modified Wentworth particle 
size classification (Bovee 1986).

Visual estimates of surface substrates may be sub-
ject to observer bias (Platts et al. 1983). Thus, follow-
ing microhabitat variable measurements at visually 
confirmed spawning sites (i.e., quivering observed), 
31 substrate samples were collected to describe 
spawning substrates from Valley River (N = 28), 
Brasstown Creek (N = 2), and Hanging Dog Creek 
(N = 1). All substrate samples were collected from 
the exact location spawning occurred (i.e., pit). The 
majority (N = 22) of substrate samples were collected 
immediately following spawning (i.e., quivering), 
while the remainder (N = 9) were collected within 
24  h. Sample depths were 10  cm, as depth of egg 
deposition by the river redhorse (Moxostoma cari-
natum, sister species to the sicklefin redhorse; Harris 
et al. 2002) is < 10 cm (Byron J. Freeman, University 
of Georgia, unpublished data). Due to high substrate 
coarseness, a round-point shovel was used to collect 
each sample (Young et al. 1991). Following decanta-
tion, all samples were visually inspected for eggs to 
determine presence or absence.

In the lab, substrate samples were oven dried at 
60 °C for 24 h. Following hand-measuring the inter-
mediate axis (b-axis, nearest 1.0  mm), cobble and 
very coarse gravel components were weighed sepa-
rately (nearest 0.01 g). The remaining portion of each 
sample was sorted through five Tyler USA standard 
testing sieves (mesh sizes: 31.5, 16.0, 9.5, 2.0, and 
0.074  mm) placed in geometric progression on a 
mechanical shaker (Tyler Ro-Tap Sieve Shaker) for 
10 min. Sorted sieve contents were then weighed sep-
arately (nearest 0.01 g). Next, fine substrate particles 
(fines < 2.0 mm) were transferred to a muffle furnace 
and heated to 420 °C for 2  h (i.e., ashed). Finally, 
ashed samples were removed and weighed (nearest 
0.01 g) to determine organic fines (%).

At each fish location, nearest dominant cover type 
within 2  m was visually determined and categorized 
as no cover, large wood (LW), small wood (SW), root 
wad, emersed aquatic vegetation (EAV), submersed 
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aquatic vegetation (SAV), terrestrial vegetation, under-
cut bank, and boulder. Similarly, presence or absence 
of riverweed was determined for each fish location 
and was considered present if it occurred ≤ 2 m from 
the fish location, but not considered physical cover 
due to its substrate-conforming nature.

Foraging and spawning habitat use

Foraging behavior occurrence (presence/absence) and 
microhabitat use (see above for details) were docu-
mented for visually observed sicklefin redhorses. For-
aging behavior was confirmed if gulping or “sucking” 
behavior was observed (Jenkins 1999).

During the spawning season, observers used radio-
tagged sicklefin redhorses as sentinels, polarized 
glasses, and binoculars to locate sicklefin redhorse 
exhibiting reproductive behaviors. Upon observation 
of reproductive behaviors, observers differentiated 
courting and spawning behaviors (Jenkins 1999; Favrot 
and Kwak 2018). For courting and spawning observa-
tions, effort was made to identify a spawning site via 
direct visual spawning observation (i.e., quivering) 
or inferred from evidence of spawning (e.g., silt-free 
depression). Spawning sites were categorized as “quiv-
ering” if spawning was observed and “courting” if not. 
At each spawning site, microhabitat measurements 
were collected from the center (pit) of the oviposition 
site and immediately upstream (flat; Jenkins 1999).

Statistical analyses

Based on sicklefin redhorse seasonal movement pat-
terns, tubercle development, and maturation stage 
results from associated studies (Favrot and Kwak 
2018), we stratified microhabitat use into three dis-
crete functional periods (i.e., seasons) for analyses. 
Spawning season ranged from March 1 to May 31; 
postspawning season was June 1 to November 15; and 
the winter season spanned November 16 to February 
29.

Microhabitat availability and use

Among occupied streams, morphology and riparian 
land use data were compared using the Kruskal–Wal-
lis nonparametric ANOVA with a post hoc Dunn’s 
test for multiple comparisons (Zar 1996; Furlong 
et al. 2000). Sicklefin redhorse microhabitat use data 

were stratified by reproductive behavior (courting and 
spawning) and season (spawning, postspawning, and 
winter). Annual, seasonal, and spawning microhabi-
tat use data were compared to spatially correspond-
ing availability data. We applied Bayesian statistical 
methods to construct annual-, season-, and spawn-
ing-specific microhabitat suitability models using 
resource selection functions (RSF; Thomas et  al. 
2004; Johnson et  al. 2006; Hightower et  al. 2012). 
Adult sicklefin redhorses exhibit spawning and post-
spawning site fidelity (Favrot and Kwak 2018); thus, 
among streams and between years, microhabitat use 
data (i.e., radiotelemetry and observational) were 
pooled and compared with spatially analogous micro-
habitat availability data to generate type III univariate 
HSCs (Bovee 1986; Newcomb et al. 2007). Pooling of 
multi-technique and multi-year microhabitat use data 
can be statistically problematic as this approach does 
not account for possible fish- and year-level depend-
ence; however, we justified pooling microhabitat 
use data because traditional HSC-type analyses will 
enable comparisons with previous catostomid HSC 
studies (Twomey et al. 1984; Kwak and Skelly 1992; 
Kwak et al. 1992; Bunt et al. 2013; Fisk et al. 2015; 
Nemec et  al. 2021). Seasonal microhabitat use was 
modeled with a multinomial distribution, following 
the approach developed by Thomas et al. (2004). We 
used Sturges (1926) equation to establish bin widths 
for continuous variables (Newcomb et al. 2007), with 
the exception of distance from cover, as our methods 
dictated a maximum distance of 2  m. Values at the 
high end of the suitability spectrum were grouped to 
increase sample sizes and decrease bin quantity (Har-
ris and Hightower 2011). Similarly, cover types EAV 
and SAV were grouped due to low sample sizes.

Microhabitat suitability values range from 0 to 
1, with 0 and 1 representing unsuitable and opti-
mal microhabitat, respectively (Waters 1976; Bovee 
1986). To convert our probability estimates to suit-
ability estimates, we rescaled our relative use prob-
abilities to a maximum value of 1 (Harris and High-
tower 2011; Hightower et al. 2012). Bayesian statistics 
combine prior information with new data to generate 
refined estimates (McCarthy 2007); however, because 
no informative data exist, we used uninformative 
prior distributions to generate HSCs based entirely 
on our data. We employed a 95% credible interval 
(CI) to characterize uncertainty associated with each 
HSC. For each variable, we estimated a Bayesian P 
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value (i.e., probability of no preference) by comparing 
observed and simulated data sets produced under the 
null hypothesis of no preference (Thomas et al. 2004; 
Hightower et  al. 2012). Markov chain Monte Carlo 
methods were used to sample posterior distributions, 
including three mixing chains with ≤ 400,000 iterations 
each, and a ≤ 200,000-iteration burn-in period with no 
thinning. The r̂ statistic was calculated to assess model 
convergence (Gelman and Hill 2007). All Bayesian 
statistical analyses were performed using OpenBUGS 
open-source software (Spiegelhalter et al. 2010), which 
was integrated into program RStudio using package 
R2OpenBUGS (Sturtz et al. 2005; R Core Team 2015).

Continuous microhabitat use variables from quiv-
ering and courting spawning sites were compared 
using the Mann–Whitney rank-sum test. Due to sam-
ple size limitations, a 2 × 3 Freeman–Halton exten-
sion of Fisher’s exact test was used to compare cat-
egorical variables. Riverweed occurrence was not 
compared due to complete absence at spawning sites.

Microhabitat variables depth, bottom velocity, 
mean column velocity, and dominant substrate were 
compared between pit and flat locations using the Stu-
dent’s t test to ascertain if selected spawning micro-
habitats (i.e., pit) varied from theoretically undisturbed 
pre-spawning microhabitats (i.e., flat). Microhabitat 
variables distance from bank, cover type, and distance 
from cover were not compared because these variable 
measurements were identical between locations.

Continuous microhabitat variables were analyzed 
with a principal component analysis (PCA) to produce 
a visual representation of occupied habitat niches. Due 
to spatiotemporal differences in microhabitat use, sea-
sonal and spawning PCAs were performed separately. 
Principal component analysis enables the cumulative 
interaction among several microhabitat variables to be 
examined and prioritized (Kwak and Peterson 2007). 
Principal components (PCs) with eigenvalues greater 
than 1.0 were retained (Kaiser 1960; Stevens 1996; 
Kwak and Peterson 2007). Habitat availability scoring 
coefficients were used to calculate microhabitat use 
PC scores. All PCs were broadly described based on a 
macrohabitat classification system (Arend 1999).

Spawning substrate composition

We described sicklefin redhorse spawning substrate 
composition by examining percent fines (< 2.0  mm) 

and measures of central tendency (Chapman 1988; 
Young et  al. 1991; Magee et  al. 1996). Spawning 
particle size distribution was characterized by calcu-
lating the geometric mean diameter (Dg; Shirazi and 
Seim 1981) and median diameter (D50). Spawning 
substrate relative quality was determined by calculat-
ing the Fredle index (Fi; Young et al. 1991). Bounds 
of central tendency (i.e., spread) were determined by 
plotting particle size diameter for each particle size 
class against cumulative percent mass on a log-prob-
ability graph. For each cumulative plot, D25 and D75 
were calculated and defined as the substrate diameters 
below which 25% and 75% reside, respectively.

