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Abstract

Blue sucker (Cycleptus elongatus) populations occur in the Mississippi River and Gulf

of Mexico drainages of North America and are negatively affected by habitat frag-

mentation and flow regime alteration caused by dams. During fish assemblage sur-

veys in August of 2022, we collected five juvenile blue suckers (312–428 mm total

length) in the Angelina River upstream of Sam Rayburn Reservoir in East Texas

(46,335 ha surface area) where the occurrence of the species was previously uncon-

firmed. Given this unexpected finding, we (1) analyzed mesohabitat associations to

compare habitats we sampled with reports in the literature and (2) reviewed blue

sucker occurrences in state, national, and global databases across historical (1950–

1980) and contemporary (1981–2022) time periods to assess occurrence across

gradients of habitat fragmentation and streamflow regulation. The blue sucker popu-

lation in the Angelina River upstream of Sam Rayburn Reservoir was previously

unconfirmed but is within the native range. Mesohabitats occupied by blue suckers

were consistent with literature reports, including fast velocity, shallow depth, and

coarse substrates. The low degree of regulation (19% of natural runoff stored by

upstream reservoirs) and a high degree of habitat connectivity (287 rkm of unfrag-

mented mainstem habitat) for the Angelina River upstream of Sam Rayburn Reservoir

matched range-wide patterns of persistence within relatively intact (unfragmented

and unregulated) or remnant (fragmented but unregulated) riverscapes. Our review

reveals that blue sucker populations might persist (1) in remnant river fragments

where local habitat conditions are appropriate and (2) where effects of habitat frag-

mentation and flow regulation are not coupled.
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1 | INTRODUCTION

Nearly half of the major rivers on Earth have flow regimes regulated

by dams that threaten the distribution and abundance of native fishes

(Lehner et al., 2011). River regulation generally results in the alteration

of natural flow regimes brought on by changes in the magnitude as

well as frequency, duration, timing, and rate of change of river dis-

charge (Poff et al., 1997). Degree of regulation (DOR), defined as the

percent of natural runoff volume that reservoirs can store, is a widely

used index for measuring flow regime alteration. Lehner et al. (2011)

reviewed global patterns in DOR and found that 47% of the world's

large rivers (i.e., annual flow volume exceeding 1000 m3/s) had flow

regimes affected by DOR values >2% and that DOR >100% resulted

in the removal of large flood pulses or augmentation of dry season

flows. This form of flow regime alteration has negative ecological

consequences for freshwater biodiversity in rivers (Bunn &

Arthington, 2002). Fish diversity declines in rivers with highly altered

flow regimes through mechanisms such as loss of migration corridors,

altered environmental filtering of life history traits, and chemical and

physical changes to habitats (Olden, 2016). However, there remains

considerable potential to curb future losses of fish diversity based on

patterns of species persistence within altered and fragmented rivers

(Liermann et al., 2012). The field of environmental flows has emerged

as a subdiscipline of ecology with a focus on how relationships

between hydrological and ecological processes can be used to manage

regulated flows to benefit humans and nature (Arthington, 2012). A

persistent challenge of environmental flows is the identification of

indicator species that are sensitive to flow alterations and can there-

fore be used to guide flow regime management actions (Freeman

et al., 2022; Göthe et al., 2019).

Blue sucker (Cycleptus elongatus) is a member of the family Catos-

tomidae and is native to large rivers in the Mississippi River basin in

North America. Despite its widespread distribution among North

American ecoregions, the blue sucker is listed as Vulnerable to extinc-

tion by the American Fisheries Society because of anthropogenic

destruction, modification, and reduction of native habitat (Jelks

et al., 2008). This pattern is consistent with other catostomid fishes

and is primarily driven by the effects of large impoundments that frag-

ment habitat and alter flow and water temperature regimes (Cooke

et al., 2005). For example, spawning movements by blue suckers are

cued by temperature and discharge, but alterations to flow and ther-

mal regimes in highly regulated rivers could cause unfavorable interac-

tions between these environmental variables that ultimately limit

spawning success (Acre et al., 2023; Tornabene et al., 2020). More-

over, habitats used by blue suckers, such as shallow, swift-flowing

water over coarse substrates, are sensitive to flow modifications (Acre

et al., 2021; Neely et al., 2010). Because of these sensitivities, blue

sucker is considered an indicator species for riverine ecosystem health

throughout the Midwestern United States (Emery et al., 1999; Shirley

et al., 2013; Steffensen et al., 2015). Consequently, the management

of highly regulated rivers to benefit blue sucker spawning and recruit-

ment might ultimately provide ecosystem-level benefits (Tornabene

et al., 2020).

