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Embryology and Early Life History of Rio Grande Silvery Minnow
Hybognathus amarus (Teleostei: Leuciscidae) with Detailed Morphological
Description of Its Larva

Steven P. Platania1,2, W. Howard Brandenburg1, and Robert K. Dudley1,2

Understanding fundamental life history and ecological attributes of declining endemic fishes is essential for develop-
ing effective strategies for their conservation and recovery. In the Great Plains and desert rivers of North America,
numerous imperiled leuciscids belong to a unique reproductive ecotype with drifting eggs and larvae (pelagophils).
Herein, we synthesize three decades of research on the embryology and early life history of Rio Grande Silvery Minnow
Hybognathus amarus, a federally endangered member of this ecotype, and explore how our findings can guide manage-
ment and conservation of these sensitive taxa. We investigated three early developmental aspects of Hybognathus
amarus through aquarium and laboratory studies: 1) egg morphology, development, and density, 2) larval develop-
ment, growth, and behavior, and 3) morphologic and meristic analysis of larvae and early juveniles. Eggs nearly dou-
bled in size at 10 min post-fertilization, were nonadhesive and nearly neutrally buoyant (specific gravity: 1.0011–
1.0024), and hatched within 30 hrs in water about 238C. Recently emerged protolarvae first transformed to mesolar-
vae after about one week, to metalarvae after about three weeks, and to juveniles after about six weeks at 20–248C.
Based on six candidate models, larval fish development (i.e., from protolarvae to early juveniles) was best explained
by a cubic polynomial growth curve. While most protolarvae developed a gas bladder and began to feed within a
week, the complete complement of fin rays (i.e., required for proficient swimming) had not fully formed until about
one month post-hatching. Early developmental characteristics (e.g., egg specific gravity and larval fin ray formation),
combined with river fragmentation, flow regulation, and habitat loss, can profoundly affect the upstream retention
and recruitment of Hybognathus amarus and other native pelagophils. Long-term recovery of these highly imperiled
species will depend on restoring sufficient seasonal flows, river and floodplain connectivity, and habitat complexity to
promote their successful spawning, growth, and survival.

F
EDERALLY endangered Rio Grande Silvery Minnow
Hybognathus amarus (Girard, 1856) is a pelagic-broad-
cast spawning leuciscid native to the Rio Grande basin

of New Mexico, Texas, and Mexico (USFWS, 1994; Platania
and Altenbach, 1998). This species belongs to a reproductive
guild of small-bodied, short-lived, freshwater fishes (�15–20
species, family Leucisidae) that are native to the Great
Plains rivers of North America (Platania and Altenbach,
1998; Dudley and Platania, 2007; Worthington et al., 2018).
This diverse group of pelagic-broadcast spawning (pelago-
phils) riverine fishes release nonadhesive, nearly neutrally
buoyant eggs into the water column, which are passively
transported downstream (Moore, 1944; Balon, 1975; Fausch
and Bestgen, 1997; Platania and Altenbach, 1998). During
the past century, this assemblage has experienced drastic
reductions in distribution and abundance following wide-
spread river fragmentation and flow regulation (Dudley and
Platania, 2007; Jelks et al., 2008; Gido et al., 2010; Perkin
and Gido, 2011; Perkin et al., 2015). The conservation of
native pelagophils is a burgeoning area of ichthyology
(Worthington et al., 2018), yet descriptions of their early life
histories (e.g., egg morphology, embryology, ontogeny, and
growth) are deficient in recent literature (Battle and Sprules,
1960; Bottrell et al., 1964; Sliger, 1967). The biology of nearly
neutrally buoyant eggs and drifting larvae (i.e., ichthyo-
plankton or propagules) is fundamental for assigning species
to the correct reproductive guilds, and to understanding the

declines in occurrence and abundance of native pelagophils
(Platania and Altenbach, 1998; Fuiman, 2002; Dudley and
Platania, 2007; Durham andWilde, 2008; Worthington et al.,
2018).

Hybognathus amarus is one of the most imperiled members
of this unique reproductive guild. The remnant wild popula-
tion of this species currently occurs in approximately 280
river km of the Middle Rio Grande of New Mexico, which
only represents �5% of its historical range (Bestgen and Pla-
tania, 1991), and its persistence has partially depended on
substantial augmentation with hatchery-reared fish since
2002 (Archdeacon et al., 2023). Including Hybognathus ama-
rus, the Middle Rio Grande once sustained five native puta-
tive pelagophils that produced nearly neutrally buoyant
eggs: Phantom Shiner Alburnops orca and Rio Grande Blunt-
nose Shiner A. simus simus are extinct, while Speckled Chub
Macrhybopsis aestivalis and Rio Grande Shiner Notropis jeme-
zanus are extirpated (Bestgen and Platania, 1990, 1991; Pla-
tania and Altenbach, 1998). The decline of these taxa as
well as federal listing of Hybognathus amarus as endangered
motivated the first direct observations and classification of
spawning behaviors and egg types of several Rio Grande
basin leuciscids (Platania and Altenbach, 1998). The discov-
ery of the pelagic-broadcast spawning mode and egg type
provided valuable new insights and research directions into
the conservation of this reproductive ecotype. Notably, sub-
sequent studies of Hybognathus amarus and their pelagic,
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nearly neutrally buoyant eggs demonstrated the negative
impacts of human-mediated river modifications (i.e., frag-
mentation and flow regulation) on the survival of drifting
ichthyoplankton (Alò and Turner, 2005; Osborne et al.,
2005; Dudley and Platania, 2007). Recent studies have since
attributed the regional decline of this guild to the interplay
of their early life history and water management practices
(Gido et al., 2010; Perkin and Gido, 2011; Perkin et al.,
2015). However, fundamental descriptions of growth, devel-
opment, and behavior of early life stages (i.e., egg, embryo,
and larva) have not been published for Hybognathus amarus
or other members of this reproductive guild. Important
knowledge of the early life history of this imperiled repro-
ductive ecotype can be gained through the study of repre-
sentative species, such as Hybognathus amarus.

This paper is a synthesis of three separate studies, con-
ducted over three discrete periods, that collectively analyze
and describe the morphology, growth, and development of
the eggs, embryos, and larvae (along with behavior of the
early developmental phases) of Hybognathus amarus. The
objectives of this synthesis are to: (A) provide comprehen-
sive documentation of egg morphology and embryological
development, (B) describe larval development, growth, and
behavior, and (C) provide a detailed morphological and
meristic diagnosis of larvae and early juveniles. Ultimately,
the goal of this paper is to update aspects of the information
first presented by Platania and Altenbach (1998). While
many post-Platania and Altenbach (1998) publications char-
acterized Great Plains leuciscids based on reproductive
mode or spawning strategy (e.g., pelagophilic, lithopelago-
philic), we emphasize that the single most important aspect
of the reproductive biology of these fishes, and the defining
attributes that dictate the long-term persistence of popula-
tions, are the joint physical characteristics of the egg, nearly
neutral buoyancy, and lack of an adhesive chorion (Platania
and Altenbach, 1998; Dudley and Platania, 2007). Our long-
standing research on leuciscids in New Mexico continues to
focus on egg buoyancy, and subsequent downstream trans-
port (i.e., drift), of the diaphanous eggs of Hybognathus ama-
rus (Fig. 1). Our laboratory and field-based research on this
reproductive guild, over the past two decades, continues to
document the overwhelming importance in understanding
the timing of spawning, its relationship to streamflow pat-
terns, and the resultant downstream transport of eggs (i.e.,
drift). In addition to the detailed accounts presented herein,
we discuss this information in context of research on this
species and its implications for reproductive success in the
Middle Rio Grande. This synthesis of the early life history of
Hybognathus amarus contributes valuable information and
insights related to its conservation and of other riverine leu-
ciscids that produce nonadhesive, nearly neutrally buoyant
eggs.

MATERIALS AND METHODS

We studied aspects of embryology and egg density of Hybog-
nathus amarus in 2003 (A), while our initial study on larval
fish growth, developmental rates, and behavior was con-
ducted in 1994 (B). The morphological and meristic diagno-
sis of larvae and early juveniles of Hybognathus amarus was
conducted 2016–2018 (C) using archived cultured material
from the 1994 study and supplemented with wild collected
individuals. Specimens (including eggs) collected in each

study were deposited in the Division of Fishes of the

Museum of Southwestern Biology (MSB) at the University of

New Mexico (UNM) with a subset of original material gifted

to the Larval Fish Laboratory at Colorado State University

(CSU). Institutional abbreviations follow Sabaj (2020). Com-

mon and scientific names follow Page et al. (2023).

A: Embryology and egg density.—Eight female and 14 male

Hybognathus amarus (collected from the Rio Grande, Socorro

County, NM) were injected with carp-pituitary extract (CPE)

at 1500 hrs on 8 October 2003, following the procedures out-

lined in Platania and Altenbach (1998), and maintained in a

spawning aquarium (378.5 L) at about 238C with a salinity of

1.9 ppt. Spawning occurred about 0000 hrs on 9 October

2003. Fertilized eggs were transferred from the spawning

aquarium to the UNM confocal microscopy laboratory at 0800

hrs on 9 October 2003 to determine embryological develop-

ment and physical characteristics. Embryological develop-

ment was observed on ten eggs, with all embryos at the same

initial developmental phase. All specimens were examined,

measured, and images obtained using confocal microscopy.

The same individual embryo was photographed for almost all

developmental images. Preserved samples of post-spawn eggs

(15 s, 10 min, 30 min) from the initial study (1994, B) were

used to supplement early developmental material. Mean egg

diameter and embryo standard length (SL) were measured to

the nearest 0.1 mm, per post-spawning period, for all samples.

Student’s t-tests (Student, 1908) were performed per pair to

compare post-spawning period mean egg diameters and

embryo lengths, blastula/gastrula (10.0–12.5 hrs post-spawn),

early embryo/tail-bud (13.7–16.5 hrs), and late embryo (33.0–

35.5 hrs) stages.