Foraging substrate and riverweed

To determine seasonal dominant foraging substrate, 
spawning and nonspawning period (i.e., postspawning 
season and winter) foraging behavior was examined. 
Foraging acts were distributed among bins accord-
ing to foraging substrate particle size (e.g., clay, silt, 
sand, gravel, cobble, boulder, bedrock). A K-S test 
was performed on spawning period and nonspawning 
period foraging substrate use to assess if a seasonal 
shift occurred in dominant foraging substrates. To 
ascertain if sicklefin redhorse dominant substrate use 
was influenced by the presence of riverweed, exclud-
ing brief occupancy of spawning sites, a likelihood-
ratio chi-square test was performed comparing annual 
dominant substrate use to availability based on the 
presence or absence of riverweed. Statistical software 
packages SAS/STAT 9.1 (SAS Institute Inc. 2003) 
and SigmaPlot version 12.5 (SYSTAT Software 2008) 
were used to conduct all non-Bayesian statistical 
analyses. A significance level (α) of 0.05 was applied 
for all statistical tests.

Results

Radiotelemetry

In 2006 and 2007, 34 adult sicklefin redhorses were 
radio-tagged from Valley and Hiwassee rivers. In 
2006, water temperatures were 14.0–15.0 °C dur-
ing surgery and 10.0 °C in 2007. In total, males 
(N = 18) had a mean TL of 487 mm (SE, range; 7.8, 
434–553  mm) and a mean weight of 1032  g (SE, 
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range; 50.3, 768–1588  g). Females (N = 16) had a 
mean TL of 513 mm (SE, range; 6.5, 472–560 mm) 
and a mean weight of 1244  g (SE, range; 37.6, 
993–1564  g). In aggregate, mean tag burden was 
0.7% (SE = 0.03%). In 2006, one male fish expressed 
milt, while no females were ripe. No fish expressed 
gametes during 2007. Of the 34 tagged fish, 7 
(20.6%) mortalities or tag expulsions occurred during 
the study period. Tracking necessitated 7920 person-
hours, spanned 3086 river-km, yielded 692 total fish 
locations, and 16.9 relocations per radio-tagged fish. 
All radio-tagged fish were accounted for during this 
study.

Stream morphology

Stream morphology characteristics revealed sig-
nificant differences among occupied rivers 
(Kruskal–Wallis test: H ≥ 14.97, df = 4, P ≤ 0.005), 
with the exception of undercut bank distance 
(Kruskal–Wallis test: H = 7.46, df = 4, P = 0.113). 
Spawning tributaries had median stream widths rang-
ing from 12.3  m (Hanging Dog Creek) to 25.0  m 
(Nottely River), while Hiwassee River was consider-
ably wider at 45.9  m. All streams were entrenched 
with median bank angles ranging from 97.5° (Not-
tely River) to 140.0° (Hanging Dog Creek). Undercut 
bank distances revealed minimal lateral bank erosion 
at base flow levels with a median undercut bank dis-
tance of 0 m for all streams.

Riparian land uses were significantly different 
(Kruskal–Wallis test: H ≥ 21.74, df = 4, P < 0.001) 
among occupied streams and rivers. On average, 
42.5% of Valley River’s riparian zone was devoted 
to agriculture, while 40.3% was forested. The pro-
portion of Valley River’s riparian zone in agriculture 
was significantly greater compared to those of Brass-
town Creek and Nottely River (Dunn’s test: Q ≥ 2.82, 
P < 0.05). Brasstown Creek and Hiwassee River 
exhibited a significantly greater degree of developed 
riparian zone compared to other streams (Dunn’s test: 
Q ≥ 3.06, P < 0.05). Brasstown Creek’s riparian zone 
was 38.6% developed and 51.7% forested. Hanging 
Dog Creek’s riparian zone was 69.0% forested, while 
20.8% was in agriculture. Nottely River’s riparian 
zone was predominantly forested (94.5%) and sig-
nificantly more so compared to other streams (Dunn’s 
test: Q ≥ 2.87, P < 0.05). Agriculture, developed, and 

forested land cover each constituted a third of Hiwas-
see River’s riparian zone.

Spawning and seasonal microhabitat use and 
availability

For all variables, microhabitat use was not sig-
nificantly different between quivering and court-
ing spawning sites (Mann–Whitney test: U ≥ 128.5; 
N1 = 12, N2 = 31; P ≥ 0.119; Fisher–Freeman–Halton 
test: P = 0.1952), with the exception of total depth 
and distance from cover (U ≤ 107.0; N1 ≥ 10, N2 ≥ 30; 
P ≤ 0.033). Pit and flat spawning microhabitats were 
not significantly different (Student’s t-test: t ≤ 1.86, 
df = 84, P ≥ 0.0662) for depth, bottom velocity, mean 
column velocity, and dominant substrate. Thus, quiv-
ering and courting spawning sites were pooled for 
analyses (N = 43), and pit microhabitat use data were 
used to characterize all spawning sites.

Seasonally, occupied mean total depths were 
deeper than those available; however, spawning sites 
exhibited an opposite relationship (Table 1). Season-
ally and at spawning sites, mean occupied veloci-
ties were swifter than those available (Table 1). Sea-
sonally, modal occupied and available dominant 
substrates were bedrock, while the spawning site 
dominant substrate mode was small cobble (Table 1). 
Annually, adult sicklefin redhorses occupied locations 
lacking cover, except during the spawning season and 
at spawning sites (Table 1). Of 43 spawning sites, 34 
(79%) were associated with boulders, 6 (14%) were 
associated with LW, and three (7%) lacked cover. Sea-
sonally, mean distance from cover of occupied and 
available sites were similar; however, mean distance 
from cover at spawning sites was comparatively small 
(Table 1). Of 43 spawning sites, 27 (63%) were situ-
ated ≤ 0.25  m from cover. Seasonally, occupied sites 
distance from bank means were large compared to 
availability (Table  1). In contrast, the spawning site 
mean distance from bank value revealed near-bank 
spawning (Table 1). Occupied locations exhibited high 
riverweed presence, especially during the postspawn-
ing season (92%), but riverweed was not present at 
any spawning site, despite its low to moderate avail-
ability (Table  1). Specifically, riverweed availability 
was low in spawning tributaries, ranging from 18% 
(Valley River) to 27% (Brasstown Creek) occurrence, 
but was more abundant in Hiwassee River (56%).
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Bayesian suitability models

Our Bayesian HSCs indicated that adult sicklefin red-
horses do not select seasonal and spawning site micro-
habitats randomly. Annually, including the spawning 
and postspawning seasons, the probability of HSCs 
exhibiting these patterns under the null hypothesis of 
no preference was ≤ 0.001 for all variables. Similarly, 
during winter, most HSCs indicated nonrandom habi-
tat preference (P < 0.05), except for cover (P = 0.122) 
and riverweed occurrence (P = 0.503). Likewise, at 
spawning sites, all HSCs indicated nonrandom habi-
tat preference (P < 0.05), except that for distance from 
bank (P = 0.104). Despite pooled microhabitat use 
data exhibiting year- and fish-specific dependence, 
our HSCs exhibited wide 95% CIs, suggesting mini-
mal dependence (Figs. 2 and 3).

Annually, including spawning and postspawn-
ing seasons, moderately deep habitats (0.90–1.05 m) 
were most suitable; however, shallow spawning sites 
were most suitable (0.15–0.30  m), and deep winter 
habitats were most suitable (1.05–1.20 m; Figs. 2 and 
3). Annually and at spawning sites, moderate bottom 
velocities (0.45–0.60  m/s) were most suitable; how-
ever, during the postspawning season, swifter bot-
tom velocities (0.60–0.75  m/s) were most suitable 
(Figs.  2 and 3). Annually, including the postspawn-
ing and winter seasons, swift mean column velocities 
(0.90–1.05  m/s) were most suitable (Figs.  2 and 3). 
At spawning sites and during the spawning season, 
slow (0.45–0.60  m/s) and moderate (0.60–0.75  m/s) 
mean column velocities were most suitable, respec-
tively (Figs.  2 and 3). Annually, including the post-
spawning and winter seasons, bedrock was most 
suitable, while cobble was most suitable during the 
spawning season (Figs. 2 and 3). At spawning sites, 
small cobble was most suitable (Fig.  3). Annually, 
including the postspawning and winter seasons, habi-
tats with no cover were most suitable (Figs.  2 and 
3). During the spawning season, small wood and 
no cover were most suitable (Fig.  2). In contrast, at 
spawning sites, habitats with no cover exhibited 
low suitability, while boulders and large wood were 
most suitable (Fig. 3). Annually and seasonally, dis-
tances ≥ 2 m from cover were most suitable; however, 
distances < 0.5  m from cover were most suitable at 
spawning sites (Fig.  3). Annually, including spawn-
ing and winter seasons, distances ≥ 38.5  m from the 
bank were most suitable (Figs. 2 and 3). During the 

postspawning season, more moderate distances from 
the bank (24.5–28.0  m) were most suitable; how-
ever, at spawning sites, distances < 3.5  m from the 
bank were most suitable (Figs.  2 and 3). Annually 
and seasonally, substrates supporting riverweed were 
most suitable; however, clean substrates (i.e., no riv-
erweed) also exhibited high suitability during winter 
(Figs.  2 and 3). In contrast, at spawning sites, clean 
substrates were most suitable, while substrates with 
riverweed were unsuitable (Fig. 3).

Microhabitat multivariate analyses

Annually, seasonally, and for spawning sites, multi-
variate PCAs characterized two contrasting habitat 
gradients. Annually and seasonally, PC1 character-
ized a habitat gradient ranging from depositional 
edgewater (low scores) to chute (high scores; Table 2; 
Fig. 4). Generally, PC2 characterized a habitat gradi-
ent ranging from lateral rapid (low scores) to straight 
scour pool (high scores; Table 2; Fig. 4). For spawn-
ing sites, PC1 described a habitat gradient ranging 
from depositional edgewater (low scores) to sheet 
(high scores; Table 2; Fig.  5). The PC2 habitat gra-
dient ranged from pocket-water riffle (low scores) to 
glide (high scores; Table 2; Fig. 5). Among all PCAs, 
PC1 explained a mean cumulative variance of 44.5%, 
while PC2 explained a mean cumulative variance of 
60.0% (Table 2).

