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Abstract Robust redhorse (Moxostoma robustum) is
a rare riverine sucker for which life history informa-
tion is scarce. Spawning occurs over loose gravel
substrate and eggs and larvae may be adversely
affected by fine sediments among the gravel. A 2-
year study was conducted to determine the threshold
at which fine sediments are detrimental to successful

egg incubation and larval emergence. Year 1 gravel
treatments contained 0, 25, 50, and 75% fine sedi-
ments. Mean survival during Year 1 ranged from
63.5% in the 0% fine sediment treatment to 0% in the
75% fine sediment treatment. The results also
indicated an adverse affect threshold between 0 and
25% fine sediment. Year 2 gravel treatments
contained 0, 5, 10, 15, 20, and 25% fine sediments.
Mean survival during Year 2 ranged from 69.8% in
the 0% treatment to 9.1% in the 25% treatment. Year
2 results also identified the 15% fine sediment
treatment as the threshold at which survival began
to decline. Substrates at one known spawning area
used by robust redhorse typically contain 25 to 50%
fine sediment, but the spawning act cleans some fines
from the egg pocket. Whether the “cleaning” that
results from the spawning act reduces the fines
sufficiently to avoid adverse effects is unknown.
According to our results, survival rates of robust
redhorse eggs and larvae are predicted to be about
8.0% or less when fine sediment is >25%.

Keywords Oconee River . Catostomidae . Sediment
pollution . Survival-to-emergence . Spawning success .

Warmwater river

Introduction

Robust redhorse (Moxostoma robustum; Castostomi-
dae) are large, riverine suckers that occupy a limited
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range in the American states of Georgia, South
Carolina and North Carolina. This rare fish is found
in Upper Coastal Plain and Piedmont rivers along the
Atlantic slope drainage ranging from the Pee Dee
River in the Carolinas to the Altamaha River system
in Georgia (Evans 1994; Jennings et al. 1996). Robust
redhorse were first described by Edward Drinker
Cope (Cope 1870), but went unnoticed for more than
120 years until 1991 when a few individuals were
collected in the Oconee River, Georgia. After the
species rediscovery, a review confirmed that two
unknown redhorses collected in the 1980s from the
Savannah River, Georgia/South Carolina and the Pee
Dee River, North Carolina, were robust redhorse.
Relatively few robust redhorse of all age classes have
been collected range-wide. Although a few hatchery-
reared juveniles have been collected, wild-spawned
juveniles have not been collected in the Oconee River
since the species was rediscovered.

Robust redhorse spawn in triads composed of one
female flanked by two males, and the spawning act
occurs over loose gravel substrate in moderate to
swift current (described in Jennings et al. 1996). The
spawning trio quiver energetically and use their anal
and caudal fins to make pockets in the gravel into
which eggs and sperm are deposited. This process is
consistent with observations of other species in the
genus Moxostoma (Burr and Morris 1977; Jenkins
and Jenkins 1980; Kwak and Skelly 1992) and results
in egg burial depth of 6 to 15 cm for robust redhorse
(Freeman 1998). Generally, spawning occurs during a
two-week period of time and occurs when water
temperatures are between 20–24°C (Ruetz and Jennings
2000). Spawning has been documented as early as the
end of April and as late as the second week of June
in the Oconee River. Robust redhorse eggs hatch in
3.5 days under incubation temperatures of 23°C in
laboratory conditions (J. Zelco, US Fish and Wildlife
Service, personal communication). Larval robust red-
horse hatch and remain in the interstitial spaces of the
gravel substrate until most of the yolk sac has been
absorbed. Larvae emerge from the gravel and begin
exogenous feeding at about 13 millimeters (mm) total
length (TL; Jennings et al. 1996).