Fig. 1. Photograph of a live egg and embryo of Hybognathus amarus,
collected in the Middle Rio Grande (NM, Socorro County, Rio Grande
at Sevilleta National Wildlife Refuge, La Joya, 7 June 2018; photo by
Andrea D. Urioste), illustrating key characteristics (size [ca. 3.7 mm
diameter] and clarity [diaphanous]) of nearly neutrally buoyant eggs
and embryos emblematic of this reproductive guild.
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Live eggs of Hybognathus amarus (n ¼ 100) for each of the
three embryonic stages (blastula/gastrula, early embryo/tail-
bud, and late embryo) were used to determine terminal
velocity and specific gravity. These eggs were not used in
any other phase of investigation because they could not be
easily removed from the velocity chamber without causing
potential damage and affecting their viability. Terminal
velocities of the nearly neutrally buoyant eggs were calcu-
lated, after initial acceleration, in a test cylinder filled with
distilled water (208C). The test cylinder was a 183 cm tall 3
8.9 cm diameter clear acrylic (6.35 mm thickness) tube
sealed at its base and anchored to a plywood board base (1
m2) for stability. Terminal velocity (mm/s) was determined
by the time (0.5 s) required for an egg to descend a vertical
distance of 700 mm in the cylinder (from 300–1,000 mm, as
measured from the top). Time was initialized at 300 mm
(marked on the test cylinder) to ensure eggs had reached
their terminal velocity. Specific gravity (SG) of live eggs was
calculated following procedures in Dudley and Platania
(1999). The SG equation is derived from the difference
between the SG of water and the SG of the egg falling
through the water (DSG) and is represented as:

DSG ¼ 0:75ðU2CD=DgÞ
where U is the egg terminal velocity, CD is the empirical
drag coefficient, D is the egg diameter, and g is Earth’s gravi-
tational constant (�9,800 mm/s2). The empirical drag coef-
ficient (CD) was estimated using an equation calculated
from empirical evidence reviewed in White (2006):

CD ¼ 24

ReD

� �
þ 6

1þ Re0:5D

 !
þ 0:4

where ReD is the ratio of inertial forces to viscous forces in a
liquid (i.e., Reynolds number). The Reynolds number was
calculated as ReD ¼ UD=t, where t is kinematic viscosity of
water (1.0034 mm2/s) assuming a density of 998 kg/m3 and
temperature of 208C (at atmospheric pressure). Mean termi-
nal velocity and specific gravity of live eggs were assessed
for the blastula/gastrula (10.0–12.5 hrs post-spawn), early
embryo/tail-bud (13.7–16.5 hrs), and late embryo (33.0–
35.5 hrs) stages.

B: Egg and larval fish developmental morphology, growth rates,

and behaviors.—On 11 May 1994 from 1300 to 1400 hrs, 43
gravid female and 24 ripe male Hybognathus amarus were
collected at the confluence of the Rio Grande and the North
Socorro Diversion Channel (Socorro County, NM; UTM
326501E, 3774731N, Zone 13S). Live specimens were care-
fully transported to a laboratory at UNM where individuals
were examined to determine their relative health, reproduc-
tive condition, sex, and age. Fish selected for the study were
anesthetized using tricaine mesylate (MS-222) and given an
abdominal injection of approximately 0.1 cc (0.11 mg) of ace-
tone-dried CPE to induce spawning. Reproductively capable
Hybognathus amarus were then placed in an aquarium (378.5 L)
where they were observed until they recovered from the anes-
thesia. Injection of Hybognathus amarus collected for this study
began at 2300 hrs (11 May 1994) and concluded by 2355 hrs.
Specimens remained in the spawning aquarium for about 36
hrs to allow multiple spawning events and to yield many eggs
(and subsequent larvae) for developmental studies. The

approximate time between injection, spawning, and hatching
was recorded. Aquaria were maintained in a greenhouse in the
Department of Biology at UNM that received natural sun-
light and maintained a daytime ambient temperature of
approximately 278C. Minimum and maximum water tem-
peratures were recorded daily on submerged minimum-
maximum thermometers (Taylor Holdco, LLC). A tubular
air-stone (25 cm) was placed in the lower corner of the
spawning aquarium to maintain an adequate dissolved oxy-
gen concentration and provide continuous water current.
Two aquarium nets (25 3 18 cm, fine mesh) were suspended
just below the water surface to collect eggs produced during
spawning. Aquarium nets were installed about eight hours
after the fish were injected with CPE and checked for eggs
every two hours.

Eggs collected in the nets were transferred to a smaller
aquarium (189.3 L) for rearing. Compressed air and a tubu-
lar air-stone provided air and current in the rearing aquar-
ium. A clear acrylic tray (37 3 15 3 8 cm) suspended 5 cm
below the water surface provided a low-velocity rearing hab-
itat (i.e., artificial backwater) for larval fish (Fig. 2). Samples
of eggs were preserved in 5% buffered formalin within 15 s
of spawning, and at 10 min and 30 min post-spawning
intervals. Samples of developing larvae were collected twice
daily for the first 12 days following hatching, daily for the
following ten days, and then weekly until individuals achieved
the juvenile phase. Day 0 was designated as the day that larvae
emerged (i.e., hatched). Larval fish were fed finely ground com-
mercial larval fish food twice per day starting on Day 6; diet
was supplemented by algae that naturally grew on the inte-
rior walls of the aquarium. Observations of larval swimming
behavior and the number of larvae present in the artificial
backwater were recorded daily during the first week post-
hatching.

Preserved (5% buffered formalin) larval specimens were
examined in the laboratory for characteristics indicative of
selected developmental phases following Snyder (1983). No
discernible developmental differences between the two

Fig. 2. Illustration of tank used to rear Hybognathus amarus from egg
to early juvenile stages (189.3 L): (A) shows the 25 cm tubular air-
stone used to maintain dissolved oxygen and provide continuous cir-
cular flow, (B) indicates flow direction, and (C) is the clear acrylic tray
(37 3 15 3 8 cm) that was suspended 5 cm below the water surface
to provide low-velocity habitat for larval fish (i.e., artificial backwater).
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daily samples taken during days 1–12 was observed; there-
fore, only one sample per day was selected for study. A ste-
reomicroscope fitted with an ocular micrometer was used to
visually examine eggs, embryos, and larval fish; egg diame-
ter and SL were measured to the nearest 0.1 mm. Initial
development of crucial morphological features was assessed
(e.g., pigmentation, yolk absorption, formation of fin rays).
Terminology for reproductive behavior and egg type follow
Breder and Rosen (1966) and Balon (1975, 1981).

Six growth models were developed in program R (R Core
Team, 2022) to evaluate the relationship between age (in
days post-hatching) and SL of larvae and juveniles. Simple
linear, quadratic polynomial, and cubic polynomial models
were assessed using the base lm function in R. More com-
plex sigmoidal logistic, Gompertz (Gompertz, 1825), and
von Bertalanffy (von Bertalanffy, 1938) growth models were
also assessed using the FSA package (Ogle et al., 2022).
Growth models were evaluated using a corrected Akaike
information criterion (AICc; Akaike, 1973), and the model
with the lowest AICc was considered the most parsimoni-
ous. Log likelihood, uncorrected AIC, and Bayesian infor-
mation criterion (BIC; Schwarz, 1978) values were also
calculated per growth model. Daily length measures were
compiled as box plots, using SigmaPlot (version 14.5; Systat
Software Inc., San Jose, California, 2020), and the first
appearances of key morphological features were denoted, as
well as the durations that larval developmental phases were
present in samples.

C: Morphology and meristic diagnosis of larvae and early juve-

niles.—Morphological and meristic analysis of larvae and early
juveniles of Hybognathus amarus (n ¼ 85) was performed from
2015 to 2018. Most specimens (n ¼ 56) were obtained from
materials cultured and archived during the 1994 study (B). In
addition, 29 wild larvae of Hybognathus amarus, collected from
1996 to 2008 in the Middle Rio Grande of New Mexico, were
also incorporated. Four early life-history phases were evaluated:
protolarvae (n ¼ 10); mesolarvae (n ¼ 36), which is comprised
of the sub-phases flexion mesolarvae (n ¼ 17) and postflexion
mesolarvae (n ¼ 19); metalarvae (n ¼ 20); and early juvenile
(n ¼ 19). Individual fish were analyzed by developmental
phase for up to 24 morphological measures and eight myo-
mere counts, four fin-ray counts, and a suite of pigmentation
characters (Figs. 3, 4). Specimens were examined using a ste-
reomicroscope with an ocular micrometer reticle eyepiece
and combinations of reflected, transmitted, and polarized
light. Calibration of the ocular micrometer was performed
with a stage micrometer prior to analyses to ensure accuracy
of measures at multiple magnifications. Measurements were
made to the nearest 0.1 mm and occasionally to 0.05 mm.
Acquisition of morphological data and meristic values, as
well as preparation of scientific illustrations, was completed
by the same researcher (WHB), thereby maximizing consis-
tency of measures and counts, and accuracy in the represen-
tation of the developmental illustrations.

Mean morphological measures were summarized as per-
cent mean SL per developmental phase. Fourteen measures
describe body lengths, five measures describe body depths,
and five measures describe body widths. Standard length
was determined at onset of and at transitions to these
important ontogenetic events: larval phase transitions
(hatching to early juvenile), gut phase transitions (908 bend
to full crossover), onset of eye pigmentation, formation of

pectoral- and pelvic-fin buds, loss of yolk and preanal fin-
fold, formation of first and last principal fin rays in each of
the median and paired fins, formation of first and last rudi-
mentary rays of the caudal fin, and initial and complete for-
mation of lateral scales on the body.