Annually, seasonally, and at spawning sites, adult 
sicklefin redhorses occupied habitat niches non-
randomly for PC1 and PC2 (K–S test: D ≥ 0.08, 
P ≤ 0.0017; Table 2), except for PC2 during spawning 
and winter seasons (K–S test: D ≤ 0.25, P ≥ 0.0939; 
Table  2). Annually and during the spawning and 
postspawning seasons, fish occupied runs and sheets 
(moderate PC1 scores), and rarely occupied deposi-
tional edgewater (low PC1 scores; Fig. 4). Occupied 
near-bank habitat niches exhibited shallow and swift 
currents (e.g., riffles and rapids; low PC2 scores), 
while midchannel habitat niches providing deep, slow 
currents were rarely used (straight scour pools; high 
PC2 scores; Fig. 4). During winter, fish occupied mid-
channel runs and sheets lacking cover (moderate PC1 
scores) and avoided depositional edgewater cover 
(low PC1 scores; Fig. 4). Additionally, overwintering 
fish occupied moderate to deep pools exhibiting mod-
erate currents (moderate PC2 scores); fish avoided 
shallow riffles and rapids (low PC2 scores; Fig. 4).
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Spawning sicklefin redhorses selected runs and rif-
fles with moderate currents flowing over medium to 
coarse substrates proximate to depositional edgewa-
ter (intermediate PC1 scores; Fig.  5). Additionally, 
spawners occupied pocket-water riffles with moderate 
to swift near-cover currents (low PC2 scores). Spawn-
ing sites never occurred in slow deep glides lacking 
cover (high PC2 scores; Fig. 5).

Spawning substrate composition

Thirty-one spawning substrate samples averaged 
7.7 kg (range, 3.0–15.3 kg) each. On average, small 
cobble (40.9%), very coarse gravel (21.3%), and 
large cobble (13.2%) were most common at spawn-
ing sites. Large cobble was present in nearly half 
(N = 15) of substrate samples. On average, spawn-
ing site substrate samples contained 3.0% fines (SE, 
range; 0.38%, 0.4–9.7%), which were 2.4% organic 
(Table 3). Measures of central tendency revealed an 
average geometric mean diameter (Dg) of 54.0  mm 
(i.e., very coarse gravel) and average median diam-
eter (D50) of 78.7  mm (i.e., small cobble; Table  3). 
Generally, average bounds of central tendency exhib-
ited little to moderate deviation from average median 
diameter (D50) estimates. Mean first quartile diameter 
(D25) was 34.8  mm (i.e., very coarse gravel), while 
the mean third quartile diameter (D75) was 127.4 mm 
(i.e., large cobble; Table  3). On average, spawning 
substrates exhibited a sorting coefficient (So) and Fre-
dle index of 1.93 (SE, range; 0.02, 1.7–2.4) and 28.3 
(SE, range; 1.6, 14.2–55.1), respectively (Table 3).

Of the excavated spawning sites, only 1 (3.2%) 
contained eggs or embryos. Eggs recovered from this 
location were adhered to sand and small gravel situ-
ated beneath cobble. Although spawning sites were 
spatially similar, only the most upstream spawning 
substrate sample contained eggs; postspawning digs 
were associated with this sample.

Substrate, riverweed, and foraging behavior

Adult sicklefin redhorses occupied microhabitats 
with coarse substrates (larger than very coarse gravel; 
87.7%) more frequently compared to smaller sub-
strates (12.3%). Among coarse substrates, bedrock 
and boulders were used more frequently (77.3%) than 
small and large cobble (22.7%). Of the coarsest domi-
nant substrates, bedrock was used 80.0% of the time 
compared to boulders. Riverweed was absent more 
frequently than present among occupied dominant 
substrates finer than large boulder, and considerably 
so for available substrates smaller than large boulder. 
Bedrock was the only dominant substrate class that 
exhibited riverweed more frequently than not.

For occupied dominant substrates larger than 
gravel, presence of riverweed (%) was significantly 
greater than that for available dominant substrates 
(χ2 ≥ 5.29, df = 1, P ≤ 0.0214), with the exception of 
small boulder (χ2 = 0.44, df = 1, P = 0.5097). Occu-
pied large boulders and bedrock had riverweed pres-
ence estimates of 87.5% and 92.9%, respectively. 
Conversely, available dominant substrates boulder 
and bedrock had riverweed presence estimates of 
40.3% and 54.4%, respectively. Such a large diver-
gence indicates that adult sicklefin redhorses occu-
pied substrates larger than gravel supporting river-
weed beds significantly more frequently than such 
combinations are available, especially for large boul-
ders and bedrock (χ2 ≥ 25.64, df = 1, P < 0.0001).

During the spawning season (1 March–31 May), 
47.1% of fish observations confirmed foraging. Dur-
ing the nonspawning period (1 June–29 February), 
87.0% of fish observations confirmed foraging. Annu-
ally, foraging was most frequently associated with 
coarse substrates. During the spawning season, bed-
rock (43.8%), cobble (37.5%), and boulder (12.5%) 
were used most frequently for foraging. During the 
nonspawning period, bedrock (85.1%) and boulder 
(12.2%) substrates were most frequently used for 
foraging.

Discussion

Microhabitat use and suitability

Specialist species exhibit unique morphological and 
behavioral characteristics to persist within a narrow 

Fig. 2  Seasonal Bayesian microhabitat suitability scores and 
95% credible intervals for Hiwassee River basin adult sickle-
fin redhorses for variables (a) total depth, (b) bottom velocity, 
(c) mean column velocity, (d) dominant substrate, (e) cover, 
(f) distance from cover, and (g) distance from bank. Seasonal 
Bayesian suitability scores and 95% credible intervals for (h) 
riverweed occurrence are also provided. The light gray histo-
grams represent the spawning season, the gray histograms rep-
resent the postspawning season, and the dark gray histograms 
represent the winter season

◂
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ecological niche (Brown 1984; Futuyma and Moreno 
1988; Ferry-Graham et  al. 2002). In addition to the 
sicklefin redhorse’s exceptionally falcate dorsal fin 
compared to other Moxostoma spp. (Jenkins 1999), 
our empirical fish–habitat relationships indicate the 
sicklefin redhorse is a habitat specialist, especially 
pertaining to spawning oviposition sites. Often, 
human modifications (e.g., hydrosystems) to stable 
lotic habitat templates decrease the value of life-his-
tory traits, which increases extirpation risk (e.g., hare-
lip sucker (Moxostoma lacerum; Scarnecchia 1988; 
Miller et al. 1989; Jenkins and Burkhead 1994; Poff 
and Allan 1995). Throughout the sicklefin redhorse’s 
geographic range, anthropogenic habitat degradation 
and loss have considerably altered the historic habi-
tat template, creating a conservation concern (Messer 
and Ratledge 1963; Messer 1965; Jenkins 1999; Fav-
rot and Kwak 2018).

Habitat complexity and heterogeneity are criti-
cal factors governing the spatiotemporal life history 
requirements of lotic potamodromous fish assem-
blages (Gorman and Karr 1978; Poff and Allan 1995; 
Fausch et  al. 2002; Favrot and Kwak 2018). Hiwas-
see River basin adult sicklefin redhorses conduct 
extensive migrations into relatively shallow spawning 
tributaries during spring, while deep lower reaches 
of Hiwassee River are occupied in winter (Favrot 
and Kwak 2018). Numerous sucker species occupy 
shallow depths for spawning and deep waters dur-
ing winter (Curry and Spacie 1984; Kwak and Skelly 
1992; Matheney and Rabeni 1995; Grabowski and 
Isely 2006, 2007; Fisk et al. 2015). Human activities 
within the sicklefin redhorse’s geographic range con-
tribute to homogenized depths including reservoirs, 
agriculture, timber harvest, mining, channelization, 
and urbanization (Yeager 1993; Waters 1995; Jen-
kins 1999). Our finding that adult sicklefin redhorse 
exhibit distinctly different seasonal and spawning site 
HSCs indicates that basin-scale habitat complexity 

and heterogeneity are vital to future management and 
restoration initiatives.

Occupancy of a wide range of current veloci-
ties is typical of North American suckers (Matheney 
and Rabeni 1995; Grabowski and Isely 2007). Suck-
ers tolerate habitats ranging from calm reservoirs to 
swift rapids (Jenkins and Burkhead 1994); however, 
lentic reservoir habitats generally negatively affect 
redhorses (Miranda and Dembkowski 2016; Miranda 
et  al. 2017). Adult sicklefin redhorses appear to 
exclusively occupy lotic portions of Hiwassee River 
basin, except during spawning migrations to partially 
impounded spawning tributaries (e.g., Nottely River; 
Jenkins 1999; Favrot and Kwak 2018). Other suckers, 
such as the torrent sucker (Thoburnia rhothoeca) and 
blue sucker (Cycleptus elongates), similarly occupy 
swift currents (Parker and McKee 1984; Sule and 
Skelly 1985; Jenkins and Burkhead 1994; Vokoun 
et al. 2003; Neely et al. 2010). The Hiwassee and Lit-
tle Tennessee river basins host extensive hydrosys-
tems, which have dramatically reduced the availabil-
ity of diverse currents, both in impounded reservoirs 
and dam tailwaters (Jenkins 1999).