During a fish assemblage survey conducted on August 2, 2022,

we collected five blue sucker specimens from the Angelina River

upstream of a major reservoir (Sam Rayburn Reservoir; 46,335-ha sur-

face area) in East Texas. These collections were surprising given the

upstream location within the basin (Figure 1) and the lack of previous

reports of the species from the area. The goal of this paper was to

review the distribution of blue sucker and quantify mesohabitat and

macroecological correlates for blue sucker occurrences. Our first

objective was to review occurrence reports for the species in state,

national, and global scale databases to determine whether the collec-

tion location was previously recorded. Our second objective was to

analyze mesohabitat (i.e., 10�1 m scale) variables collected during our

fish survey to assess whether mesohabitats occupied by blue suckers

matched those from the literature. Our third and final objective was

to quantitatively compare the macroecological (>103 m spatial extent)

correlates of blue sucker occurrence in the context of river fragmenta-

tion and flow regulation, two primary threats to the species (Acre

et al., 2021).

2 | METHODS

We conducted stream fish surveys using a seine 4.6 by 1.8 m (4.8 mm

mesh) at three locations in the upper Angelina River to collect data for

the mesohabitat scale. The Angelina River is a tributary to the Neches

River in the Coastal Plain ecoregion of East Texas. The tributary flows

177 river kilometers (rkm) southeast over sandy and clay loams

through a watershed dominated by conifer forest and grassland land

cover (Hyman, 2023). A downstream portion of the Angelina River

was inundated by the construction of Sam Rayburn Reservoir during

1956–1965. We surveyed fishes at three locations, including the

Angelina River at the Farm to Market Road 1798 crossing

(31.98239�N, �94.8726�W), the Angelina River at the Highway

343 crossing (31.75312�N, �94.9605�W), and Everett Branch, a trib-

utary to the Angelina River, at the Farm to Market Road 3227 cross-

ing (31.86899�N, �94.8164�W). At each of these locations, we

defined mesohabitats as geomorphic units (i.e., run, riffle, pool) from

which fish and associated environmental characteristics were col-

lected. Measurements of environmental variables were taken at five

equally spaced locations within the area of each 5-m seine haul

(10 total at each site) that included: water depth (m), velocity (m/s)

measured with a flow meter (Marsh-McBirney FlowMate Model

2000) and top-set wading rod, canopy cover (%) measured with a con-

cave densiometer, and substrate. Substrate classifications were based

on a modified Wentworth (1922) scale of grain diameters, including

silt (0.0039–0.0625 mm), sand (0.0625–2 mm), gravel (2–64 mm),

cobble (64–256 mm), boulder (256–4096 mm), and bedrock (solid,

unbroken rock).

We reviewed previous records of blue sucker occurrences at

state, national, and global scales to determine whether the population

of blue sucker upstream of Sam Rayburn Reservoir was previously

documented. Our review included searches of the Fishes of Texas

(FoT) project at the state level (Hendrickson & Cohen, 2022),
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IchthyMaps historical fish distribution database for the United States

at the national level (Frimpong et al., 2016), and the Global Biodiver-

sity Information Facility (GBIF, 2022) at the global level. The FoT is

the most comprehensive collection of occurrence records for Texas

and draws on multiple collection institutions to produce an interactive

map viewer with downloadable data on collected specimens. Ichthy-

Maps is a digitization of the North American Atlas of Freshwater

Fishes (Lee et al., 1980) and is regarded as the most comprehensive

source for national-scale historical distributions of fishes in North

America (Frimpong et al., 2016). The GBIF is a globally integrated

database composed of museum voucher specimens as well as iNatur-

alist observations with “research grade” identification confidence and

is among the most comprehensive global databases for organism

occurrence records (GBIF, 2023).