Pigmentation distribution or pattern was summarized
from 49 pigment characters, up to 30 of which were applica-
ble depending on developmental phase. Other diagnostic
characters used to describe larvae and early juveniles of
Hybognathus amarus included eye shape, general mouth
position, relative position of posterior corner of mouth, and
relative position of fins. Additionally, 20 meristic values
were recorded. These characters were comprised of eight
myomere counts, lateral line scale counts, number of verte-
brae, pharyngeal teeth formula, and counts of principal and
rudimentary rays of median and paired fins.

Eight continuous-tone graphite and black-ink illustra-
tions of larvae or early juveniles of Hybognathus amarus were
prepared in dorsal, lateral, and ventral views to visualize
morphological and pigmentation differences among devel-
opmental phases. For all illustrations, enlarged composite
digital photos of primary, secondary, and tertiary images of
specimens were created. Finalized digital image files were
printed, and specimen outlines (from digital images) were
used to ensure accurate body proportions. Draft illustrations
were generated on vellum paper. Graphite and gray ink were
used to render most portions of body form, anatomical
structures, and shading. Black ink was used for surface or
near-surface pigmentation to distinguish it from deeper pig-
mentation. Body proportions and meristic values in the
drawings were verified, and details were added during exam-
ination of specimens under a stereomicroscope. If necessary,
drawings were idealized (e.g., closed or frayed fins were
opened and smoothed, and curved bodies straightened),
and melanophore distribution and other structures were
modified to represent a prototypical pattern or condition
based on secondary and tertiary images of specimens.

RESULTS

Embryology and egg density.—Growth of Hybognathus amarus
proceeds rapidly through typical teleost embryological
stages of development (Fig. 5). Shortly after spawning, the
blastomeres of the developing zygote begin rapidly dividing
and form a cellular disk (blastoderm) that progressively cov-
ers most of the top surface of the yolk. The blastula stage
(Fig. 5A) of Hybognathus amarus is achieved 6 hrs post-fertil-
ization and is characterized by the linear and hollow mass
of blastomeres that form along the top of the yolk. As devel-
opment proceeds to the gastrula stage (Fig. 5B; 8 hrs post-
fertilization), germ layers form and a ring of blastomeres
envelopes most of the yolk’s circumference. The embryonic
axis head and tail are clearly visible by the early embryo
stage (Fig. 5C; 10 hrs post-fertilization), while the neural
tube, notochord, and somites are in the earliest phases of
development and not yet visible. By the tail bud stage (Fig.
5D; 12 hrs post-fertilization), the cephalic region, somites,
and caudal region are visible in the developing embryo.
During the early part of the tail free stage (Fig. 5E; 14 hrs
post-fertilization), the optic vesicle is clearly defined as are
the developing somites along the length of the notochord.
The tail has grown beyond the yolk mass by the beginning
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of the late embryo stage (Fig. 5F; 18 hrs post-fertilization),
and the auditory vesicle, otoliths (two small black dots
within vesicle), myomeres, and Kupffer’s vesicle are devel-
oped and visible at this stage. At the middle of late embryo
stage (Fig. 5G; 22 hrs post-fertilization), the embryo is visi-
ble within the confines of the chorion and surrounded by
the large protective perivitelline space. The lens of the eye is
visible during the middle of late embryo stage and the
embryo maintains a large yolk sac. By the end of the late
embryo stage (Fig. 5H; 26 hrs post-fertilization), and about 4
hrs prior to hatching, the embryo closely resembles a newly
hatched yolk-sac larva (i.e., protolarva).

Egg diameter and embryo length.—From the 1994 reproduc-
tive study, we examined 107 fertilized eggs of Hybognathus
amarus and their embryos (Table 1). Immediately after
spawning (0–2 min), mean egg diameter was 1.61 mm (n ¼
35) with mean embryo length of 0.96 mm. At fertilization,
the embryo was not uniformly spherical but instead had
multiple sharp, angular edges. Another 35 eggs, taken 10
min post-spawning, had significantly expanded in diameter
to 2.94 mm (P , 0.001), while the embryo achieved a mean
length of 1.07 mm (P , 0.001). Water diffused into the

perivitelline cavity expanding the chorion, creating a large
space between the chorion and embryo, and resulting in a
turgid chorion. There were no differences in mean egg
diameter (P . 0.05) or mean embryo length (P . 0.05)
between the 10 min and 30 min post-spawn samples. In the
30 min sample (n ¼ 37), the embryo was rounded and flat-
tened (saucer-shaped), while the egg was spherical with a
smooth chorion and ornamented with a single raised
micropyle.

Three samples of eggs (n ¼ 369 total) of Hybognathus ama-
rus spawned in 2003 were examined for egg and embryo size
during later developmental phases. The first sample (n ¼
130) was comprised of eggs that were 10.0–12.5 hrs post-
spawning, contained embryos in the blastula/gastrula
stages, with mean egg diameter 3.79 mm and embryo
length of 1.28 mm. The second sample (n ¼ 139) contained
eggs at 13.7–16.5 hrs post-spawning and embryos were pri-
marily in the early embryo/tail-bud stage. Embryo length
significantly increased to 1.42 mm (P , 0.001) compared to
the first sample, while the decrease in mean egg diameter
(3.73 mm) was not significantly different. In the final 2003
sample (n ¼ 100; 33.0–35.5 hrs post-spawning), which was
within a few hours of hatching, mean egg diameter was

Fig. 3. Measures for larval and early juvenile fishes. Yolk sac (Y) and pterygiophores are included in the width and depth measures but fins and
finfolds are not. “B” in BPE and BPV means immediately behind. AMPM is anterior margin of most posterior myomere. PHP is measured to the end
of notochord until the adult complement of principal caudal-fin rays is observed (postflexion mesolarval phase). Fin lengths (D, A, P1, and P2,
encircled) are measured along the plane of fin from its origin to most distal margin. Images modified from Snyder et al. (2016).
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slightly smaller (3.62 mm) than the first two samples. Mean
embryo length, however, had more than doubled (3.07

mm) and was significantly different than the other two sam-
ples (P , 0.001).

Specific gravity of eggs.—Terminal velocity and specific grav-

ity of live eggs of Hybognathus amarus were estimated from
2003 study material (n ¼ 300). Mean egg diameters (x ¼
3.62–3.79) and mean embryo lengths (x ¼ 1.21–3.04) were

similar to values obtained for the sample set of 369 eggs (see
above section and Table 1). Eggs taken from the 10.0–12.5
hrs post-spawning sample (n ¼ 100) descended slowly

through the column, taking 105–157 s (x ¼ 128.1 s; SD ¼
10.7) to settle 700 mm. Egg terminal velocities were 4.45–
6.67 mm/s (x ¼ 5.50; SD ¼ 0.45). Specific gravity of eggs
from the 10.0–12.5 hrs post-spawn sample ranged from

1.0011–1.0024 based on mean egg diameter and terminal
velocity. This test was repeated with eggs that were 13.7–
16.5 hrs post-spawning (n ¼ 100), but egg diameter, termi-

nal velocity, and specific gravity were not significantly dif-
ferent (P . 0.05) from the 10.0–12.5 hrs post-spawning
sample. The final test was conducted on eggs (n ¼ 100) from

the 33.0–35.5 hrs post-spawning sample; embryos had pro-
gressed to the late embryo stage and were beginning to
hatch. Eggs from this sample descended slightly faster than

the first two samples, taking 88–134 s (x ¼ 112.3 s; SD ¼ 8.3)

to travel 700 mm. Compared to values recorded on the first

two samples of less developed embryos, egg diameter was

smaller (x ¼ 3.62; P , 0.001), embryos were longer (x ¼ 3.04;

P , 0.001), terminal velocities were faster (x ¼ 6.27; P ,
0.001), and specific gravity was higher (x ¼ 1.0021; P, 0.001)

for the third, more developed sample.

Observations.—The newly spawned, nonadhesive eggs of

Hybognathus amarus dispersed throughout the aquarium

and settled to the bottom where they quickly absorbed

water and expanded. Perivitelline space (i.e., distance

between chorion and embryo; Fig. 6) was minimal upon fer-

tilization but approximately tripled within 10–30 min. As

the chorion expanded and the perivitelline cavity filled

with water, eggs became nearly neutrally buoyant, rose into

the water current, and remained in suspension. Eggs settled

to the bottom of the aquaria if water current was not main-

tained via air stone.

Egg and larval fish development, growth rates, and behaviors.—

Laboratory-reared larval and juvenile specimens of Hybogna-

thus amarus (n ¼ 610) were taken at 31 intervals (in days)

after hatching. For each sample, larval phase was deter-

mined, and SL was recorded (Fig. 7). Water temperature in

rearing tanks ranged from 20–248C. The number of speci-

mens taken ranged from 8–66 per day (x ¼ 19.7). The vast

Fig. 4. Meristics (quantitative features) determined for larval and early juvenile cypriniforms. Meristic features comprise myomeres (noted by white
diamonds), pterygiophores, fin rays (primary and rudimentary), and lateral line scales (or lateral series if the lateral line is incomplete; noted by
white squares). Rudimentary rays are reported in lowercase Roman numerals, while principal median rays are denoted in Arabic numerals; rudi-
mentary rays are not distinguished in paired fins. In the upper illustration, the most anterior and most posterior myomeres included in myomere
counts (e.g., ODF, OD, PV) are transected by a vertical line and shaded dark gray. Images modified from Snyder et al. (2016).
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majority (n ¼ 574, 94.1%) of individuals examined were

either protolarvae or mesolarvae. All protolarvae (n ¼ 316)