Suckers generally spawn over medium to coarse 
gravels (Page and Johnston 1990), including the 
northern hog sucker (Hypentelium nigricans), white 
sucker (Catostomus commersoni: Curry and Spa-
cie 1984), flannelmouth sucker (Catostomus latipin-
nis: Weiss et  al. 1998), black redhorse (Moxostoma 
duquesnei), golden redhorse (Moxostoma erythru-
rum: Kwak and Skelly 1992), and robust redhorse 
(Fisk et  al. 2015). In slight contrast, very coarse 
gravel and small cobble were most suitable at sickle-
fin redhorse spawning sites. Other suckers also spawn 
over cobble substrates, such as the bridgelip sucker 
(Catostomus columbianus: Murdoch et al. 2005) and 
the blue sucker (Etnier and Starnes 1993); yet, oth-
ers exhibit spawning substrate plasticity ranging from 
sand to cobble [e.g., razorback sucker (Xyrauchen tex-
anus); Tyus 1987; Tyus and Karp 1990]. In contrast, 
sicklefin redhorses exhibit extreme spawning sub-
strate specificity. Anthropogenic activities contribute 
to degradation of lithophilic riverine substrates via 
sedimentation, substrate homogenization, and coarse 
substrate degradation, which are highly detrimental 
to benthic fishes such as the sicklefin redhorse (Berk-
man and Rabeni 1987; Waters 1995).

For many lithophils, clean permeable interstitial 
spaces are crucial to reproductive success (Balon 1975). 

Fig. 3  Spawning site and annual Bayesian microhabitat suit-
ability scores and 95% credible intervals for Hiwassee River 
basin adult sicklefin redhorses for variables (a, b) total depth, 
(c, d) bottom velocity, (e, f) mean column velocity, (g, h) 
dominant substrate, (i, j) cover, (k, l) distance from cover, and 
(m, n) distance from bank. Spawning site and annual Bayesian 
suitability scores and 95% credible intervals for (o, p) river-
weed occurrence are also provided. Spawning site and annual 
Bayesian suitability histograms are represented by light and 
dark gray histograms, respectively

◂
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Anthropogenically-introduced sediment is the single 
greatest pollutant in freshwater systems of the U.S. and 
one of the greatest Hiwassee River basin water quality 
threats (Messer 1965; Ritchie 1972; Waters 1995; Jen-
kins 1999; NCDWR 2002, 2007, 2012). Cumulatively, 
our mean So, Dg, and Fi values revealed that Hiwassee 
River basin sicklefin redhorse spawning substrate pore 
size and permeability were at half potential. A So of 1 
indicates perfectly sorted substrates or maximum per-
meability (i.e., unity: Krumbein and Pettijohn 1938; 
Lotspeich and Everest 1981). Permeability is maxi-
mized when Fi and Dg are equal (i.e., So = 1); thus, 
relative to large Dg values, low Fi values are indicative 
of sedimented interstitial spaces (i.e., embeddedness: 
Platts et al. 1983), which are detrimental to catostomid 
egg and larvae survival (Jennings et al. 2010).

The vast majority (96.8%) of our sicklefin redhorse 
spawning substrate samples contained no eggs or 
embryos. Intraspecific post-spawn egg foraging may 
be indicative of low spawning substrate egg reten-
tion in the Hiwassee River basin (Favrot and Kwak 
2018). Survival-to-emergence (STE) has been the pri-
mary concern for spawning sites of lithophilic-spawn-
ers, with a focus on postburial mechanisms (Muncy 
et al. 1979; Chapman 1988; Kondolf 2000; Jennings 
et  al. 2010). However, spawning over embedded 
interstitial spaces can cause egg mortality via several 
mechanisms, such as suffocation, physical damage, 
predation, and deposition in poor habitat (Crane and 
Farrell 2013). Moreover, fines inhibit egg adhesion 
to spawning substrates, and coarse substrates exhibit 
relatively low egg retention (Crane and Farrell 2013); 
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Fig. 4  Annual and seasonal plots of principal component 
scores for adult sicklefin redhorse microhabitat use and availa-
ble microhabitat in Hiwassee River basin, western North Caro-
lina and northern Georgia: (a) annual, (b) spawning season, (c) 

postspawning season, and (d) winter season. Principal compo-
nent loadings, eigenvalues, and percent cumulative variances 
are provided in Table 3
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sicklefin redhorse spawning substrates exhibit both 
of these detrimental characteristics. Despite coarse 
spawning substrates, silt plumes are prevalent during 
sicklefin redhorse spawning acts (Favrot and Kwak 
2018). Similarly, considerable disturbance of fines 
and low egg abundances have been reported for other 
redhorses in sedimented streams draining agriculture-
dominated landscapes (Kwak and Skelly 1992; Jen-
nings et al. 1996, 2010).

The spawning substrate sample containing eggs 
was associated with female postspawning digs, 
bolstering the notion that postspawning digs may 

function as an egg burial mechanism (Favrot and 
Kwak 2018). In addition to male sicklefin redhorses 
foraging on unburied eggs following spawning (Jen-
kins 1999; Favrot and Kwak 2018), we anecdotally 
observed increased male egg foraging following post-
spawning digs, suggesting this catostomid-unique 
behavior may winnow exposed eggs from embedded 
spawning substrates. Collectively, Hiwassee River 
basin’s high sedimentation and embeddedness levels 
coupled with the reproductive strategies of the sickle-
fin redhorse suggest spawning site egg retention (i.e., 
pre-burial survival) may be a primary sicklefin red-
horse STE concern.

A common outcome of human activity in aquatic 
ecosystems is reduced instream structure, which 
negatively affects populations and assemblages 
(Smokorowski and Pratt 2007). Nevertheless, catos-
tomid cover relationships have received relatively lit-
tle attention (but seeGrabowski and Isely 2006; Fisk 
et  al. 2015). Although, catostomid spawning sites 
typically lack cover (Page and Johnston 1990), recent 
research indicates strong catostomid cover relation-
ships during critical life history periods (winter and 
spawning periods:Grabowski and Isely 2006; Favrot 
and Kwak 2018). Similarly, our HSC and PCA results 
indicate that cover is an integral component of sickle-
fin redhorse spawning sites.

Fig. 5  Plot of principal 
component scores for adult 
sicklefin redhorse spawn-
ing site microhabitat use 
and available microhabitat 
in Hiwassee River basin, 
western North Carolina and 
northern Georgia. Principal 
component loadings, eigen-
values, and percent cumula-
tive variances are provided 
in Table 3
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Table 3  Summary statistics characterizing sicklefin redhorse 
spawning (i.e., quivering) subsurface substrate composition for 
observed spawning acts in Hiwassee River basin, North Caro-
lina and Georgia

Statistic or index Mean SE Min–max

Fredle index 28.2 1.59 14.2–55.10
Sorting coefficient  (So) 1.9 0.02 1.7–2.4
Geometric mean diameter (mm) 54.0 2.97 30.5–107.7
Median diameter (D50, mm) 78.7 6.32 39.0–230.5
First quartile diameter (D25, mm) 34.8 2.80 15.8–99.00
Third quartile diameter (D75, 

mm)
128.2 10.35 66.2–377.9

Total fines (%) 3.0 0.38 0.4–9.70
Organic fines (%) 2.4 0.16 1.4–5.70
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Suckers typically select spawning sites in midchan-
nel riffles and near-bank areas during nonspawning 
periods (Curry and Spacie 1984; Kwak and Skelly 
1992; Grabowski and Isely 2006; Fisk et  al. 2015). 
In contrast, near-bank spawning locations were most 
suitable for sicklefin redhorses, while midchan-
nel areas were most suitable annually. It is unclear 
why adult sicklefin redhorses exhibit divergent bank 
proximity preferences; however, explanations may 
be linked to fundamental lotic-specific hydrologic 
characteristics. In general, high to moderate gradi-
ent streams and rivers exhibit deeper depths, swifter 
currents, and coarser substrates at midstream, while 
marginal areas are shallower with slower currents 
and more abundant cover (Matthews 1998). An affin-
ity for spawning adjacent to cover may explain why 
marginal areas were optimal for sicklefin redhorse 
spawning site selection. Likewise, thalweg areas may 
have been most suitable during nonspawning peri-
ods because associated coarse substrates and swift 
velocities are conducive to high riverweed abundance 
and subsequent adult Sicklefin Redhorse foraging 
opportunity.

Habitat suitability criteria and transferability

Habitat suitability models are widely considered the 
biological underpinning in professional conclusions 
pertaining to habitat quality (Newcomb et al. 2007). 
Commonly, highly transferable HSCs can be used 
across a species’ geographic range (Bovee 1986; 
Newcomb et  al. 2007); however, HSCs can demon-
strate poor transferability (Sheppard and Johnson 
1985; Kwak et al. 1992; Rosenfeld et al. 2005).

Unfortunately, establishing population-specific 
HSCs can be prohibitively expensive and time con-
suming, so transferable HSCs are valuable fisheries 
management resources (Newcomb et al. 2007). Gen-
erally, riffle specialist (e.g., sicklefin redhorse) HSCs 
exhibit a higher likelihood of appropriate across-
stream transferability compared to pool generalist 
HSCs (Freeman et  al. 1997); thus, the likelihood of 
appropriate transfer of our sicklefin redhorse HSCs to 
the Little Tennessee River basin may be high. How-
ever, conspecific HSCs can be drastically different 
due to between-basin body size differences (Witzel 
and MacCrimmon 1983; Moyle and Baltz 1985). 
Generally, Hiwassee River basin adult sicklefin red-
horses are smaller than Little Tennessee River basin 

conspecifics (North Carolina Wildlife Resources 
Commission, unpublished data), and thus, application 
of our Hiwassee River basin HSCs to Little Tennes-
see River basin conspecifics warrants caution (Bovee 
1986; McHugh and Budy 2004; Newcomb et  al. 
2007).