Initial concerns about this species’ survival cen-
tered on a skewed length-frequency histogram in
which fishes less than 400 mm TL were absent from
the Oconee River population. This absence and the
abundance of old, large individuals led to speculation

that the population may have been senescent. How-
ever, the discovery of a spawning aggregation in the
Oconee River during spring 1995 refuted that idea
(Jennings et al. 1996). The gravel bar where robust
redhorse spawn is located downstream of a hydro-
power facility, which produced highly variable flows
during its generation cycle. This flow variability was
the basis of the next hypothesis advanced to explain
the skewed length-frequency histogram. Specifically,
there was concern that high discharge during hydro-
peaking operations may flush eggs and newly hatched
robust redhorse from incubation and rearing habitats.
Research aimed at addressing this question docu-
mented a strong swimming ability of larval robust
redhorse and the persistence of suitable habitat in the
Oconee River during hydropower generation (Ruetz
and Jennings 2000). Because robust redhorse spawn
in lose gravel, concern then focused on eggs and
larval survival following deposition in the gravel at
the spawning site.

Although spawning has been observed at only one
area in the lower Oconee River, gravel substrates
similar in composition to the observed spawning
location occur within the known range of the Oconee
population (EA 1994). Robust redhorse eggs have
been collected from the gravel substrate at the known
spawning site and larvae have been collected nearby,
which suggests that spawning adults are successful in
depositing fertilized eggs in the gravel (Jennings et al.
1996). However, low numbers of larval robust
redhorse have been collected from the lower Oconee
River (Jennings et al. 1996). Whether the low
abundance of larvae in samples is related to their
actual abundance or sampling inefficiency (e.g., gear
or habitat) is unknown. As a result, questions exist
about the survival-to-emergence (STE) from the
gravel substrate in which the eggs are deposited.

The hyporheic zone is an area in gravel substrates
that contain interstitial voids of flowing environments
(Shields et al. 1992). Deposition of fine sediments in
the hyporheic zone of gravel substrates adversely
affects reproduction of fish that spawn within gravel
substrates (Shields et al. 1992). Effects of sediments
on reproductive success of coolwater fishes such as
salmonids are well documented (Koski 1966; Bjornn
1969; Hall and Lantz 1969; Phillips et al. 1975;
Hausle and Coble 1976; Chapman 1988; and many
others), but there is less research and documentation
of the affects of sediment pollution on warmwater fish
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species (Muncy et al. 1979). Ichthyofaunal studies
have found a correlation between siltation of spawn-
ing habitat and a decline in some warmwater fish
populations (Smith et al. 1973; Berkman and Rabeni
1987), but these studies have not identified the actual
limiting factor causing the decline.

There are several characteristics of gravel beds that
are important for successful hatching and larval
emergence of lithophilic–spawning fishes. For exam-
ple, there needs to be appropriate size and availability
of interstitial voids in which developing eggs and
larvae can reside. There also needs to be sufficient
gravel permeability to allow hyporheic flow to supply
dissolved oxygen (DO) to developing eggs and larvae
and to disperse metabolic wastes (Coble 1961). In
addition, loose gravel substrates are important be-
cause larval emergence could be prevented if surface
sediments are armored (Waters 1995).

In this paper, we present the results of a 2-year,
laboratory-based experiment to determine if the low
larval densities and absence of juvenile robust
redhorse in the Oconee River could be related to
excessive amounts of fine sediment in the spawning
substrate used by adult robust redhorse. Objectives for
this study were to: 1) measure STE of larval robust
redhorse across a large scale of percent fine sediment
during Year 1; 2) based on results from Year 1, refine
the scale of percent fine sediment and measure STE of
larval robust redhorse during Year 2, and 3) document
DO concentrations to which developing robust red-
horse eggs and larvae are exposed while they are in
the gravel.

Methods

Experimental apparatus

Incubation cells were produced by cutting a 15×10-cm
panel out of each of the four sides of a 15.5-L plastic
square bucket (Fig. 1). The resulting openings were
covered with 2 mm fiberglass mesh that was glued in
place with 100% silicone. This mesh size allowed cell
contents to be retained without impeding water flow
through the cell. A polyvinyl chloride (PVC) stand-
pipe, 3.2 cm diameter and 40 cm long, attached to a
small plexiglass base was placed near the egg pockets
in each cell (Fig. 1). These standpipes were perforated
with eight, 1.9-cm diameter holes around their

circumference and covered with a strip of 2 mm
fiberglass mesh to prevent intrusion of the incubation
cell contents into the standpipe. These perforations
were positioned such that DO concentrations at the
depth of egg burial could be measured. The stand-
pipes were capped between observations to minimize
surface–water gas exchange. A larger PVC standpipe
(7.6 cm diameter, 15 cm long) was temporarily
inserted in each of the incubation cells to facilitate
the introduction of fertilized robust redhorse eggs to
the incubation cell and was removed before the
experiments commenced.