were preflexion, while mesolarvae were either preflexion

(n ¼ 43), flexion (n ¼ 36), or postflexion (n ¼ 179). All met-

alarvae (n ¼ 29) and juveniles (n ¼ 7) were postflexion. All

specimens taken day 0–7 were protolarvae. The first meso-

larva was taken on Day 8, but it was not until Day 16 that

mesolarvae comprised .50% of the samples. The last proto-

larva was taken on Day 21, with mesolarval specimens being

the most abundant developmental phase until Day 34. The

first metalarval specimen was from Day 23. The final sample

at a daily interval occurred on Day 27; subsequent samples

occurred at one-week intervals. The final daily sample was

comprised of 60% mesolarvae and 40% metalarvae; the first

weekly sample (i.e., one week later) was comprised of 47%

mesolarvae and 53% metalarvae. Metalarval fish were the

numerically dominant developmental phase on Day 41,

comprising 63% of the specimens with late-mesolarvae

accounting for the remaining 37%. On Day 48, the sample

was only comprised of metalarval (46%) and early juvenile

(54%) fish.
Recently emerged protolarvae (Day 0) were lacking

median fin buds, eye and body pigmentation, and an

inflated swim bladder. Specimens had a large yolk sac that

extended from the posterior portion of the operculum to

the vent. Numerous specimens had slightly curved caudal

fins, suggesting that they had only recently hatched. After

one day post-hatching (Day 1), yolk sacs appeared smaller

but were still the dominant morphological feature and pec-

toral-fin buds were starting to form. By Day 2, brown eye pig-

mentation appeared, pectoral-fin buds became fuller, gas

bladder formation started, and the yolk sac was being

absorbed. The pectoral fins of larval specimens were fully

developed by Day 3. Their eyes were well pigmented (i.e.,

black), body pigmentation was first observed, the gas bladder

apparent, and the yolk sac had considerably reduced in

Fig. 5. Developmental phases of Hybognathus amarus. Embryonic stage names and anatomical features follow terminology of Mansueti and
Hardy (1967). Embryonic stages identified by upper case letters and hours post-fertilization contained in brackets: (A) blastula [6 hrs], (B) gastrula
[8 hrs], (C) early embryo stage [10 hrs], (D) tail-bud stage [12 hrs], (E) tail-free stage [14 hrs], (F) beginning of late embryo stage [18 hrs], (G) mid-
dle of late embryo stage (composite of two photographs) [22 hrs], and (H) end of late embryo stage [26 hrs], about 4 hrs prior to hatching.
Structures that appear throughout embryonic development: 1: blastomeres; 2: yolk; 3: embryonic axis head; 4: embryonic axis tail; 5: cephalic
region; 6: somites; 7: caudal region; 8: optic vesicles; 9: developing somites; 10: notochord; 11: auditory vesicle; 12: myomeres; 13: Kupffer’s vesi-
cle; 14: chorion; 15: lens of the eye; 16: yolk sac; 17: perivitelline space.
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volume. Food was first observed in the gut of larvae on Day 4,
which coincided with absorption of the yolk sac. Pigmenta-
tion was scattered over the body, with some pigmentation pre-
sent on the tail, and the pectoral fins were full and contained
rays. For the next several days (Days 4–8), there were few
major developmental changes as fish proceeded through the
protolarval phase to the mesolarval phase. Larvae grew rela-
tively slowly as they absorbed their remaining yolk, started to
feed, became deeper bodied, and grew caudal-fin rays. Differ-
entiation of the rays in the dorsal fin was first noted on Day
13, while anal-fin ray differentiation was not observed until
Day 17. As fish progressed through the mesolarval phase, the
flexion of the notochord completed, fish acquired additional
body pigmentation, and medial fin rays formed and seg-
mented. The appearance of pelvic-fin buds on a Day 23 speci-
men also marked the first metalarval specimen. On Day 24, all
larval specimens were strongly pigmented. Most specimens
had some dorsal-fin rays but lacked anal-fin rays. However, the
largest fish in this sample had a short gut coil near the vent
and almost all its principal anal-fin rays. Coiling of the gut was
apparent by Day 41 and associated only with metalarval speci-
mens. Fish were feeding on commercial fish food and grazing
on algae growing in the aquarium. Growth rate of metalarvae
and development of the full complement of pelvic-fin rays was
slow. On Day 48, over half of the sample was juvenile fish.
These specimens had the full complement of fin rays, fully
developed pelvic fins, beginning of a scale pattern, well-
segmented medial fin rays, and no remnants of finfolds.

Larval fish early swimming behavior.—Swimming behavior of
recently hatched (Day 0) larvae was characterized by vertical
movement through the water column (i.e., swim-up behav-
ior). Larvae spent 1–3 s swimming toward the surface, then
stopped, began to settle toward the bottom, then reinitiatedTa

bl
e
1.

M
e
an

,
m
in
im

u
m
,
a
n
d
m
a
xi
m
u
m

e
g
g
d
ia
m
e
te
rs

a
n
d
e
m
b
ry
o
le
n
g
th
s
o
f
H
yb

o
g
n
a
th
u
s
a
m
a
ru
s
a
t
va
ri
o
u
s
st
ag

e
s
o
f
e
g
g
d
e
ve
lo
p
m
e
n
t.
M
e
an

,
m
in
im

u
m
,
a
n
d
m
a
xi
m
u
m

e
g
g
te
rm

in
a
l
ve
lo
ci
-

ti
e
s
a
n
d
sp

e
ci
fi
c
g
ra
vi
ti
e
s
w
e
re

a
ls
o
a
ss
e
ss
e
d
fo
r
e
a
ch

st
a
g
e
o
f
d
e
ve
lo
p
m
e
n
t.
E
g
g
te
rm

in
a
l
ve
lo
ci
ty

a
n
d
sp

e
ci
fi
c
g
ra
vi
ty

p
ro
to
co

ls
a
re

d
is
cu

ss
e
d
in

M
a
te
ri
al
s
a
n
d
M
e
th
o
d
s.

C
a
lc
u
la
ti
o
n
s
o
f
sp

e
ci
fi
c

g
ra
vi
ty

fo
llo

w
D
u
d
le
y
a
n
d
P
la
ta
n
ia

(1
9
9
9
).
D
e
ve
lo
p
m
e
n
t
st
a
g
e
s
w
e
re
:
b
la
st
u
la
/g
a
st
ru
la

(B
G
:
1
0
.0
–
1
2
.5

h
),
e
a
rl
y
e
m
b
ry
o
/t
ai
l-
b
u
d
(E
E
:
1
3
.7
–
1
6
.5

h
),
a
n
d
la
te

e
m
b
ry
o
(L
E
:
3
3
.0
–
3
5
.5

h
).
S
a
m
p
le
s

fr
o
m

1
9
9
4
w
e
re

in
cl
u
d
e
d
to

su
p
p
le
m
e
n
t
e
a
rl
y
p
o
st
-s
p
a
w
n
d
e
ve
lo
p
m
e
n
t
(0
–
3
0
m
in
)
a
n
d
re
ce
n
tl
y
h
a
tc
h
e
d
p
ro
to
la
rv
a
e
(P
R
).

E
g
g
d
ia
m
e
te
r
(m

m
)

E
m
b
ry
o
le
n
g
th

(m
m
)

E
g
g
te
rm

in
a
lv
e
lo
ci
ty

(m
m
/s
)

S
p
e
ci
fi
c
g
ra
vi
ty

D
a
te

Ti
m
e
p
o
st
-s
p
a
w
n

E
g
g
s
(n
)

M
e
a
n
(6

S
D
)

M
in
–
M
a
x

M
e
a
n
(6

S
D
)

M
in
–
M
a
x

M
e
a
n
(6

S
D
)

M
in
–
M
a
x

M
e
a
n
(6

S
D
)

M
in
–
M
a
x

12
M
ay

19
94

0–
2
m
in

35
1.
61

(0
.1
1)

1.
4–

1.
9

0.
96

(0
.0
7)

0.
8–

1.
1

—
—

—
—

12
M
ay

19
94

10
m
in

35
2.
94

(0
.5
0)

1.
5–

3.
6

1.
07

(0
.0
9)

0.
9–

1.
4

—
—

—
—

12
M
ay

19
94

30
m
in

37
2.
90

(0
.4
0)

2.
0–

3.
6

1.
12

(0
.1
3)

0.
9–

1.
4

—
—

—
—

9
O
ct
20

03
10

.0
–
12

.5
h

13
0

3.
79

(0
.2
3)

3.
2–

4.
3

1.
28

(0
.1
3)

0.
9–

1.
5

—
—

—
—

9
O
ct
20

03
13

.7
–
16

.5
h

13
9

3.
73

(0
.2
6)

3.
1–

4.
2

1.
42

(0
.2
0)

1.
0–

1.
8

—
—

—
—

10
O
ct
20

03
33

.0
–
35

.5
h

10
0

3.
62

(0
.2
3)

3.
0–

4.
1

3.
07

(0
.2
8)

2.
1–

3.
7

—
—

—
—

9
O
ct
20

03
10

.0
–
12

.5
h

10
0
B
G

3.
79

(0
.2
7)

3.
2–

4.
4

1.
21

(0
.1
6)

0.
9–

1.
5

5.
50

(0
.4
5)

4.
45

–
6.
67

1.
00

16
(0
.0
00

3)
1.
00

11
–
1.
00

24
9
O
ct
20

03
13

.7
–
16

.5
h

10
0
E
E

3.
79

(0
.2
4)

3.
1–

4.
3

1.
43

(0
.1
9)

1.
0–

1.
7

5.
52

(0
.4
3)

4.
43

–
6.
54

1.
00

16
(0
.0
00

2)
1.
00

12
–
1.
00

22
10

O
ct
20

03
33

.0
–
35

.5
h

10
0
LE

3.
62

(0
.2
2)

3.
0–

4.
2

3.
04

(0
.2
7)

2.
3–

3.
5

6.
27

(0
.4
9)

5.
22

–
7.
95

1.
00

21
(0
.0
00

3)
1.
00

16
–
1.
00

34
14

M
ay

19
94

1
49

.5
h

66
P
R

—
—

3.
71

(0
.1
4)

3.
3–

3.
9

1
Al
le
gg
s
ha

d
ha

tc
he

d;
da

ta
ar
e
fo
r6

6
re
ce
nt
ly
ha

tc
he

d
pr
ot
ol
ar
va
e
(P
R,

no
te

m
br
yo
s)
.