Dominant substrate, riverweed, and foraging

Riverweed is a common swift-water macrophyte in 
Appalachian Mountain streams and is vital to ben-
thic macroinvertebrates and fish (Grubaugh et  al. 
1997; Hutchens et  al. 2004; Argentina et  al. 2010). 
Despite individual- and population-level dependence 
on trophic resources (Ross 2013), foraging habitats 
are quantitatively undescribed for many suckers. Our 
findings revealed that foraging was strongly associ-
ated with bedrock hosting riverweed mats. River-
weed is rare in small tributaries, but abundant in large 
rivers (Grubaugh et  al. 1997). Lower availability of 
riverweed in sicklefin redhorse spawning tributaries 
may influence post-spawn emigrations back to Hiwas-
see River (Favrot and Kwak 2018), where riverweed 
availability was considerably higher.

Conservation, research, and management 
implications

Riverweed is imperiled across much of its native geo-
graphic range in eastern North America (Philbrick 
and Crow 1983; Wood and Freeman 2017). Restora-
tion strategies beneficial to riverweed include dam 
removal, elimination of aberrant hydrological condi-
tions, reduced sedimentation, and pollution elimina-
tion (Wood and Freeman 2017). Restored riverweed 
biomass can increase benthic macroinvertebrate prey 
availably; thus, adult sicklefin redhorses may receive 
fitness, bioenergetic, and population demographic 
benefits (Argentina et  al. 2010). Restored access to 
unoccupied, isolated reaches upstream from hydro-
electric dams (e.g., Mission Dam on the Hiwassee 
River) can restore access to historically available 
macrohabitats, riverweed clusters, and macroinver-
tebrate communities via geographic range expansion 
(Favrot and Kwak 2018). In addition, minimizing 
seasonal variability in reservoir levels (e.g., ~ 3  km 
of Hiwassee River downstream from Valley River’s 
mouth) may restore and maintain healthy riverweed 
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mats for adult sicklefin redhorses during winter and 
prespawn staging periods (Favrot and Kwak 2018).

Benthic-insectivores and lithophilic-spawners 
are particularly vulnerable to sedimentation in lotic 
systems, and the sicklefin redhorse belongs to both 
guilds (Berkman and Rabeni 1987; Jenkins 1999). 
We found high sedimentation in all Hiwassee River 
basin creeks and rivers occupied by adult sicklefin 
redhorses; however, adult sicklefin redhorse exhib-
ited near-obligatory use of coarse substrates. Gener-
ally, lotic portions of the Hiwassee River occupy the 
historic channel; however, many sicklefin redhorse 
spawning tributaries have been channelized to the 
valley margins to facilitate agriculture and exhibit 
prolific fine sediments and substrate embeddedness 
(Messer 1965; Jenkins 1999). Floodplain reactiva-
tion, braided channels, increased sinuosity, increased 
riparian vegetation, increased sediment sinks, and 
restoration of beaver complexes are restoration tools 
that can reduce, immobilize, and remove spawning 
tributary sedimentation (Waters 1995; Pollock et  al. 
2007; Kemp et  al. 2012); however, sediment reduc-
tion efforts will be contingent on curtailment of future 
sediment influxes (Waters 1995; Harding et al. 1998).

Egg and embryo stages have the most restrictive 
ecological niche of all fish life stages (Cunjak et  al. 
1998; Kemp et  al. 2011). We observed low sickle-
fin redhorse egg occurrence in degraded spawning 
substrates, indicating high preburial egg mortality. 
Despite considerable sampling effort, sicklefin red-
horse larvae and juvenile observations (age 1) are rare 
(Jenkins 1999; Favrot 2009; Favrot and Kwak 2016; 
Ivasauskas 2017), while larvae and juveniles of con-
geners are relatively common in spawning tributaries 
and downstream reservoirs (Jenkins 1999; Ivasauskas 
2017). Larval sicklefin redhorses that have been col-
lected from Valley River were predominantly docu-
mented in upstream reaches (Ivasauskas 2017), possi-
bly indicating less degraded upstream reaches exhibit 
higher egg retention and STE rates. Adult sicklefin 
redhorses exhibit spawning tributary fidelity (Favrot 
and Kwak 2018); thus, reintroduction and supplemen-
tation efforts such as brood collection, instream egg 
outplanting, acclimation, and direct stream releases 
may be more effective if less degraded upstream 
reaches are targeted. Moreover, given the sicklefin 
redhorse’s unique spawning habitat niche and repro-
ductive ecology, future research quantifying preb-
urial egg mortality may be particularly germane to 

biologists managing the sicklefin redhorse and other 
lithophilic-spawning suckers.

All stressors contributing to the imperiled sta-
tus of the sicklefin redhorse are attributed to anthro-
pogenic activities (Jenkins 1999; GADNR 2015; 
NCWRC 2015). Since 2010, human population 
growth in North Carolina and Georgia is among the 
highest in the southeastern USA and is nearly double 
the national average (U.S. Census Bureau 2017). The 
riparian zones of Hiwassee River basin streams and 
rivers occupied by sicklefin redhorses were largely 
devoted to agriculture or developed. Intact riparian 
zones are crucial to lotic ecosystem integrity; how-
ever, riparian corridors are rarely sufficiently main-
tained (Peterjohn and Correll 1984; Jones et al. 1999). 
Riparian zone conservation initiatives are vital toward 
stemming future sediment inputs and maintaining 
quality instream habitat (Waters 1995; Diamond et al. 
2002).

Habitat loss and degradation have been impli-
cated as the largest threat to imperiled species in 
the U.S. and are a primary cause of extinction (Ehr-
lich and Ehrlich 1981; Richter et  al. 1997; Wilcove 
et al. 1998). Habitat restoration decisions designed to 
benefit the sicklefin redhorse are most likely to suc-
ceed if employed approaches are informed, focused, 
structured, and adaptive (Conroy and Peterson 2013). 
Riverscape-wide habitat continuity and heterogene-
ity will be vital components of any sicklefin redhorse 
conservation initiative. Although instream habitat 
restoration can improve the quality of lotic system 
habitat (Gowan et al. 1994; Quinn and Kwak 2000), 
conserving currently accessible habitat while increas-
ing the quantity of available suitable habitat niches 
via range reclamation may prove an optimal approach 
(Harding et al. 1998; Fausch et al. 2002). The results 
of this research can support decisions to manipulate 
aquatic habitat in an effort to protect and enhance the 
sicklefin redhorse, while attempting to address objec-
tives of affected stakeholders. Implementation of 
freshwater protected areas, restored riverscape conti-
nuity, and establishment of flow regimes that mimic a 
natural hydrograph would likely benefit the sicklefin 
redhorse (Crivelli 2002; Cooke et al. 2005). Our sea-
sonal and spawning HSCs, multivariate habitat niche 
descriptions, spawning substrate analysis, and forag-
ing habitat findings provide fisheries managers and 
restoration ecologists conservation guidance to apply 
throughout the sicklefin redhorse geographic range.



Environ Biol Fish 

1 3
Vol.: (0123456789)

Acknowledgements Ken Pollock, Wayne Starnes, and Joe 
Hightower contributed valuable recommendations on data 
collection, sampling design, and analysis. The lead author is 
eternally grateful to co-author, advisor, and friend Dr. Tom 
Kwak, who passed away suddenly on November 19, 2021, for 
his unwavering commitment toward research and conserva-
tion of the sicklefin redhorse. We are grateful to Robert Jen-
kins for recognizing the sicklefin redhorse as a unique species 
and sharing valuable knowledge and insight that benefited our 
research. Mark Cantrell, Steve Fraley, David Yow, Jeff Sim-
mons, Thomas Russ, and Powell Wheeler were valued sources 
of knowledge specific to the species and river basin. We appre-
ciate the field assistance from many colleagues, including 
Hannah Shively, James Cornelison, Melissa Johnson, Calvin 
Yonce, Brad Garner, Michael Fisk, Patrick Cooney, Ryan Spi-
del, Tyler Averett, Ben Salter, Brett Albanese, and Bryn Tracy. 
We thank Luke Etchison for compiling and providing Little 
Tennessee River basin sicklefin redhorse size data. The North 
Carolina Cooperative Fish and Wildlife Research Unit is jointly 
supported by North Carolina State University, North Carolina 
Wildlife Resources Commission, U.S. Geological Survey, U.S. 
Fish and Wildlife Service, and Wildlife Management Institute. 
Any use of trade, firm, or product names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Gov-
ernment. The authors have no financial or proprietary interests 
in any content reported or discussed in this article.

Funding This research was funded by grants from the North 
Carolina Wildlife Resources Commission, U.S. Geological 
Survey, U.S. Fish and Wildlife Service, Duke Energy, and 
World Wildlife Fund. Funding administration was provided by 
Scott Van Horn, Hugh Barwick, Mark Cantrell, Judy Takats, 
Helen Crockett, and Wendy Moore.