Incubation cells were placed in two large holding
tanks (4.8 m in length, 1.4 m wide, and 0.8 m deep)
and set in a grid-like pattern so incubation cells were
interspersed around non-incubation cells, which did
not contain perforations or eggs (Fig. 2). This
arrangement minimized channeling of water flow
around the incubation cells. Experimental gravel
mixtures (i.e., % fine sediment treatment) were
randomly assigned to each incubation cell.

Egg pocket 

Fig. 1 Diagram of incubation cell (15.5 L square bucket) used
to house gravel treatments and incubate robust redhorse eggs
and larvae. The grid is the 15×10 cm fiberglass mesh screen
and the small dots represent the gravel mixture. The standpipe
(3.2 cm diameter, 40 cm long) with holes (1.9 cm diameter)
allowed dissolved oxygen concentrations to be monitored at
depth of the egg pocket. Arrows denote direction of water flow
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Water level of the holding tanks covered about
95% of the height of the incubation cells and
prohibited emergent larvae from swimming out of

the incubation cells into the main tanks. Water
flow was supplied by gravity return of water from
the recirculation system head-tank and was supple-
mented with two submersible sump pumps in each
tank. Acrylic baffles of differing heights aerated
tank water and created directional flow through
the tank. This system enabled a total flow rate of
255 L-min to be maintained through each tank over
the duration of the experiment. Water temperature
was regulated between 21 and 23°C with a 1-hp
water chiller. These temperatures matched those
commonly observed in the Oconee River during the
spawning period of robust redhorse (Ruetz and
Jennings 2000).

Gravel treatments

This experiment was conducted over two years. Year 1
experimental gravel treatments contained 0, 25, 50,
and 75 % fine sediments; and based on Year 1 results,
Year 2 experimental gravel treatments contained 0, 5,
10, 15, 20 and 25% fine sediments. The general design
of the experiment was based on similar studies
conducted on salmonid survival to emergence (Phillips
et al. 1975; Hausle and Coble 1976).

Year 1

Commercially available rolled river rock was washed
and shaken through a series of five standard sieves
(2.0-, 8.0-, 16.0-, 25.0-, and 50.0-mm) to obtain four
size classes of gravel. These separate classes of gravel
were then combined to obtain a control mixture that
consisted, by volume, of 20% 2.0–7.0 mm, 10% 26.0–
50.0 mm, 30% 8.0–15.0 mm, and 40% 16.0–25.0 mm
diameter gravel. This control gravel mixture reflected
the relative abundances of the size classes of gravel at
a known robust redhorse spawning site in the
Oconee River (EA 1994) and preliminary field
surveys at other locations in the river. Commercially
available sand was chosen as a suitable representation
of the fine sediment (particles <2.0 mm in diameter)
found in the lower Oconee River. Prior to being
placed into the incubation cells, the experimental
gravel mixture was inoculated with sufficient amounts
of sand to obtain four experimental gravel treatments
containing 0, 25, 50, and 75% fine sediment by
volume. There were three replicates of each experi-
mental mixture.

Fig. 2 Grid-like arrangement of incubation cells (white) and
non-incubation cells (shaded) used to test the affects of fine
sediment on survival of eggs to larval emergence robust
redhorse. Circles represent standpipes used to monitor dis-
solved oxygen concentrations, which are upstream of egg
pockets. Arrows denote direction of water flow
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Year 2

The rolled river rock used in Year 2 was slightly
smaller than those used in Year 1 and more similar
to that found in the lower Oconee River. River
rock was washed and shaken through a series of
five standard sieves (2.0-, 8.0-, 16.0-, 25.0-, and
37.5-mm) to obtain four size classes of gravel.
This mixture consisted (by volume) of 10% 25.0 -
37.5 mm, 40% 16.0–25.0 mm, 30% 8.0–16.0 mm,
and 20% 2.0–8.0 mm diameter gravel. Prior to
being placed in the incubation cells, the experi-
mental gravel mixture was then inoculated with
sufficient amounts of sand to obtain six experi-
mental gravel treatments containing 0, 5, 10, 15,
20 and 25% fine sediment by volume, with four
replicates of each experimental mixture.