Fig. 6. Illustration of nearly neutrally buoyant egg of Hybognathus
amarus with large, heavily yolked, almost fully developed embryo,
large perivitelline space, and star-shaped micropyle. Bar is 1 mm.
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the sequence after a few seconds. Larvae that contacted the
aquarium bottom immediately resumed the sequence of verti-
cal swimming. On Day 1, there were 83 larvae in the artificial
backwater (30 mm deep; Fig. 2), and the behavior of speci-
mens in this habitat was different compared to the larvae in
the main aquarium. Larvae in the backwater did not attempt
to maintain their position in the middle of the water column
but instead lay on their sides infrequently swimming toward
the surface. On Day 3, of the 143 larvae in the backwater 50%
were resting upright, 25% were laying on their side, and the
remainder of the fish were tilted between those positions. Fish
in the main aquarium stayed in suspension in the current and
continued their behavior of vertical movement in the water
column. By Day 4, there were 122 fish in the artificial backwa-
ter with most of the specimens resting in an upright position.
Many larvae in the main portion of the aquarium had aban-
doned their vertical swimming behavior and were instead
swimming horizontally. This horizontal movement coincided
with the development of the gas bladder and allowed larvae to
move between areas with high and low water velocities. For
the next several days, specimens were distributed throughout
the aquarium moving freely between the main tank and
backwater.

Larval fish growth rate.—Six candidate growth models were
assessed to describe the relationship between larval fish
lengths (SL) and age (days post-hatching). Models were eval-
uated by comparing AICc values (Table 2). A cubic polyno-
mial growth curve had the lowest AICc score (1524.40) and
was considered the best fit model given the data. This model
also had the lowest BIC and highest log likelihood scores.
The predictive growth curve that best fit the raw data (Fig.
8) was described by the cubic polynomial equation (R2 ¼
0.854):

SL ¼ 3:93þ 0:205Age� 4:89 10�3ð ÞAge2 þ 1:16 10�4ð ÞAge3

The von Bertalanffy growth equation was the worst fit
model (AICc ¼ 1712.19, DAICc ¼ 187.79).

Larvae had the smallest variance in body length (SL)
within the first week post-hatching (Days 0–7), while speci-
mens taken the last three days (Days 34, 41, and 48) had the
greatest variance (Fig. 8). Larval fish exhibited minimal
growth between Days 7–14, as they transformed from proto-
larvae to mesolarvae, but showed greater variability in
lengths compared to the previous week. Mean lengths
greatly increased as larvae progressed through the meso-
larval phase (Days 15–23; 6.11–8.10 mm SL) but increased
only slightly during their transition from mesolarvae to
metalarvae (Days 23–26; 7.75–8.10 mm SL). Mean SL again
increased markedly as larvae progressed through the metalarval
phase into the early juvenile phase (Days 27–48; 15.71–
89.81 mm SL).

Morphology andmeristic diagnosis of larvae and early
juveniles

Morphology.—Egg diameter of Hybognathus amarus ranged
from 3.62 to 3.79 mm at 10 hrs post-spawning to hatching.
Upon hatching, larvae of Hybognathus amarus are approxi-
mately 4 mm TL (Table 3). Pectoral-fin buds are scarcely visi-
ble before hatching but lengthen rapidly just prior to and
after hatching (Table 4). The caudal fin is the first to initiate
formation of rays (5–6 mm SL), with rays developing
sequentially from the lower hypural plate dorsally. Median
fin rays develop during the postflexion mesolarval sub-
phase, after the full complement of caudal-fin rays are
formed. Dorsal-fin rays are the next to initiate formation (7
mm SL), followed by anal-fin rays (8 mm SL), and finally
pectoral- and pelvic-fin rays (9–10 mm SL). In metalarval

Fig. 7. Box plots representing daily
lengths of larvae and early juveniles
of Hybognathus amarus over 48
days. The box and its associated
components represent all lengths,
regardless of developmental phase,
recorded during a single day. Boxes
show the interquartile range (IQR;
Q3–Q1), with the lower and upper
bounds of the box respectively rep-
resenting the first (Q1; 25

th percen-
tile) and third (Q3; 75

th percentile)
quartiles. Whisker caps represent
the 10th (Q0) and 90th (Q4) percen-
tile values, while the thin, black hor-
izontal line (often obscured)
represents the median (Q2; 50th

percentile). Red horizontal lines rep-
resent the mean lengths; outliers
are shown as individual blue dots.
The day notable morphological fea-
tures first appeared are indicated, as
well as the range of days each larval
phase occurred in the sample.
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and early juvenile specimens, the origin of the dorsal fin is
clearly anterior relative to the origin of the pelvic fin. Like-
wise, the posteriormost ray of the dorsal fin (dorsal-fin
insertion) is distinctly anterior to the posterior margin of
the vent. One species-specific characteristic noted during
examination of larval Hybognathus amarus that greatly aided
in identification of this species was vent location as a pro-
portion of SL (.70% SL). Scale formation is not until the
early juvenile phase (ca. 15 mm SL) but is rapid and fully
complete by 16–18 mm SL.

Eye shape of Hybognathus amarus, a slight oval from
embryo to flexion mesolarva, becomes round or nearly
round for the remainder of larval and juvenile phases. The
eye is lightly colored upon hatching but within one to two
days becomes well pigmented and black. Upon hatching,
the yolk is primarily a large mass extending ventrally from
mid-eye, posterior to the vent. From there, the yolk contin-
ues as a finger-like projection that narrows posteriorly. Yolk
of embryos and recently hatched larvae are generally
opaque with no indication of an oil globule or venation.
The developing head of larvae is deflected over the anterior
portion of the yolk but separates as the yolk is rapidly
absorbed within days of hatching (ca. 5 mm SL).

Mouth position of flexion mesolarval to metalarval
phases of Hybognathus amarus is terminal and moderately
oblique. Lips are usually even with the most anterior mar-
gin of snout or sometimes slightly behind the anterior
margin of snout. Upon achieving the early juvenile devel-
opmental phase, the mouth position is subterminal and
slightly oblique to horizontal, with the lips preceding or
overhanging the anterior margin of snout. By 5 mm SL,
Hybognathus amarus have formed a swim bladder and,
along with its developing pectoral fins, are within a few
days of being able to maintain movement through three
axes.

Protolarvae transform to flexion mesolarvae at 5–6 mm SL,
while notochord flexion occurs at approximately 6 mm SL,
and the metalarva phase is achieved at about 9 mm SL (Table
5). The early juvenile life phase is reached at 13–14 mm SL.
Hybognathus amarus is an omnivore consuming algae, plank-
ton, diatoms, and organic sediment and has a long, extremelyTa
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Fig. 8. Body length growth of Hybognathus amarus across 48 days.
The relationship between SL and age, in days, was best fit by a cubic
polynomial model (see Table 2). Raw data points (SL per day, blue cir-
cles) are plotted, with model-predicted values (red diamonds).
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coiled gut like other members of this trophic guild. The gut
achieves a 908 bend as early as 7 mm SL and is present at 8–9

mm SL, while a full gut loop appears at 9 mm SL (Table 5). A
partial gut crossover first occurs at 9–10 mm SL, while the full

crossover of the gut is present by 12 mm SL.

Meristics.—Themean number of myomeres for early life phases
of Hybognathus amarus (protolarvae and flexion mesolarvae)

was 38 (range 36–39), while for later phases (metalarvae and

early juvenile) mean myomere count was 36 (range 35–37).
There was a similar pattern (reduction in the number in later
developmental phases) with preanal myomeres, as the three
earliest life phases contained a mean of 27 myomeres (range
26–29), while metalarvae and early juvenile mean preanal myo-
mere count was 26 (range 25–27). Postanal myomeres ranged
from 9 to 11 with a mean of 11 in the first two life phases and
10 in later phases. There were 12–16 myomeres anterior to the
origin of the dorsal finfold (x ¼ 14) and 15–18 myomeres

Table 3. Summary of morphology and myomere counts by developmental phase for Hybognathus amarus (n ¼ 85). See Figures 3 and 4 for
abbreviations and methods of measurement and counting. Protolarvae with unpigmented eyes were excluded. Standard deviation [SD] of 0 is a
value , 0.5, blank ¼ not applicable. When different than n, the number of specimens examined is footnoted.