We analyzed mesohabitat-scale data using principal component

analysis (PCA) to summarize the multiple variables describing habitats

occupied by blue suckers. We first ranked substrate classes based on

grain size (silt = 1, sand = 2, gravel = 3, cobble = 4, boulder = 5,

bedrock = 6) and calculated the average rank among the five observa-

tions per seine haul. We averaged continuous measures of water

velocity, water depth, and canopy cover across the five observations

per seine haul. Univariate distributions were log- (depth, velocity,

grain size rank) or logit- (% canopy cover) transformed prior to analy-

sis. The PCA model was then fit using the “rda” function from the

“vegan” package (Oksanen et al., 2022) and we plotted seine haul-

specific scores along the first two dimensions of the PCA to illustrate

latent environmental relationships among seine hauls in which blue

suckers were present or absent. We used this heuristic framework to

compare the mesohabitats from which we collected blue suckers

to qualitative and quantitative descriptions of blue sucker habitat use

in the literature (i.e., Acre et al., 2021; George et al., 2019; Moss

et al., 1983).

We analyzed macroecological-scale data using streamflow regula-

tion and fragmentation metrics from Cooper and Infante (2017) and

blue sucker occurrence data for 1950–1980 from the IchthyMaps

database (Frimpong et al., 2016) and 1980–2022 from the Global Bio-

diversity Information Facility (GBIF, 2022). The threshold date of

1980 was selected because data from IcthyMaps was only available

up until 1980. We selected two metrics from Cooper and Infante

(2017) to represent streamflow alteration including (1) upstream

degree of regulation (UDOR) defined as the percent of natural runoff

that can be stored in upstream reservoirs, and (2) distance between

two mainstem dams (TM2D), a proxy for habitat fragmentation,

defined as the distance (rkm) between mainstem dams. We used a

F IGURE 1 Maps illustrating
the distribution of blue suckers
(Cycleptus elongatus) at multiple
spatiotemporal scales.
(a) Locations of surveys
conducted during August 2022,
including the location on the
Angelina River at Highway
343 where five blue suckers were

collected. (b) Records of blue
suckers in the Fishes of Texas
database (FoT; Hendrickson &
Cohen, 2022). (c) Records of blue
suckers from the IchthyMaps
database (Frimpong et al., 2016),
including historical records in
Texas based on Lee et al. (1980)
in the upper Frio, upper San
Marcos, and lower Navasota
rivers that are not verified with
specimens (all other Texas
records are in FoT). (d) Records of
blue suckers from the Global
Biodiversity Information Facility
(GBIF, 2022). [Color figure can be
viewed at wileyonlinelibrary.com]
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geographic information system (GIS) to assign GBIF occurrences to

National Hydrography Dataset (NHD version 2; McKay et al., 2012)

common identifier (COMID) values so that dam metrics could be

paired with blue sucker occurrences. The IchthyMaps database pro-

vided COMID values for each fish occurrence in the database and we

used this identifier to pair historical blue sucker occurrences with dam

metrics. We then created biplots of blue sucker occurrences along

gradients of flow regulation and habitat fragmentation for each period

independently and assigned four river categories based on published

thresholds in UDOR and TM2D. We used a UDOR value of 100 as

the threshold for highly regulated rivers because Lehner et al. (2011)

suggested UDOR >100 represents rivers with highly regulated flow

regimes (e.g., elimination of floods, increase in dry season flows). We

used a TM2D value of 282 rkm because Cooper et al. (2017) sug-

gested this was the average length of large, fragmented rivers with

>25,000 km2 drainage area (i.e., “great rivers” in Cooper et al., 2017).