Egg introduction and monitoring protocol

Fertilized eggs were obtained from a single cross-
ing of wild-caught brood each year. Eggs were
immediately transported (three hour drive) from
temporary holding and incubation facilities on the
Oconee River to the Whitehall Fisheries Laboratory
at the University of Georgia. Ten ml of fertilized
eggs were placed in each incubation cell during
each year of this experiment. In Year 1, there was a
mean of 27.9 eggs·ml−1, and in Year 2 there was a
mean of 24.5 eggs·ml−1. Eggs were placed in the
center of the screened-in section of the egg
chamber. Percent STE was calculated as the
number of larvae collected divided by the mean
number of eggs placed in the incubation cell. At
the time of the experiment, egg deposition depth
in gravel substrate was unknown; therefore, eggs
were placed at a depth of 5 or 10 cm during Year
1. Results from Year 1 indicated that there was not a
significant difference in STE between the two depths
(i.e., 0% fines=~60% STE, 25% fines=~8% STE,
and 50% and 75% fines=~0% STE; Dilts 1999);
therefore, all eggs were buried at a depth of 5 cm
deep during Year 2.

Daily observations for larval emergence in exper-
imental cells were conducted, and DO concentration
(mg·L−1) within each cell was recorded at egg burial
depth with a calibrated YSI® Model 55 dissolved
oxygen meter. Larvae were collected and preserved in
10% formalin upon emergence from the gravel.

Emergence was deemed complete when no larvae
emerged from all treatments for two consecutive days
following peak emergence. Preserved larvae were
later enumerated, and total lengths were measured to
the nearest 0.1 mm with a dial caliper.

Data analysis

All data were tested for normality with the Shapiro-
Wilkes test (SAS Institute 1990) and for homoge-
neity of variances with Hartley’s F-max test (Sokal
and Rohlf 1981). Results of the Shapiro-Wilkes test
indicated that the STE data were not normally
distributed. Transformation failed to normalize the
distribution, and an F-max test indicated that the
variances of the data set were homogeneous. In Year
1, differences in mean STE between the gravel
treatments examined were analyzed with analysis of
variance (ANOVA) of the ranked data (McCullagh
and Nelder 1983). Orthogonal contrasts were used
to evaluate differences in mean larval STE among
treatments. In Year 2, a three-parameter sigmoidal
regression model was used to describe the relation-
ship between STE and percent fine sediment
infestation. Mean DO concentrations among treat-
ments were compared with repeated measures
ANOVA and means separation tests. An alpha=0.05
was used to evaluate the significance of all statistical
tests.

Results

An unexpected complication arose during the course
of this study. The 2-mm mesh screen used in the
incubation cells was a sufficient size to prevent robust
redhorse egg loss from the incubation cells, but not of
sufficient size to fully contain pre-swim-up (i.e., yolk
sac) robust redhorse larvae that exhibited lateral
migration. Consequently, 334 larvae were collected
outside the incubation cells during Year 1. These
escaped larvae represented 5.0 % of the initial amount
of eggs placed in each of the trials. In Year 2 there
were 596 larvae outside the incubation cells, which
represented about 10% of the total number of eggs.
This loss was deemed nominal. Because we could not
determine the origin of the larvae swimming free
outside the incubation cell, the escapement rate was
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assumed to be equally distributed among treatments
and replicates.

Year 1

Incubation period and timing of larval emergence

Larval emergence began five days after egg fertiliza-
tion; peak emergence occurred at 16 days post-
fertilization. After peak emergence, larvae continued
to emerge intermittently at low rates until day 35.
Larvae that emerged on day 11 and later actively
swam throughout the water column in the incubation
cells, but most remained near the surface. Larvae
exhibited an avoidance response during collection
periods, with some larvae attempting to seek refuge in
the substrate in the incubation cells. These larvae
would either seek refuge in the interstitial spaces of
the upper substrate layer or lie motionless just above
the substrate. Their coloration effectively camou-
flaged them against the substrate.