Flexion Postflexion Early

Protolarvae (n ¼ 10) Mesolarvae (n ¼ 17) Mesolarvae (n ¼ 19) Metalarvae (n ¼ 20) Juvenile (n ¼ 19)

x 6SD Range x 6SD Range x 6SD Range x 6SD Range x 6SD Range

Lengths %SL
AS to AE 3 0 2–3 3 0 3–4 4 0 3–5 5 1 4–6 5 1 4–6

PE 10 1 9–11 11 1 10–12 11 1 10–12 12 1 11–13 12 1 10–13
OP1 18 1 17–20 21 1 20–23 22 1 20–23 25 1 22–28 26 1 23–28
OP2 51 1c 51–52 55 2 53–58 56 2 54–59
PY 64 6a 56–69
OPAF 33 6 27–50 32 2 30–37 32 3 25–37 43 10 30–61
ODF 42 2 38–45 45 2 42–49 48 3d 42–52 50 2b 48–54
OD 53 1e 51–54 54 1 52–56 53 1 52–56
ID 62 1e 60–63 63 1 61–65 65 1 63–66
PV 71 1 69–72 72 1 70–75 74 1 72–75 74 1 71–76 72 1 70–74
OA 73 1a 71–74 73 1 70–75 73 1 71–74
IA 79 1a 78–81 81 1 78–83 81 2 79–83
AFC 110 1 109–112 113 2 110–116 116 2 112–120
PC 106 1 105–107 107 2 105–111 113 3 109–119 120 2 116–124 127 3 122–131

Depths %SL
at BPE 14 1 13–15 14 1 13–15 15 1 13–17 17 1 15–18 16 2 14–19

OP1 14 1 13–15 15 1 13–16 16 1 15–19 19 2 14–23 21 1 18–23
OD 11 1 10–12 11 1 10–13 13 1 12–17 19 3 14–23 22 2 18–25
BPV 7 1 6–8 7 1 6–8 9 1 7–11 12 1 10–14 16 1 13–18
AMPM 3 1 2–4 4 1 3–5 6 1 4–7 7 1 6–9 10 1 8–12

Widths %SL
at BPE 13 1 12–14 13 1 12–14 15 1 13–17 16 1 13–17 15 2 13–18

OP1 10 1 9–13 10 1 8–12 13 1 11–16 15 2 11–18 17 1 15–19
OD 6 1 4–8 7 1 5–8 9 1 6–11 12 2 8–16 15 2 12–18
BPV 5 1 4–6 5 0 4–6 6 1 4–8 8 1 7–10 10 1 8–13
AMPM 2 1 1–3 3 1 2–4 4 1 3–5 4 1 3–6 4 1 3–5

Myomeres
to PY 24 3a 20–27

OPAF 10 3 6–16 8 1 6–11 6 1 5–8 11 5 6–20
OP2 17 0c 16–17 17 1 16–19 17 1i 16–18
ODF 14 1 12–16 14 1 12–16 15 1d 13–16 15 1i 13–16
OD 17 1g 16–18 16 1 15–18 16 1i 15–16
PV 27 1 26–28 27 1 26–29 27 1 26–29 26 1 25–27 26 1i 25–27

Total 38 1 36–39 38 1 37–39 37 1 35–39 36 1 35–37 36 1i 35–37
After PV 11 1 10–12 11 1 10–12 10 1 9–11 10 1 9–11 10 1j 9–11
Fin rays
P1 11 2 6–12 12 1 10–13 13 1 11–14 14 1 12–17 18 2 14–22
P2 1 1 0–3 7 3h 2–11 14 2 11–17
D 12 1f 11–13 16 2 13–19 22 2 19–24
A 8 1a 7–9 11 1 8–14 16 1 14–17

a n ¼ 4, b n ¼ 9, c n ¼ 5, d n ¼ 17, e n ¼ 12, f n ¼ 11, g n ¼ 13, h n ¼ 16, i n ¼ 8, j n ¼ 10
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anterior to the origin of the dorsal fin (x ¼ 16). The mean
number of myomeres from the snout to the origin of the
pelvic fin was 17 for all life phases, once the pelvic fin was

present (Table 6).
The number of vertebrae in Hybognathus amarus ranged

from 36 to 37 while the mean number of lateral series scales
was 36, but ranged from 34 to 37, rarely 38. Median fin-ray

counts, from anterior to posterior, were eight primary dorsal
and two rudimentary rays, 7–8 (x ¼ 8) primary and two rudi-
mentary anal-fin rays, and 19 primary caudal-fin rays (8–10

rudimentary dorsal caudal rays, 8–9 rudimentary ventral cau-
dal rays). Pharyngeal tooth count was 0,4–4,0 (Table 6).

Pigmentation.—Hybognathus amarus is relatively lightly pig-

mented, especially prior to achieving the early juvenile
phase. There is light pigmentation over the midbrain and
hindbrain region anterior and posterior to the middle of the

eyes. Melanophores are absent (or very sparse) on the ven-
tral surface from the gular region to the vent with no dis-
tinct lines or rows of melanophores.

Pigmentation on the dorsal surface of the body, between the

head and last myomere, are scattered over all or most of the
back with at least a partial, lengthwise row of melanophores on
either side of the dorsal midline becomingmore defined in later
larval life phases. A scattered to distinct midline row of melano-

phores is also present anterior to the origin of the dorsal fin,
extending the full length to the origin of the dorsal in early
juveniles. In all larval phases, pigmentation of the horizontal

myosepta is moderate to strong along the middle and posterior
body forming a light line in later larval phases. Pigmentation
outlining scales was scarce to moderate and only present in

later stage early juvenile specimens. Subsurface pigmentation of
the peritoneum is dense inmetalarvae and early juveniles.

Unlike many other leuciscids, there was not a distinct spot
or dense aggregation of pigment at the origin or lateral to the
dorsal fin. Pigmentation in the dorsal fin was absent during

early development but present along principal fin rays in later
phases. In metalarval and early juvenile phases of Hybognathus
amarus, pigmentation is present under or immediately along
the base of the dorsal and anal fin. Pigmentation in the pecto-
ral and pelvic fins was generally absent or at most, very light.
Pigmentation was absent from the anal fin but present to
extensive along principal caudal-fin rays. A faint basicaudal
spot, evident in some individuals, is more often absent. Illustra-
tions of larvae and early juveniles of Hybognathus amarus pro-
vide visual representation of changing morphology through
early developmental phases (Figs. 9, 10).

DISCUSSION

Our research comprised three discrete, interrelated studies
that in combination provide the most comprehensive docu-
mentation to date on the early life history of Hybognathus
amarus. This work is the culmination of over 20 years of
research focused on conservation of this federally endan-
gered fish and its unique reproductive strategy. Knowledge
gained through examination of Hybognathus amarus, an
intensely studied, extant member of a reproductive guild of
leuciscid pelagophils, is valuable for understanding needs of
numerous species, many of which have experienced declines
in their distribution and abundance. Here we discuss our
study of early life phases of Hybognathus amarus in context of
the body of research on other leuciscid pelagophils and
explore implications for conservation of the remaining wild
population based on extensive knowledge gained from

Table 4. Size at onset of selected developmental events for Hybognathus amarus. P ¼ principal rays; R ¼ rudimentary rays. Scales are lateral
series. Rare values in parentheses. * Before hatching.

Event–structure Formation (mm SL) Fin rays or scales First formed (mm SL) Last formed (mm SL)

Hatched (3) 4 (5) Dorsal–P (6) 7 (8) (7) 8
Eyes pigmented (4) 5 Anal–P (7) 8 9 (10)
Yolk assimilated 5 Caudal–P 5–6 (6) 7 (8)
Finfold absorbed 13–14 Caudal–R 7–8 (11) 13
Pectoral-fin buds (*) 4 Pectoral 9 (10) (11) 12 (13)
Pelvic-fin buds 9 (10) Pelvic 9–10 11–13

Scales (14) 15 15–18

Table 5. Size at developmental interval and gut phase transitions for
Hybognathus amarus.

Transition to mm SL

Flexion mesolarva 5–6
Postflexion mesolarva (6) 7 (8)
Metalarva 9 (10)
Early juvenile 13–14
2—908 bend (7) 8–9
3—Full loop 9
4—Partial crossover 9–10 (11)
5—Full crossover (11) 12

Table 6. Selected early juvenile and adult meristic values for Hybognathus
amarus. P ¼ principal rays; R ¼ rudimentary rays; D ¼ dorsal; V ¼ ventral).
Mean or modal values underlined, rare values are in parentheses. Four
added to vertebral count for Weberian complex. Scales are lateral series or
lateral line when complete. Pharyngeal teeth given as left outer row, left
inner row–right inner row, right outer row.

Character Number

Dorsal-fin rays–P (7) 8
Dorsal-fin rays–R 2
Anal-fin rays–P 7–8
Anal-fin rays–R 2
Caudal-fin rays–P (18) 19
Caudal-fin rays–RD (8) 9–10
Caudal-fin rays–RV 8 (9)
Pectoral-fin rays 13–14 (15)
Pelvic-fin rays 7–8
Vertebrae 36–37
Lateral scales 34–36–37 (38)
Pharyngeal teeth 0,4–4,0
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nearly three decades of field-based monitoring and research
we conducted on this imperiled species.

Reproductive terminology of species formerly referred
to as “pelagic-broadcast spawners”

We use this inclusive study on the early life history of Hybog-
nathus amarus to revisit and refine terminology previously
applied by Platania and Altenbach (1998) regarding spawning
mode and egg properties. We no longer use the term “pelagic-
broadcast spawner” to refer to guild members but instead use
pelagophil, which has become common in recent literature
(e.g., Horwitz et al., 2018; Worthington et al., 2018; Mollenha-
uer et al., 2021; Taylor and Mayes, 2022). Likewise, we have
modified the terminology previously used to describe egg
buoyancy (i.e., semibuoyant) and instead employ “nearly neu-
trally buoyant” as the latter term more accurately represents
the specific gravity and drifting ability of these eggs. Finally,
we use diaphanous to describe the visual appearance of the egg
(i.e., transparent or translucent). Eggs are still described as non-
adhesive. This refined terminology follows Balon (1975, 1981)
and better represents spawning behavior and physical properties
of the eggs of this reproductive guild than terminology initially

applied 25 years ago (Platania and Altenbach, 1998). We provide

explicit explanation of these changes, as we believe these modi-

fications will improve consistency and accuracy of descriptions

across studies concerning this unique reproductive guild.
We also extend this topic to identify species previously

misassigned to this reproductive guild. Confusion regarding

the reproductive behavior and egg morphology of Flathead

Chub Platygobio gracilis occurred in the early 2000s (G. R.