Using the UDOR threshold of 100% and TM2D threshold of 282 rkm,

we defined four categories of increasing hydrological alteration from

the rivers with confirmed blue sucker occurrences and termed these

(1) intact riverscapes, (2) remnant rivers, (3) large, regulated rivers, and

(4) regulated and fragmented rivers (Table 1). We compared the loca-

tion of blue suckers collected in the upper Angelina River with the

database observations. Finally, we tested for changes in the distribu-

tions of blue sucker occurrences among river categories between the

historical and contemporary time periods using the Fisher's exact test.

All analyses were conducted in R version 4.2.0 (R Core Team, 2022).

3 | RESULTS

We collected five specimens of blue sucker from the Angelina River at

State Highway 343 (Figure 1a). Total lengths of these specimens were

312, 382, 396, 420, and 428 mm. There were no previous records of

blue sucker occurrence in the Angelina River upstream of Sam

Rayburn Reservoir from FoT, IchthyMaps, or GBIF databases

(Figure 1b–d). However, the area was within the presumed native

range of the species according to the FoT Project's GIS layer for nativ-

ity. Multivariate ordination of habitats occupied by blue suckers in the

Angelina River at Highway 343 qualitatively matched previous

descriptions of habitat used by the species in other river systems,

meaning streams with high velocities, coarse substrates, and shallow

depths. The first PCA axis explained 60% of the variation and repre-

sented a gradient of seine hauls made under high canopy cover and in

slow velocities oriented positively along the axis to seine hauls made

under open canopies and in faster velocities oriented negatively along

the axis (Figure 2). The second PCA explained 32% of the variation

and represented a gradient of seine hauls conducted in faster veloci-

ties, shallower depths, and larger grain sizes oriented positively along

the axis, to seine hauls conducted in slow velocities, deeper depths,

and over finer grain sizes oriented negatively along the axis. Blue

suckers were present in two of the 30 seine hauls, both of which were

from the fastest velocities and shallowest depths over coarse sub-

strate grains (bedrock, boulder, cobble).

TABLE 1 Four riverscape categories from which blue sucker (Cycleptus elongatus) occurrences were analyzed.

River category UDOR (%) TM2D (km) Description

Intact riverscapes <100 ≥282 Relatively unregulated rivers with long fragment

lengths.

Remnants <100 <282 Rivers with short fragment lengths but relatively

unregulated flows.

Large, regulated ≥100 ≥282 Rivers with high regulation but long fragment lengths.

Regulated and fragmented ≥100 <282 Highly regulated rivers with short fragment length.

Note: Riverscapes are classified by the upstream degree of regulation (UDOR) calculated as the percent of natural runoff that can be stored in upstream

reservoirs as well as the length of mainstem river (km) between upstream and downstream reservoirs (TM2D) according to Cooper et al. (2017). The

threshold for regulated and unregulated rivers (i.e., UDOR = 100) is based on Lehner et al. (2011) and the threshold for fragmented and unfragmented (i.e.,

TM2D = 282) is based on Cooper et al. (2017).

F IGURE 2 Principal component analysis (PCA) results illustrating
blue sucker (Cycleptus elongatus) presence (blue symbols) or absence
(gray symbols) among 10 mesohabitats sampled at three locations
arranged along a stream size gradient, including Everett Branch at
Farm to Market Road 3227 crossing (squares), the Angelina River at
Farm to Market Road 1798 (circles), and the Angelina River at
Highway 343 (triangles). Environmental variables include canopy
cover (%, Canopy), water depth (m, Depth), ranked substrate grain size
(Grain), and water velocity (m/s, Velocity). See Figure 1 for the
locations of sites. [Color figure can be viewed at
wileyonlinelibrary.com]
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From a macroecological perspective, blue sucker occurrences

were widely reported throughout the Mississippi River basin and Gulf

of Mexico drainages during historical (Figure 1c) and contemporary

(Figure 1d) periods. During the historical period, 25% of collections

were from intact riverscapes (n = 74), 71% from remnants (n = 207),

3% from large, regulated rivers (n = 9), and <1% from regulated and

fragmented rivers (n = 1; Figure 3a). During the contemporary period,

24% of collections were from intact riverscapes (n = 12), 39% from

remnants (n = 20), 29% from large, regulated rivers (n = 15), and 8%

from regulated and fragmented rivers (n = 4; Figure 3b). The collec-

tion site on the Angelina River fell almost directly on the threshold

between intact and remnant rivers, including a connectivity length

between mainstem dams of 287 rkm and flow regulation UDOR value

of 19%. The relative proportions of occurrences among river types

shifted through time (Fisher's exact p < 0.001), driven by a decrease in

occurrences within remnant rivers and an increase in occurrences

within large, regulated rivers and regulated and fragmented rivers in

the contemporary period (Figure 4).