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Declarations 

Ethics approval Capture and handling protocols were 
approved by the Institutional Animal Care and Use Committee 
at North Carolina State University, Raleigh, NC, USA.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Altman HM (2006) Eastern Cherokee fishing. The University 
of Alabama Press, Tuscaloosa

Angermeier PL (1995) Ecological attributes of extinction-
prone species: loss of freshwater fishes of Virginia. Con-
serv Biol 9:143–158

Arend KK (1999) Classification of streams and reaches. In: 
Bain MB, Stevenson NJ (eds) Aquatic habitat assess-
ment. American Fisheries Society, Bethesda, pp 47–56

Argentina JE, Freeman MC, Freeman BJ (2010) The response 
of stream fish to local and reach-scale variation in the 
occurrence of a benthic aquatic macrophyte. Freshw Biol 
55:643–653

Bain MB, Stevenson NJ (1999) Aquatic habitat assessment: 
common methods. American Fisheries Society, Bethesda

Balon EK (1975) Reproductive guilds of fishes: a proposal and 
definition. J Fish Res Board Can 32:821–864

Beecher HA, Caldwell RA, DeMond SB (2002) Evaluation of 
depth and velocity preferences of juvenile coho salmon in 
Washington streams. N Am J Fish Manage 22:785–795

Berkman HE, Rabeni CF (1987) Effect of siltation on stream 
fish communities. Environ Biol Fish 18:285–294

Bernhardt ES et  al (2005) Synthesizing U.S. river restoration 
efforts. Science 308:636–637

Bovee KD (1982) A guide to stream habitat analysis using the 
Instream Flow Incremental Methodology. Instream Fl Inf 
Pap 12, U.S. Fish and Wildlife Service, FWS/OBS-82/26

Bovee KD (1986) Development and evaluation of habitat suit-
ability criteria for use in the Instream Flow Incremen-
tal Methodology. Instream Fl Inf Pap 21. U.S. Fish and 
Wildlife Service Biological Report 86(7)

Brown JH (1984) On the relationship between abundance and 
distribution of species. Am Nat 124:255–279

Bunt CM, Mandrak NE, Eddy DC, ChooWing SA, Heiman 
TG, Taylor E (2013) Habitat utilization, movement and 
use of groundwater seepages by larval and juvenile black 
redhorse, Moxostoma duquesnei. Environ Biol Fish 
96:1281–1287

Burr BM, Mayden RL (1992) Phylogenetics and North Ameri-
can freshwater fishes. In: Mayden RL (ed) Systemat-
ics, historical ecology, and North American freshwater 
fishes. Stanford University Press, Stanford, pp 18–75

Chapman DW (1988) Critical review of variables used to 
define effects of fines in redds of large salmonids. Trans 
Am Fish Soc 117:1–21

Conroy MJ, Peterson JT (2013) Decision making in natural 
resource management: a structured, adaptive approach. 
Wiley-Blackwell, Hoboken

Cooke SJ, Bunt CM et al (2005) Threats, conservation strate-
gies, and prognosis for suckers (Catostomidae) in North 
America: insights from regional case studies of a diverse 
family of non-game fishes. Biol Conserv 121:317–331

Cooke SJ, Hinch SG, Lucas MC, Lutcavage M (2012) Biote-
lemetry and biologging. In: Zale AV, Parrish DL, Sutton 
TM (eds) Fisheries techniques, 3rd edn. American Fish-
eries Society, Bethesda, pp 819–881

Crane DP, Farrell JM (2013) Spawning substrate size, shape, 
and siltation influence walleye egg retention. N Am J 
Fish Manage 33:329–337

http://creativecommons.org/licenses/by/4.0/


 Environ Biol Fish

1 3
Vol:. (1234567890)

Crivelli AJ (2002) The role of protected areas in freshwater fish 
conservation. In: Collares-Pereira MJ, Cowx IG, Coelho 
MM (eds) Conservation of freshwater fishes: options for 
the future. Blackwell Science, Oxford, pp 373–388

Cunjak RA, Prowse TD, Parrish DL (1998) Atlantic salmon 
(Salmo salar) in winter: “the season of parr discontent”? 
Can J Fish Aquat Sci 55:161–180

Curry KD, Spacie A (1984) Differential use of stream habitat 
by spawning catostomids. Am Midl Nat 11:267–279

David BO, Closs GP (2001) Continuous remote monitoring of 
fish activity with restricted home ranges using radiote-
lemetry. J Fish Biol 59:705–715

David BO, Closs GP (2003) Seasonal variation in diel activity 
and microhabitat use of an endemic New Zealand stream-
dwelling galaxiid fish. Freshw Biol 48:1765–1781

DeGraaf DA, Bain LH (1986) Habitat use by and preferences 
of juvenile Atlantic salmon in two Newfoundland rivers. 
Trans Am Fish Soc 115:671–681

Diamond JM, Bressler DW, Serveiss VB (2002) Assessing 
relationships between human land uses and the decline of 
native mussels, fish, and macroinvertebrates in the Clinch 
and Powell river watershed, USA. Environ Toxicol Chem 
21:1147–1155

Ebersole JL, Liss WJ, Frissell CA (1997) Restoration of stream 
habitats in the western United States: restoration as reex-
pression of habitat capacity. Environ Manage 21:1–14

Ehrlich PR, Ehrlich AH (1981) Extinction: the causes and 
consequences of the disappearance of species. Random 
House, New York

Etnier DA, Starnes WC (1993) The fishes of Tennessee. The 
University of Tennessee Press, Knoxville

Fausch KD, Torgersen CE, Baxter CV, Li HW (2002) Land-
scapes to riverscapes: bridging the gap between 
research and conservation of stream fishes. Bioscience 
52:483–498

Favrot SD (2009) Sicklefin redhorse reproductive and habitat 
ecology in the upper Hiwassee River basin of the south-
ern Appalachian Mountains. Thesis. North Carolina 
State University

Favrot SD, Kwak TJ (2016) Efficiency of two-way weirs and 
prepositioned electrofishing for sampling potamodro-
mous fish migrations. N Am J Fish Manage 36:167–182

Favrot SD, Kwak TJ (2018) Behavior and reproductive ecology 
of the sicklefin redhorse: an imperiled southern Appala-
chian Mountain fish. Trans Am Fish Soc 147:204–222

Ferry-Graham LA, Bolnick DI, Wainwright PC (2002) Using 
functional morphology to examine the ecology and evo-
lution of specialization. Integr Comp Biol 42:265–277

Fisk JM II, Kwak TJ, Heise RJ (2014) Modelling riverine habi-
tat for robust redhorse: assessment for reintroduction of 
an imperiled species. Fish Manag Ecol 21:57–67

Fisk JM II, Kwak TJ, Heise RJ (2015) Effects of regulated river 
flows on habitat suitability for the robust redhorse. Trans 
Am Fish Soc 144:792–806

Freeman MC, Bowen ZH, Crance JH (1997) Transferabil-
ity of habitat suitability criteria for fishes in warmwater 
streams. N Am J Fish Manage 17:20–31

Frissell CA, Nawa RK (1992) Incidence and causes of physi-
cal failure of artificial habitat structures in streams of 
western Oregon and Washington. N Am J Fish Manage 
12:182–197

Fuller DD, Lind AJ (1991) Implications of fish habitat 
improvement structures for other stream vertebrates. In: 
Kerner HM (ed) Proceedings of the symposium on bio-
diversity of northwestern California, Report 29, Santa 
Rosa, California, pp 96–104

Furlong NE, Lovelace EA, Lovelace KL (2000) Research 
methods and statistics: an integrated approach. Harcourt 
College Publishers, Fort Worth

Futuyma DJ, Moreno G (1988) The evolution of ecological 
specialization. Annu Rev Ecol Syst 19:207–233

GADNR (Georgia Department of Natural Resources) (2015) 
Georgia State Wildlife Action Plan. GADNR, Wildlife 
Resources Division, Social Circle

Gelman A, Hill J (2007) Data analysis using regression and 
multilevel/hierarchical models. Cambridge University 
Press, New York

Gorman OT, Karr JR (1978) Habitat structure and stream fish 
communities. Ecology 59:507–515

Gowan C, Young MK, Fausch KD, Riley SC (1994) Restricted 
movement in resident stream salmonids: a paradigm lost? 
Can J Fish Aquat Sci 51:2626–2637

Grabowski TB, Isely JJ (2006) Seasonal and diel movements 
and habitat use of robust redhorses in the lower Savannah 
River, Georgia and South Carolina. Trans Am Fish Soc 
135:1145–1155

Grabowski TB, Isely JJ (2007) Spatial and temporal segrega-
tion of spawning habitat by catostomids in the Savannah 
River, Georgia and South Carolina, U.S.A. J Fish Biol 
70:782–798

Grubaugh JW, Wallace JB, Houston ES (1997) Production of 
benthic macroinvertebrate communities along a south-
ern Appalachian river continuum. Freshwater Biol 
37:581–596

Harding JS, Benfield EF, Bolstad PV, Helfman GS, Jones EGD 
III (1998) Stream biodiversity: the ghost of land use past. 
Proc Natl Acad Sci USA 95:14843–14847

Harris JE, Hightower JE (2011) Spawning habitat selection of 
hickory shad. N Am J Fish Manage 31:495–505

Harris PM, Mayden RL, Espinosa Pérez HS, García de Leon 
F (2002) Phylogenic relationships of Moxostoma and 
Scartomyzon (Catostomidae) based on mitochondrial 
cytochrome b sequence data. J Fish Biol 61:1433–1452

Hewitt AH, Kwak TJ, Cope WG, Pollock KH (2009) Popu-
lation density and instream habitat suitability of the 
endangered Cape Fear shiner. Trans Am Fish Soc 
138:1439–1457

Hightower JE, Harris JE, Raabe JK, Brownell P, Drew CA 
(2012) A Bayesian spawning habitat suitability model 
for American shad in southeastern United States rivers. J 
Fish Wildl Manag 3:184–198

Hobbs RJ, Norton DA (1996) Towards a conceptual framework 
for restoration ecology. Restor Ecol 4:93–110

Hutchens JJ Jr, Wallace JB, Romaniszyn ED (2004) Role 
of Podostemum ceratophyllum Michx. in structuring 
benthic macroinvertebrate assemblages in a southern 
Appalachian river. J N Am Benthol Soc 23:713–727

Ivasauskas TJ (2017) Early life history of suckers (Catosto-
midae) in a southern Appalachian river system. Disser-
tation. North Carolina State University



Environ Biol Fish 

1 3
Vol.: (0123456789)

Jelks HH, Walsh SJ et  al (2008) Conservation status of 
imperiled North American freshwater and diadromous 
fishes. Fisheries 33:372–407