Larval emergence

Mean larval length (TL) at emergence varied signif-
icant among the treatments (p<0.0001). Larvae that
emerged from the 75% fine sediment treatment were
significantly smaller (10.4 mm TL, SE=0.055) than
the larvae that emerged from the other treatments.
Mean lengths of emerging larvae were the same from
the 0% (12.9 mm TL; SE=0.011), 25% (12.9 mm TL;
SE=0.025), and 50% (12.9 mm TL; SE=0) fine
sediment treatments.

There was an inverse relationship between
larval robust redhorse STE and increasing levels
of fine sediment, with a mean STE that ranged
from 63.5% in the 0% fine sediment treatment to
0% in the 75% fine sediment treatment (Fig. 3).
Variation in mean percent STE between treatments
containing differing concentrations of fine sediment
was significantly different (P<0.0001). Mean larval
STE in the 0% fine sediment treatment was highest
compared to 25, 50, and 75% fine sediment concen-
trations (P<0.0001; Fig. 3). Mean larval emergence
at 25% fine sediment concentration was significantly
greater than the 50 and 75% fine sediment (P<
0.0002; Fig. 3). Mean larval STE in 50 and 75% fine
sediment treatments were not different (P=0.48;
Fig. 3).

Year 2

Incubation period and timing of larval emergence

Larval emergence began 11 days after fertilization and
peaked at days 16 and 17 post-fertilization. Low
levels of intermittent larval emergence were observed
until day 27 post-fertilization. Larvae that emerged
after day 11 swam actively throughout the water
column enclosed by the incubation cells, but most
aggregated near the surface. Larvae exhibited an
avoidance response similar to that displayed during
collection attempts in Year 1.

Larval emergence

Mean larval emergence during Year 2 varied among
the treatments and was highest in the control mixture
without fine sediment (69.8%; SE=0.01) and lowest
in the 25% fine sediment treatments (9.1%; SE=
0.04). STE in the treatments containing 20 and 25%
fine sediments were drastically lower than STE in the
treatments containing <20% fine sediments (Fig. 3).
An inverse relationship existed between percent fine
sediment levels and larval STE (P<0.0001). This
relationship was non-linear (P<0.0001) and was best
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Fig. 3 The affect of increasing levels of fine sediment on
survival to emergence of robust. Emergence rates observed in
individual replicates during Year 1 are represented by (○) and
those observed in individual replicates during Year 2 are
represented by (△)
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described by a three-parameter sigmoidal model (R2=
0.89). Combining emergence data from Year 1 and
Year 2 resulted in a better fit of this model (R2=0.94;
Fig. 3).

Affect of fine sediment on dissolved oxygen
concentration

Year 1

Repeated measures ANOVA indicated that dissolved
oxygen concentrations varied significantly over the
course of the experiment (P<0.0001). Regardless of
egg burial depth (i.e., 5 or 10 cm), mean dissolved
oxygen concentrations in treatments that contained 0
and 25% fine sediment were higher (7.5–7.6 mg·L−1)
than those in the 50% and 75% fine sediment
treatments (6.3–7.5 mg·L−1; Fig. 4). On days 2 and
3, DO in the 50% and 75% treatments fell below
5.0 mg·L−1, but returned to above 5.0 mg·L−1 on day
4 and remained there for the duration of the study.
Mean dissolved oxygen concentrations in treatments
that contained 75% fine sediment and an egg burial
depth of 5 cm did not differ from those in 0 and 25%
fine sediment treatments. This lack of difference was
attributed to substrate settling in the 75% fine
sediment treatments, which exposed perforations in
the standpipe of the 5-cm burial depth treatments.
Consequently, dissolved oxygen concentrations mea-
sured in replicates of this treatment were more
indicative of water column conditions than hyporheic
conditions. Comparison of daily mean DO concen-
trations demonstrated that DO concentrations in the
50 and 75% fine sediment treatments were much
lower than those in the 0 and 25% fine sediment
treatments for several days following egg introduc-
tion. After that period, dissolved oxygen concentra-
tions in the higher fine sediment treatments increased,
but never equaled those of the lower fine sediment
treatments.