4 | DISCUSSION

We report the collection of blue suckers from a portion of their native

range upstream of a major reservoir where the occurrence of the spe-

cies was not previously confirmed. The collection location is not sur-

prising given the local habitat conditions we sampled and the

macroecological stream fragmentation and flow regime regulation

characteristics we observed. Therefore, the absence of previous

records from this location was surprising. We suspect our detection of

the species occurred because we seined during particularly low flows

when habitats were readily accessible, and fish were confined to a

relatively small area of water. Blue suckers are known to occupy fast-

flowing riffle habitats with relatively shallow water and coarse sub-

strate materials such as cobble, boulders, and bedrock (Acre

et al., 2021; George et al., 2019; Moss et al., 1983). During our survey,

we sampled two portions of the same large riffle habitat with fast cur-

rent velocity, bedrock substrate, and shallow depths, which were

located immediately adjacent to large woody debris. We collected blue

suckers in two seine hauls but did not detect the species among other

seine hauls at this location or two other nearby sites farther upstream

in the basin. The extent of the upstream distribution of this species is

currently unknown but should be explored with future research.

Mesohabitat analysis is a common and increasingly used approach

to quantifying fish habitat and occupancy in rivers (Wegscheider

et al., 2020). Mesohabitat analysis largely requires information on dis-

tinct habitat units (e.g., a riffle with measured depths, velocities, and

substrates), but because of the wide diversity of rivers and lack of

F IGURE 3 Distributions of blue sucker (Cycleptus elongatus)

occurrences from (a) Ichthymaps database (Frimpong et al., 2016)
from the period 1950 to 1980 and (b) the Global Biodiversity
Information Facility (GBIF, 2022) database from the period 1980 to
2022 along gradients of habitat connectivity measured as the distance
(rkm) between two mainstem dams (i.e., TM2D metric) and flow
regulation as a percentage of upstream degree of regulation
(i.e., UDOR metric). Metrics were developed by Cooper and Infante
(2017) and reflect contemporary conditions. Thresholds (dashed lines)
for the designation of river classes (see Table 1) are based on a UDOR
value of 100% and a TM2D of 282 rkm. The “X” symbol in panel B
represents the collection of blue suckers from the upper Angelina
River in 2022. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Proportions of blue sucker (Cycleptus elongatus)
occurrences across four riverscape classes (see Table 1) documented
during historical (1950–1980; n = 291) and contemporary (1980–
2022; n = 51) time periods shown as dark and light blue bars,
respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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central databases housing mesoscale information, the emergence

of numerous local classification approaches limit mesohabitat compari-

sons across rivers (Wheaton et al., 2015). This may constrain using

macroecological species distribution information for interpreting local

mesohabitat associations. For example, in our study, we found known

associations between blue suckers and fast-flowing, shallow river

reaches with coarse substrate, but the species also occurs in larger and

deeper rivers mainly lacking this mesohabitat type, such as the Missis-

sippi River mainstem (Figure 1c, d). Moreover, associations with meso-

habitat may be influenced by life stage and habitat occupancy strategy

as documented in other riverine fishes (Smith et al., 2008), including

the closely related, currently undescribed Rio Grande blue sucker

(Cyclepus sp. cf. elongatus; Miyazono et al., 2020). Additional research

on generalizing mesohabitat associations across rivers is recommended.

Macroecological correlates for blue sucker occurrence suggest

the species occurs most frequently where stream flows are minimally

regulated, such as intact or remnant riverscapes. We found some evi-

dence that occurrence records have not proportionally changed

through time for intact riverscapes, but there may be a shift from

occurrence in remnant riverscapes to increasingly regulated rivers.