Jenkins RE (1999) Sicklefin redhorse Moxostoma sp., unde-
scribed species of sucker (Pisces, Catostomidae) in 
the upper Tennessee River drainage, North Carolina 
and Georgia – description, aspects of biology, habi-
tat, distribution, and population status. Report to the 
U.S. Department of Interior, Fish and Wildlife Ser-
vice, Asheville, North Carolina, and the North Caro-
lina Wildlife Resources Commission, Raleigh, North 
Carolina

Jenkins RE, Burkhead NM (1994) Freshwater fishes of Vir-
ginia. American Fisheries Society, Bethesda

Jennings CA, Dilts EW, Shelton JL Jr, Peterson RC (2010) 
Fine sediment affects on survival to emergence of 
robust redhorse. Environ Biol Fish 87:43–53

Jennings CA, Shelton JL Jr, Freeman BJ, Looney GL (1996) 
Culture techniques and ecological studies of the robust 
redhorse Moxostoma robustum. Annual Report to 
Georgia Power Company, Project 25–21-RC295–387, 
Atlanta, Georgia

Johnson CJ, Niesen SE, Merrill EH, McDonald TL, Boyce 
MS (2006) Resource selection functions based on use-
availability data: theoretical motivation and evaluation 
methods. J Wildlife Manage 70:347–357

Jones EBD III, Helfman GS, Harper JO, Bolstad PV 
(1999) Effects of riparian removal on fish assem-
blages in southern Appalachian streams. Conserv Biol 
13:1454–1465

Kaiser HF (1960) The application of electronic computers to 
factor analysis. Educ Psychol Meas 20:141–151

Kemp P, Sear D, Collins A, Naden P, Jones I (2011) The 
impacts of fine sediment on riverine fish. Hydrol Process 
25:1800–1821

Kemp PS, Worthington TA, Langford TEL, Tree ARJ, Gay-
wood MJ (2012) Qualitative and quantitative effects 
of reintroduced beavers on stream fish. Fish Fish 
13:158–181

Kondolf GM (2000) Assessing salmonid spawning gravel qual-
ity. Trans Am Fish Soc 129:262–281

Krumbein WC, Pettijohn FJ (1938) Manual of sedimentary 
petrography. Appleton-Century-Crofts, New York

Kwak TJ, Peterson JT (2007) Community indices, parameters, 
and comparisons. In: Guy CS, Brown ML (eds) Analysis 
and interpretation of freshwater fisheries data. American 
Fisheries Society, Bethesda, pp 677–763

Kwak TJ, Skelly TM (1992) Spawning habitat, behavior, and 
morphology as isolating mechanisms of the golden red-
horse, Moxostoma erythrurum, and the black redhorse, 
M. duquesnei, two syntopic fishes. Environ Biol Fish 
34:127–137

Kwak TJ, Wiley MJ, Osborne LL, Larimore RW (1992) Appli-
cation of diel feeding chronology to habitat suitability 
analysis of warmwater stream fishes. Can J Fish Aquat 
Sci 49:1417–1430

Lauer TE, Pyron M (2016) Freshwater fisheries of the United 
States. In: Craig JF (ed) Freshwater fisheries ecology. 
Wiley, Oxford, pp 166–180

Lotspeich FB, Everest FH (1981) A new method for reporting 
and interpreting textural composition of spawning gravel. 
U.S. Forest Service, Research Note PNW369

Magee JP, McMahon TE, Thurow RF (1996) Spatial variation 
in spawning habitat of cutthroat trout in a sediment-rich 
stream basin. Trans Am Fish Soc 125:768–779

Matheney MP IV, Rabeni CF (1995) Patterns of movement and 
habitat use by northern hog suckers in an Ozark stream. 
Trans Am Fish Soc 124:886–897

Matthews WJ (1998) Physical factors within drainages as 
related to fish assemblages. In: Matthews WJ (ed) Pat-
terns in freshwater fish ecology. Kluwer Academic Pub-
lishers, Norwell, pp 296–305

McCarthy MA (2007) Bayesian methods for ecology. Cam-
bridge University Press, New York

McHugh P, Budy P (2004) Patterns of spawning habitat selec-
tion and suitability for two populations of spring Chinook 
salmon, with an evaluation of generic versus site-specific 
suitability criteria. Trans Am Fish Soc 133:89–97

McMahon TE, Zale AV, Orth DJ (1996) Aquatic habitat meas-
urements. In: Murphy BR, Willis DW (eds) Fisher-
ies techniques, 2nd edn. American Fisheries Society, 
Bethesda, pp 83–120

Messer JB (1965) Survey and classification of the Hiwassee 
River and tributaries, North Carolina. North Carolina 
Wildlife Resources Commission, Federal Aid in Fish 
Restoration, Project F-14-R, Final Report, Raleigh, 
North Carolina

Messer JB, Ratledge HM (1963) Survey and classification of 
the Little Tennessee River and tributaries, North Caro-
lina. North Carolina Wildlife Resources Commission, 
Federal Aid in Fish Restoration, Project F-14-R, Final 
Report, Raleigh, North Carolina

Miller RR, Williams JD, Williams JE (1989) Extinctions of 
North American fishes during the past century. Fisheries 
14:22–38

Miranda LE, Dembkowski DJ (2016) Evidence for serial dis-
continuity in the fish community of a heavily impounded 
river. River Res Appl 32:1187–1195

Miranda LE, Keretz KR, Gilliland CR (2017) Gradients in 
catostomid assemblages along a reservoir cascade. River 
Res Appl 33:983–990

Moyle PB, Baltz DM (1985) Microhabitat use by an assem-
blage of California stream fishes: developing criteria 
for instream flow determinations. Trans Am Fish Soc 
114:695–704

Muncy RJ, Atchison GJ et al (1979) Effects of suspended sol-
ids and sediment on reproduction and early life of warm-
water fishes: a review. U.S. Environmental Protection 
Agency, Corvallis, Oregon

Murdoch AR, James PW, Pearsons TN (2005) Interactions 
between rainbow trout and bridgelip sucker spawning in 
a small Washington stream. Northwest Sci 79:120–130

Neely BC, Pegg MA, Mestl GE (2010) Seasonal resource 
selection by blue suckers Cycleptus elongates. J Fish Biol 
76:836–851

Newcomb TJ, Orth DJ, Stauffer DF (2007) Habitat evaluation. 
In: Guy CS, Brown ML (eds) Analysis and interpretation 
of freshwater fisheries data. American Fisheries Society, 
Bethesda, pp 843–886



 Environ Biol Fish

1 3
Vol:. (1234567890)

NCDWR (North Carolina Division of Water Resources) (2002) 
Hiwassee River Basinwide Water Quality Plan. https:// 
deq. nc. gov/ about/ divis ions/ water- resou rces/ plann ing/ 
basin- plann ing/ water- resou rce- plans/ hiawa see- 2002. 
Accessed 25 May 2020

NCDWR (North Carolina Division of Water Resources) (2007) 
Hiwassee River Basinwide Water Quality Plan. https:// 
deq. nc. gov/ about/ divis ions/ water- resou rces/ plann ing/ 
basin- plann ing/ water- resou rce- plans/ hiawa see- 2007. 
Accessed 25 May 2020

NCDWR (North Carolina Division of Water Resources) (2012) 
Hiwassee River Basinwide Water Quality Plan. https:// 
deq. nc. gov/ about/ divis ions/ water- resou rces/ plann ing/ 
basin- plann ing/ water- resou rce- plans/ hiawa see- 2012. 
Accessed 25 May 2020

NCWRC (North Carolina Wildlife Resources Commission) 
(2015) North Carolina State Wildlife Action Plan. 
NCWRC, Raleigh, North Carolina

Nemec ZC, Lee LN, Bonar SA (2021) Development and evalu-
ation of habitat suitability criteria for native fishes in 
three Arizona streams. N Am J Fish Manage 41:661–677

Page LM, Johnston CE (1990) Spawning in the creek chub-
sucker, Erimyzon oblongus, with a review of spawning 
behavior in suckers (Catostomidae). Environ Biol Fish 
27:265–272

Parker B, McKee P (1984) Status of the river redhorse, Moxos-
toma carinatum, in Canada. Can Field Nat 98:110–114

Peterjohn WT, Correll DL (1984) Nutrient dynamics in an 
agricultural watershed: observations on the role of a 
riparian forest. Ecology 65:1466–1475

Philbrick CT, Crow GE (1983) Distribution of Podoste-
mum ceratophyllum Mich. (Podostemaceae). Rhodora 
85:325–334

Platts WS, Megahan WF, Minshall GW (1983) Methods for 
evaluating stream, riparian, and biotic conditions. U.S. 
Forest Service General Technical Report INT-138

Poff NL, Allan JD (1995) Functional organization of stream 
fish assemblages in relation to hydrological variability. 
Ecology 76:606–627

Pollock MM, Beechie TJ, Jordan CE (2007) Geomorphic 
changes upstream of beaver dams in Bridge Creek, 
an incised stream channel in the interior Columbia 
River basin, eastern Oregon. Earth Surf Proc Land 
32:1174–1185

Quinn JW, Kwak TJ (2000) Use of rehabilitated habitat by 
brown trout and rainbow trout in an Ozark tailwater river. 
N Am J Fish Manage 20:737–751

R Core Team (2015) R: a language and environment for sta-
tistical computing. Version 3.2.2. http:// www.R- proje ct. 
org/. Accessed 25 May 2020

Richter BD, Braun DP, Mendelson MA, Master LL (1997) 
Threats to imperiled freshwater fauna. Conserv Biol 
11:1081–1093

Ritchie JC (1972) Sediment, fish, and fish habitat. J Soil Water 
Conserv 27:124–125