Wilde, pers. comm.) due to the incorrect inclusion of Platy-

gobio gracilis in the following statement by Bonner and

Wilde (2000): “Hybognathus placitus, M. aestivalis, N. girardi,

and P. gracilis are members of a guild of prairie stream

fishes that spawn nonadhesive, semibuoyant eggs (Platania

and Altenbach, 1998).” Text in bold was not included in Pla-

tania and Altenbach (1998). Likewise, Durham and Wilde

(2008) reported that Platygobio gracilis “broadcast semi-

buoyant non-adhesive eggs into the current, which drift

downstream as they develop” and incorrectly attributed

that information to Platania and Altenbach (1998).
Platygobio gracilis is sympatric with Hybognathus amarus

and common in the Middle Rio Grande in New Mexico, but

it was not one of the seven Rio Grande Basin leuciscids studied

Fig. 9. Dorsal, lateral, and ventral views of Hybognathus amarus (MSB 49967): (A) recently hatched protolarva, 4.7 mm SL, 5.0 mm TL; (B) proto-
larva, 5.4 mm SL, 5.7 mm TL; (C) flexion mesolarva, 6.0 mm SL, 6.5 mm TL; (D) postflexion mesolarva, 7.2 mm SL, 7.9 mm TL. Rectangular icon
below images is the artist’s stylized initials.
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by Platania and Altenbach (1998) and was never reported
therein as having semibuoyant eggs. Consequently, subsequent
researchers disseminated the incorrect characterization of the
reproduction and egg type of Platygobio gracilis (Rahel and Thel,
2004; Durham and Wilde, 2006, 2008; Perkin and Gido, 2011;
Worthington et al., 2018). Spawning mode of Platygobio gracilis
(e.g., pelagic, lithopelagic) remains unknown (Bestgen et al.,
2016). We emphasize these differences in classification between
Platygobio gracilis and members of this reproductive guild (e.g.,
Hybognathus amarus) because pronounced differences in egg
characteristics affect reproductive success and, consequently,
species-specific conservation needs (Turner et al., 2006).

Hybognathus amarus is the only extant species in the Middle
Rio Grande (NM) of the reproductive guild of leuciscid pelago-
phils with nonadhesive, nearly neutrally buoyant, diaphanous
eggs, and species-specific identification of drifting fish eggs is
usually unambiguous. Over two decades of systematic reproduc-
tive monitoring of Hybogathus amarus in the Middle Rio
Grande, we have occasionally collected live eggs of Platygobio
gracilis concurrent with live eggs of Hybognathus amarus; how-
ever, several pronounced species-specific differences between
egg characteristics aid in their visual identification (Fig. 11). The

perivitelline space of Hybognathus amarus is large and clear (i.e.,

diaphanous), eggs are nonadhesive, and the embryos lack any

discernible pigment; these characteristics distinguish it from

other resident species (Platania and Altenbach, 1998). In con-

trast, Platygobio gracilis produces small (ca. 2.5 mm diameter)

nonadhesive eggs that have a high yolk-to-egg volume ratio

(i.e., higher terminal velocity [settling rate] and specific grav-

ity; Bestgen et al., 2016). Most importantly, differences in spe-

cific gravity of eggs are suspected to have profound

consequences for the fate and transport of propagules (see

Implications of Egg Morphology and Embryology on
Reproductive Success).

Variations in eggmorphology (specific gravity)

The specific gravity of nonadhesive, nearly neutrally buoy-

ant diaphanous leuciscid eggs is affected by the water chem-

istry of the aquatic environment in which they are

incubated. The semipermeable membrane of the egg allows

water and ion exchange between the perivitelline space and

aquatic environment (Loeffler, 1971; Ponwith and Neill,

1995), and variations in water chemistry can produce

Fig. 10. Dorsal, lateral, and ventral views of Hybognathus amarus (MSB 49967): (A) recently transformed metalarva, 10.1 mm SL, 12.0 mm TL;
(B) metalarva, 12.1 mm SL, 14.8 mm TL; (C) recently transformed juvenile, 17.6 mm SL, 21.8 mm TL; (D) early juvenile, 28.0 mm SL, 35.6 mm TL.
Rectangular icon below images is the artist’s stylized initials.
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variations in egg morphology (e.g., diameter and specific
gravity). To determine specific gravity of eggs of Hybogna-
thus amarus we followed standardized experimental proto-
cols used in fluid dynamics research (White and Majdalani,
2020); our tests were conducted using distilled water (208C),
the standard reference fluid for determining specific gravity
(i.e., control value). This reference fluid does not replicate
the physiochemical composition of water in which Hybog-
nathus amarus spawns in the wild and therefore might not
fully capture variation in specific gravity attributable to abi-
otic factors. However, use of a standardized reference fluid
allows for experimental replication and provides a baseline
against which other treatments can be compared.
The effects of water chemistry on the physical proper-

ties of nonadhesive, nearly neutrally buoyant leuciscid
eggs have also been studied. Cowley et al. (2005, 2009)
investigated the effects of salinity and sediment concen-
tration on egg size, specific gravity, and survival of Hybog-
nathus amarus. Alleman and Cowley (2006) and Alleman
(2008) supplemented these studies with two pelagophils
native to the Pecos River: Pecos Bluntnose Shiner Alburnops
simus pecosensis, Macrhybopsis aestivalis, and two Canadian
River drainage pelagophils introduced to the Pecos River:
Arkansas River Shiner Alburnops girardi and Plains Minnow
Hybognathus placitus (Bestgen et al., 1989). Those studies used
a linear density gradient column to determine specific grav-
ity, whereas our study determined specific gravity using an
empirical relationship between terminal velocity and egg
diameter.
The elevated salinity of the Pecos River, compared to the

Rio Grande, is well known and regularly exceeds 3 ppt
(Houston et al., 2019). Overall, the Alleman and Cowley
(2006) and Alleman (2008) studies documented declining
survival, reduction in egg diameter, and increased specific

gravity with increasing salinity (2–8 ppt); these effects were
attributed to osmotic flux of water out of the perivitelline
space (Cowley et al., 2009). For comparison, salinity in the
Middle Rio Grande from April through June (i.e., spawning
period of Hybognathus amarus) typically ranges from 0.2–0.4
ppt, with slight increases downstream likely related to lower
flows and irrigations returns that tend to contain elevated
salinities (0.2–0.8 ppt; Van Horn and Dahm, 2016). Given
the typical range of salinity in the Middle Rio Grande, salin-
ity is not suspected to be a limiting factor to reproduction;
however, elevated salinity levels have been reported in other
portions of the species’ historical range, which could impair
successful reintroductions of the species (Cowley et al.,
2009). Additionally, egg size and specific gravity of nonad-
hesive, nearly neutrally buoyant eggs vary among species in
this reproductive guild (Alleman and Cowley, 2006; Alle-
man, 2008). Variations in egg characteristics, notably spe-
cific gravity, are expected to affect the fate and transport of
propagules and should be considered regarding conserva-
tion and management of these endemic species.

Effects of water temperature on hatching, growth, and
survival rates

Variations in water temperature influence hatching rates
and viability of eggs of Hybognathus amarus. Experimental
water temperature treatments showed that the mortality
rates of eggs and larvae were markedly higher at 158C or
308C, as compared with 208C or 258C (Platania, 2000).
Therefore, it is likely that eggs spawned outside the typical
spawning season (e.g., March or July), when water tempera-
tures tend to be beyond this range, would experience
increased rates of mortality. Eggs spawned in warmer water
also hatch more rapidly than those spawned in cooler water
(Platania, 2000), thereby reducing the drift period of the egg
phase (ca. 1–3 days).

Spawning by Hybognathus amarus, and other members of
its reproductive guild, is triggered by seasonally predictable
yet variable changes in environmental conditions (Platania
and Altenbach, 1998). They typically spawn shortly after
rapid increases in flow during the late spring and early sum-
mer (April–June) associated with snowmelt runoff (Platania
and Dudley, unpubl.). Elevated flows result in increased
water velocities and depths in the main channel and inun-
dation of channel margins and floodplains (given sufficient
flow magnitude), which may function as reproductive cues.
Additionally, reproductive activity could be influenced by
changes in photoperiod length and water quality that
accompany seasonal flow increases (e.g., increased sediment
load, increased turbidity, and changes in salinity). Spawning
during these periods is suspected to have facilitated success-
ful recruitment despite erratic and often harsh abiotic con-
ditions associated with spring floods (Osborne et al., 2005;
Hoagstrom and Turner, 2013).

Like hatching rates, larval growth rates of Hybognathus
amarus increase with increasing water temperature. Time to
progress through larval developmental phases (i.e., proto-,
meso-, and metalarvae) decreased with increasing water tem-
perature (e.g., 208C [35 days] vs. 308C [14 days]); develop-
ment was notably stunted at 158C (Platania, 2000). Shallow
habitats with minimal current (e.g., floodplains, backwaters)
tend to contain elevated daytime water temperatures, which
may contribute to faster growth rates. Availability of these

Fig. 11. Stereoscopic image of live eggs and embryos of Platygobio
gracilis (left, 2.4 mm) and Hybognathus amarus (right, 3.8 mm) from
the Middle Rio Grande, NM collected in May 2018. Ocular micrometer
increments are 0.1 mm.

466 Ichthyology & Herpetology 112, No. 3, 2024

Downloaded From: https://complete.bioone.org/journals/Ichthyology-&-Herpetology on 13 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



nursery habitats might therefore allow fish to rapidly progress
through the larval developmental phase (ca. one month), lead-
ing to increased morphological development (i.e., metalarvae
or juvenile), improved swimming ability, and reduced preda-
tion risk (i.e., larger body size) as flows recede and habitats
become restricted to the main channel. However, elevated
water temperatures (.308C), caused by warm ambient condi-
tions, solar radiation, and prolonged low flows during summer,
likely reduce survival (Platania, 2000). In the Middle Rio
Grande, water quality degradation (e.g., low dissolved
oxygen concentration, high water temperature) is com-
mon during summer low flow periods (Van Horn et al.,
2022). In addition to high water temperatures and poten-
tially poor water quality, negative biotic interactions (e.g.,
competition, predation, and parasitism) are also presum-
ably heightened, as the availability of suitable habitats
declines and density-dependent effects increase during
summer low flows.