These patterns might arise from two potential mechanisms. One pos-

sibility is that the locations of sampling have shifted towards regulated

rivers as conservation concern for the species rises and effort is

biased towards those locations to inform management (e.g., Acre

et al., 2023; Tornabene et al., 2020). The most highly regulated rivers

(i.e., UDOR >100%) with contemporary occurrence included a single

record collected in 2012 from the lower Smokey Hill River near its

confluence with the Kansas River in Kansas (UDOR = 340%), nine

records ranging 1997–2021 from the Colorado River in Texas down-

stream of the Highland Lake series of reservoirs (UDOR = 213%–

256%), a single record collected in 2021 from the Red River on the

border of Texas and Oklahoma directly downstream of Denison Dam

at Lake Texoma (UDOR = 161%), four records ranging 2012–2016

from the Sabine River on the border of Texas and Louisiana down-

stream of Toledo Bend Dam and Reservoir (UDOR = 131%–149%),

and four records ranging 1994–2022 from the middle Missouri River

between Omaha, Nebraska and Jefferson City, Missouri. These occur-

rences in highly regulated rivers include locations just below large res-

ervoirs and where hydrologic connectivity allows for movement from

larger, less regulated nearby rivers. An alternative explanation for the

relative increase in occurrence in large, regulated rivers or regulated

and fragmented rivers is that the locations where blue suckers occur

became increasingly regulated between the period 1950–1980 and

the period 1980–2022. We based our break-in time periods on data

availability from IchthyMaps (Frimpong et al., 2016), but the break is

corroborated by most reservoirs in the Midwestern United States

being completed during 1950–1980 (Perkin et al., 2015). Regulation

increased between these two periods in the Sabine River (Toledo

Bend Dam was completed in 1966), but the Highland Lake series was

completed by 1941 and Lake Texoma was completed in 1943, prior to

the period of historical records of blue sucker occurrences. Moreover,

the two records from the most highly regulated river during the his-

torical period came from the Colorado River in Texas downstream of

the Highland Lake series (UDOR = 226%–229%). Consequently, we

hypothesize that increased occurrences in these highly regulated sys-

tem stems from management efforts aimed at improving the conser-

vation status of blue sucker, particularly in the Colorado River (Acre

et al., 2021, 2023), Red River (Dyer & Brewer, 2020), and Sabine River

(Mayes, 2015).

Our findings support the assertion that blue suckers are sensitive

to flow regime regulation (Acre et al., 2023; Tornabene et al., 2020).

However, our results also emphasize that the species might be resil-

ient to this environmental change because of its ability to persist in

remnant riverscapes with relatively short fragment size but intact flow

regimes and suitable spawning and rearing habitat. Our observation of

relatively small juvenile specimens ranging 312–428 mm TL (likely age

2–3; Moss et al., 1983) suggests the population experienced recent

recruitment, though the extent is unknown. Elsewhere in the Mid-

west, blue suckers and ecologically similar fishes have declined where

habitat fragmentation was coupled with flow regime alteration and

desiccation (Perkin et al., 2015). However, potential for the conserva-

tion of species sensitive to flow regime alteration still exists (Liermann

et al., 2012), particularly in locations where fragmentation and flow

regime alterations are not coupled. Our data support the use of the

blue sucker as a flow-sensitive species that can be used to guide envi-

ronmental flow decisions (Freeman et al., 2022), particularly in states

such as Texas where ecological validation of flow regime standards is

needed (Perkin et al., 2023). Specifically, our work informs manage-

ment decisions by (1) reinforcing the need to protect riffle mesohabi-

tats that are subject to the effects of flow alteration (Acre

et al., 2021), (2) informing ecologically relevant values of habitat frag-

mentation and flow alteration that should be preserved or perhaps

restored in regulated rivers (Wohl, 2017), and (3) providing quantita-

tive descriptions for physical characteristic of rivers where repatria-

tion efforts might be attempted in the future to reverse the pattern of

decline for species such as blue sucker (Cathcart, 2021).
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