Robison HW, Buchanan TM (1988) Fishes of Arkansas. Uni-
versity of Arkansas Press, Fayetteville

Rohde RC, Arndt RG, Lindquist DG, Parnell JF (1994) Fresh-
water fishes of the Carolinas, Virginia, Maryland, and 
Delaware. University of North Carolina Press, Chapel 
Hill

Rosenfeld J (2003) Assessing the habitat requirements of 
stream fishes: an overview and evaluation of different 
approaches. Trans Am Fish Soc 132:953–968

Rosenfeld JS, Leiter T, Lindner G, Rothman L (2005) Food 
abundance and fish density alters habitat selection, 
growth, and habitat suitability curves for juvenile coho 
salmon (Oncorhynchus kisutch). Can J Fish Aquat Sci 
62:1691–1701

Ross ST (2013) Ecology of North American freshwater fishes. 
University of California Press, Berkeley

SAS Institute (2003) SAS online documentation, version 9.1. 
SAS Institute, Cary, North Carolina

Scarnecchia DL (1988) The importance of streamlining in 
influencing fish community structure in channelized and 
unchannelized reaches of a prairie stream. River Res 
Appl 2:155–166

Sheppard JD, Johnson JH (1985) Probability-of-use for depth, 
velocity, and substrate by subyearling coho salmon and 
steelhead in Lake Ontario tributary streams. N Am J Fish 
Manage 5:277–282

Shirazi MA, Seim WK (1981) Stream system evaluation with 
emphasis on spawning habitat for salmonids. Water 
Resour Res 17:592–594

Simonson TD, Lyons J, Kanehl PD (1994) Quantifying fish 
habitat in streams: transect spacing, sample size, and a 
proposed framework. N Am J Fish Manage 14:607–615

Simpkins DG, Hubert WA (1998) A technique for estimating 
the accuracy of fish locations identified by radiotelem-
etry. J Freshwater Ecol 13:263–268

Smokorowski KE, Pratt TC (2007) Effect of a change in physi-
cal structure and cover on fish and fish habitat in fresh-
water ecosystems – a review and meta-analysis. Environ 
Rev 15:15–41

Spiegelhalter D, Thomas A, Best N, Lunn D (2010) Open-
BUGS user manual, version 3.1.2. MRC Biostatistics 
Unit, Cambridge, United Kingdom

Stanfield LW, Jones ML (1998) A comparison of full-station 
visual and transect-based methods of conducting habitat 
surveys in support of habitat suitability index models for 
southern Ontario. N Am J Fish Manage 18:657–675

Stasko AB, Pincock DG (1977) Review of underwater biote-
lemetry, with emphasis on ultrasonic techniques. J Fish 
Res Board Can 34:1261–1285

Stevens J (1996) Applied multivariate statistics for the social 
sciences, 3rd edn. Lawrence Erlbaum Associates, 
Mahwah

Sturges HA (1926) The choice of a class interval. J Am Stat 
Assoc 21:65–66

Sturtz S, Ligges U, Gelman A (2005) R2WinBUGS: a package 
for running WinBUGS from R. J Stat Softw 12:1–16

Sule MJ, Skelly TM (1985) The life history of the shorthead 
redhorse, Moxostoma macrolepidotum, in the Kankakee 
River drainage, Illinois. Illinois Natural History Survey 
Biological Notes, Champaign, Illinois

Summerfelt RC, Smith LS (1990) Anesthesia, surgery, and 
related techniques. In: Schreck CB, Moyle PB (eds) 
Methods for fish biology. American Fisheries Society, 
Bethesda, pp 216–218

Sutherland AB, Meyer JL, Gardiner EP (2002) Effects of land 
cover on sediment regime and fish assemblage structure 

https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2002
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2002
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2002
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2007
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2007
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2007
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2012
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2012
https://deq.nc.gov/about/divisions/water-resources/planning/basin-planning/water-resource-plans/hiawasee-2012
http://www.R-project.org/
http://www.R-project.org/


Environ Biol Fish 

1 3
Vol.: (0123456789)

in four southern Appalachian streams. Freshwater Biol 
47:1791–1805

SYSTAT Software (2008) SigmaPlot, version 2008. SYSTAT, 
San Jose, California

Thomas DL, Ianuzzi C, Barry RP (2004) A Bayesian multi-
nomial model for analyzing categorical habitat selection 
data. J Agric Biol Environ Stat 9:432–442

Thomas JA, Bovee KD (1993) Application and testing of a pro-
cedure to evaluate the transferability of habitat suitability 
criteria. Regul River 8:285–294

Twomey KA., Williamson KL, Nelson PC and Armour C 
(1984) Habitat suitability models and instream flow suit-
ability curves: white sucker. Washington DC: US Fish 
and Wildlife Service, FWS/OBS-82/10.64

Tyus HM (1987) Distribution, reproduction, and habitat use 
of the razorback sucker in the Green River, Utah, 1979–
1986. Trans Am Fish Soc 116:111–116

Tyus HM, Karp CA (1990) Spawning and movements of the 
razorback sucker, Xyrauchen texanus, in the Green River 
basin of Colorado and Utah. Southwest Nat 35:427–433

U.S. Census Bureau (2017) State population totals and com-
ponents of change: 2010–2017. https:// www. census. gov/ 
data/ tables/ 2017/ demo/ popest/ state- total. html. Accessed 
25 May 2020

USFWS (United States Fish and Wildlife Service) (2015) Can-
didate conservation agreement for the sicklefin redhorse 
(Moxostoma sp.). USFWS, Asheville, North Carolina

USFWS (United States Fish and Wildlife Service) (2016) 
Endangered and threatened wildlife and plants; review 
of native species that are candidates for listing as endan-
gered or threatened; annual notification of findings on 
resubmitted petitions; annual description of progress on 
listing actions; proposed rule. Federal Register 50 CFR 
Part 17(2 December 2016): 87246–87272

Vokoun JC, Guerrant TL, Rabeni CF (2003) Demographics 
and chronology of a spawning aggregation of blue sucker 
(Cycleptus elongates) in the Grand River, Missouri, 
USA. J Freshwater Ecol 18:567–575

Wagner GN, Cooke SJ (2005) Methodological approaches and 
opinions of researchers involved in the surgical implan-
tation of telemetry transmitters in fish. J Aquat Anim 
Health 17:160–169

Waite IR, Barnhart RA (1992) Habitat criteria for rearing steel-
head: a comparison of site-specific and standard curves 
for use in the Instream Flow Incremental Methodology. 
N Am J Fish Manage 12:40–46

Warren ML Jr, Angermeier PL, Burr BM, Haag WR (1997) 
Decline of a diverse fish fauna: patterns of imperilment 

and protection in the southeastern United States. In: 
Benz GW, Collins DE (eds) Aquatic fauna in peril: the 
southeastern perspective. Southeast Aquatic Research 
Institute, Special Publication 1, Decatur, Georgia, pp 
105–164

Warren ML Jr, Burr BM et  al (2000) Diversity, distribution, 
and conservation status of the native freshwater fishes of 
the southern United States. Fisheries 25(10):7–31

Waters BF (1976) A methodology for evaluating the effects of 
different steam flows on salmonids habitat. In: Osborn 
JF, Allman CH (eds) Instream flow needs. American 
Fisheries Society, Bethesda, pp 254–266

Waters TF (1995) Sediment in streams: sources, biologi-
cal effects, and control. American Fisheries Society, 
Bethesda

Weiss SJ, Otis EO, Maughan OE (1998) Spawning ecology of 
flannelmouth sucker, Catostomus lattipinnis (Catosto-
midae), in two small tributaries of the lower Colorado 
River. Environ Biol Fish 52:419–433

Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E (1998) 
Quantifying threats to imperiled species in the United 
States. Bioscience 48:607–615

Winter JD (1996) Advances in underwater biotelemetry. In: 
Murphy BR, Willis DW (eds) Fisheries techniques, 2nd 
edn. American Fisheries Society, Bethesda, pp 555–590

Witzel LD, MacCrimmon HR (1983) Redd-site selection by 
brook trout and brown trout in southwestern Ontario 
streams. Trans Am Fish Soc 112:760–771

Wood J, Freeman M (2017) Ecology of the macrophyte 
Podostemum ceratophyllum Michx. (hornleaf riverweed), 
a widespread foundation species of eastern North Amer-
ica rivers. Aquat Bot 139:65–74

Yeager BL (1993) Dams. In: Bryan CF, Rutherford DA (eds) 
Impacts on warmwater streams: guidelines for evalua-
tion. American Fisheries Society, Little Rock, pp 57–113

Young MK, Hubert WA, Wesche TA (1991) Biases associated 
with four stream substrate samplers. Can J Fish Aquat 
Sci 48:1882–1886

Zar JH (1996) Biostatistical analysis, 3rd edn. Prentice Hall, 
Upper Saddle River

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://www.census.gov/data/tables/2017/demo/popest/state-total.html
https://www.census.gov/data/tables/2017/demo/popest/state-total.html

	Habitat niche dynamics of the sicklefin redhorse: a southern Appalachian Mountain habitat specialist
	Abstract 
	Introduction
	Methods
	Study area
	Radiotelemetry
	Seasonal microhabitat use and availability
	Foraging and spawning habitat use
	Statistical analyses
	Microhabitat availability and use
	Spawning substrate composition
	Foraging substrate and riverweed


	Results
	Radiotelemetry
	Stream morphology
	Spawning and seasonal microhabitat use and availability
	Bayesian suitability models
	Microhabitat multivariate analyses
	Spawning substrate composition
	Substrate, riverweed, and foraging behavior

	Discussion
	Microhabitat use and suitability
	Habitat suitability criteria and transferability
	Dominant substrate, riverweed, and foraging

	Conservation, research, and management implications
	Acknowledgements 
	References