Implications of eggmorphology and embryology on
reproductive success

Interactions between environmental conditions and the
egg morphology and embryology of Hybognathus amarus
likely explain its historically widespread distribution and
abundance, yet these same characteristics have also made
it highly susceptible to flow and habitat modifications of
the Rio Grande. The species’ current range, the Middle Rio
Grande of central New Mexico, has been intensively modi-
fied for flood and sediment control, which has drastically
reduced floodplain connectivity and complexity of instream
habitats. Perhaps most importantly, the closure of Cochiti
Dam in 1973 fragmented the upstream-most portion of the
species’ range and effectively trapped fine sediments (i.e., sand
and silt) upstream, causing progressive channel degradation
(i.e., incision), bed coarsening, and channel narrowing over
time (Lagasse, 1980; Richard and Julien, 2003; Massong et al.,
2006; Swanson et al., 2011; Mortensen et al., 2023). It appears
that these changes to the aquatic environment have substan-
tially increased the rate that propagules (i.e., eggs and larvae)
are displaced downstream into unsuitable habitats (i.e., lentic
conditions near and in Elephant Butte Reservoir). Our empiri-
cal work on the drift of nonadhesive, nearly neutrally buoyant
eggs has demonstrated the propensity for propagules to travel
considerable distances prior to hatching under contemporary
flow and channel conditions (Dudley and Platania, 1999,
2007). Heightened downstream transport of eggs and larvae,
along with the effects of dams and altered flows, likely contrib-
uted to the loss of Hybognathus amarus in the Middle Rio
Grande from Cochiti Dam to Angostura Diversion Dam and
to its decline from Angostura Diversion Dam to Isleta Diver-
sion Dam (Platania and Altenbach, 1998). Systematic popula-
tion monitoring efforts during October (1993–2022) indicated
that the highest densities of juvenile Hybognathus amarus were
consistently found in downstream reaches of the Middle Rio
Grande (i.e., below Isleta and San Acacia Diversion Dams;
Dudley et al., 2023a). One explanation for this long-term pat-
tern of elevated densities of juveniles in downstream reaches
is the cumulative longitudinal transport of propagules past
instream barriers over time (Dudley and Platania, 2007).

The downstream displacement of propagules (i.e., drift)
appears to be mediated by complex interactions between
streamflow and channel morphology. Based on the long-

term reproductive monitoring in the Middle Rio Grande
(2003–2023), years with sustained high flows mid-April
through mid-June (e.g., 2019 and 2023) typically had the
lowest occurrence probabilities and passage rates, which
suggest reduced downstream transport due to greater reten-
tion of eggs in low-velocity floodplain habitats (Dudley
et al., 2023b). In contrast, years with low and fluctuating
flows mid-April through mid-June (e.g., 2020–2022) were
often associated with increased occurrence probabilities and
passage rates (i.e., increased downstream transport). Like-
wise, Archdeacon et al. (2020) demonstrated that despite
being reproductively capable during spring (i.e., increased
Gonadosomatic Index [GSI] April–June) over a three-year
study, Hybognathus amarus failed to recruit when spring run-
off was exceptionally low (i.e., flows did not overbank). Dif-
ferences in egg drift rates are likely caused by disparities in
habitat complexity and availability between higher and
lower seasonal flows across years (Dudley and Platania,
2007; Widmer et al., 2012). Targeted sampling of inundated
floodplains during May–June has produced reproductively
capable Hybognathus amarus, along with eggs and larvae, fur-
ther supporting the importance of these ephemeral habitats
for reproduction (Gonzales et al., 2014; Valdez et al., 2019,
2021). While other low-velocity nursery habitats (e.g., channel
margins, backwaters, and arroyos) may result in some
upstream retention of eggs and larvae during years with low
or modest spring runoff (Porter and Massong, 2004a, 2004b;
Pease et al., 2006), these habitats are relatively rare, particu-
larly in incised sections of the river (e.g., below Angostura
Diversion Dam; Mortensen et al., 2023). More broadly, exten-
sive river fragmentation, flow regulation, and habitat loss in
the region have led to the widespread decline or extirpation of
numerous pelagic-spawning leuciscids with nonadhesive,
nearly neutrally buoyant eggs (Dudley and Platania, 2007;
Hoagstrom, 2015; Worthington et al., 2018).

Accordingly, the specific gravity of these eggs appears to
be the most important physical characteristic influencing
the downstream displacement of these propagules. For com-
parison, large numbers of eggs of Platygobio gracilis have
been reported to be transported downstream in Fountain
Creek, Colorado (Haworth, 2015)—this species also pro-
duces nonadhesive eggs, yet its eggs are smaller and denser
(i.e., higher specific gravity than Hybognathus amarus) and
develop more slowly than Hybognathus amarus (Bestgen
et al., 2016). In the Middle Rio Grande of central New Mex-
ico, Platygobio gracilis is common and widely distributed,
with relatively stable population status across years (Turner
et al., 2006; Dudley et al., 2023a), regardless of overlap in
spawning periodicity with Hybognathus amarus and slower
developmental rates. Presumably large numbers of eggs of
Platygobio gracilis are also transported downstream in the
Middle Rio Grande during spring; however, collections of
drifting eggs are typically dominated by Hybognathus ama-
rus (e.g., .99.5%) during years with high egg passage rates
(Dudley et al., 2023b). While Platygobio gracilis is not a
member of the same reproductive guild as Hybognathus
amarus or Hybognathus placitus, we contrast these species to
demonstrate the importance egg specific gravity appears to
have on reproductive success and population dynamics.
Nonetheless, Platygobio gracilis has become rare in portions
of its range because of river fragmentation, flow regulation,
and habitat loss (Walters et al., 2014; Bestgen et al., 2016).
Considering such effects, variations in specific gravity
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among species that produce nearly neutrally buoyant eggs
(Alleman, 2008) might produce a range of conservation
needs that are species dependent.
Beyond the egg and larval phases studied herein, Hybogna-

thus amarus faces further challenges to its recovery. The
duration and frequency of low flow periods in the Middle
Rio Grande have increased, and substantial lengths of the
river are frequently dewatered during the irrigation season
(March–October; Archdeacon, 2016). Such water operations
produce high mortality rates, as most fish in these segments
are unable to access low flow refugia (Archdeacon and Reale,
2020). Consequently, Hybognathus amarus is regularly lost
from substantial portions (e.g., 27–85 km from 2009–2015)
of its range in the Middle Rio Grande (Archdeacon, 2016;
Archdeacon and Reale, 2020; Dudley et al., 2023a). Due to
the short lifespan of the species in the wild (1–2 years;
Horwitz et al., 2018), marked declines in distribution and
abundance can occur rapidly following consecutive years
with low flows—yet the species possesses an impressive
capacity to increase its distribution and abundance during
years with favorable flow conditions (Dudley et al.,
2023a). Since 2002, risk of extinction in the wild has been
mitigated during extreme population declines through
substantial augmentation with hatchery-reared fish
(Archdeacon et al., 2023); however, repeated periods with
elevated proportions of hatchery-origin spawners have
caused negative genetic impacts to accumulate over time
(Osborne et al., 2024).
River fragmentation and flow regulation across the Great

Plains and American Southwest have led to the decline of
numerous pelagic-spawning leuciscids, whose eggs and lar-
vae frequently drift downstream into unsuitable habitats
(Dudley and Platania, 2007; Hoagstrom, 2015; Worthing-
ton et al., 2018). However, high spring flows can help cre-
ate and sustain appropriate upstream habitats (e.g.,
shallow, low-velocity pools and backwaters) that are essen-
tial for the successful recruitment of many freshwater
fishes (Welcomme, 1979; Junk et al., 1989; Matthews,
1998), including early life phases of pelagophils (Pease
et al., 2006; Turner et al., 2010; Hoagstrom and Turner,
2013; Perkin et al., 2019; Archdeacon et al., 2020; Dudley
et al., 2023a, 2023b). Although many eggs of Hybognathus

amarus (Fig. 12), and presumably larvae, are displaced
downstream annually, some of these propagules are also
retained upstream (Dudley and Platania, 2007; Widmer et al.,
2012). Floodplain habitats likely increase the retention of
these propagules and help promote the growth and survival
of early developmental phases (Dudley and Platania, 1997,
2007; Magaña, 2012; Widmer et al., 2012; Medley and Shirey,
2013; Gonzales et al., 2014; Hutson et al., 2018; Tave et al.,
2018; Valdez et al., 2019). These flooded nursery habitats are
particularly crucial during the first month of development
for Hybognathus amarus (ca. May–June) to help ensure its
rapid and successful progression through the early larval
phases (Platania, 1995, 2000).

It has been over 25 years since we first reported on the
reproductive biology of several pelagophils of the Rio
Grande Basin and postulated that the drift dynamics of
their unique, nearly neutrally buoyant, diaphanous eggs
was a key factor related to the decline and extirpation of
members of this reproductive guild (Platania and Alten-
bach, 1998). Our subsequent work on drift dynamics of
these eggs provided an empirical model that elucidated
patterns of downstream transport of propagules and
offered an explanation for the decline of members of this
reproductive guild across the Great Plains and desert rivers
of the American Southwest (Dudley and Platania, 1999,
2007). While most of our post-2000 work on this group of
fishes has focused on Hybognathus amarus, conclusions
drawn from this species are pertinent for other members of
this reproductive ecotype, many of which have experi-
enced recent and precipitous declines in their distribution
and abundance (Dudley and Platania, 2007; Perkin et al.,
2015; Worthington et al., 2018). Ultimately, sufficient sea-
sonal flows, habitat complexity, and river connectivity will
be required to synergistically promote the successful
recruitment, survival, and long-term recovery of these
unique and highly imperiled species.
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