Year 2

Mean DO concentrations in the treatments ranged
from 7.8 mg·L−1 (SE=0.00) to 7.9 mg·L−1 (SE=
0.029) and did not vary within treatments (P=
0.1377). Similarly, mean DO concentration did not
differ among the five treatment levels of fine sediment
(P=0.7006).

Discussion

Incubation period and larval behavior

Larval incubation and emergence periods were similar
in both study years with peak emergence at 16 days.
This is similar to reports made in other laboratory or
hatchery conditions (Ruetz and Jennings 2000;
Weyers et al. 2003). Generally, larval robust redhorse
begin to swim-up about 11 to 14 days following
fertilization, with larval emergence completed about
30 days post-fertilization. These data suggest that
emergence of larvae in the wild may continue for
much longer than the 2-week emergence time
suspected previously. Therefore, emerging larvae
may be affected by fluctuating river flows during the
spawning and rearing period for longer than antici-
pated. In addition, such flows might prematurely
scour developing eggs and larvae from incubation
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substrates (Montgomery et al. 1996). For example,
simulated river flows greater than 35 cm·s−1 adversely
affected the ability of emerged larvae to swim to the
surface to inflate their air-bladders, which causes
lower survival (Weyers et al. 2003). High-velocity
flows also may cause further infiltration of fine
sediments into the gravel matrix (Sear 1993). Fine
sediment pollution is one of many factors that affect
reproductive success in fishes that spawn in gravel
substrates (e.g., Meyer et al. 2005). We did not
directly evaluate these factors (e.g., suspended sedi-
ment flux or predation) in our laboratory trial, but
they too may influence the STE of wild-spawned
larval robust redhorse.

The presence of pre-swim up larvae (i.e., yolk-sac
larvae) outside the incubation cells confirms that
incubating larval robust redhorse move laterally
among interstitial spaces in gravel substrates. We
could not determine which treatments were the
sources of the free-swimming larvae; therefore, we
attributed these larvae equally as coming from all
treatments. With such a low occurrence (5–10%) we
don’t believe our findings were compromised. During
Year 1 the lateral movement observed was hypothe-
sized to be related to excessive amounts of fine
sediments; however, lateral movement also occurred
during Year 2. Whether the lateral movement by
escaped larvae was in response to unfavorable
microhabitat conditions associated with fine sediment
pollution or is a preparatory behavior in response to
imminent ontogenetic shifts in habitat (i.e., preparing
to swim up) is unknown. If interstitial lateral move-
ment is preparatory behavior for swimming up, then
the small area of the incubation cell may explain why
these larvae encountered the mesh screen and escaped.
However, if the lateral movement is in response to
excessive fine sediment, the threshold (i.e., 15%) at
which reduced STE occurred in this studymay provide a
meaningful management objective to ensure continued
or improved recruitment of larval robust redhorse in
Oconee River.

Sediment pollution could result in premature larval
emergence. In the present study, larvae from the 75%
fine sediment treatment emerged earlier (day 5) and
were smaller (10.4 mm TL) and less developed (i.e.,
yolk sac not absorbed) than those in the other
treatments (days 12–13; 12.9 mm TL; yolk mostly
absorbed). Early larval emergence of yolk-sac larvae
from gravel substrates can have adverse affects on

survival in the wild because of decreased swimming
performance of less-developed larvae (Ruetz and
Jennings 2000). Premature larval emergence may
result in increased mortality associated with down-
stream displacement and increased vulnerability to
predation (Harvey 1987 and 1991).

Effect of fine sediment on larval emergence

At the time of the experiments, robust redhorse egg
deposition depth was unknown and five to ten
centimeters were chosen as plausible egg burial
depths. In a subsequent field study, freeze cores of
gravel where robust redhorse had been observed
spawning, indicated egg burial depths ranging from
6–15 cm (Freeman 1998). Therefore, the laboratory-
based experiments were held at appropriate egg burial
depths.

The inverse relationship between STE of larval
robust redhorse and fine sediment pollution in rearing
substrates during Year 1 demonstrated that the
threshold at which STE declined was between 0 and
25% fine sediment. During Year 2 that threshold was
indentified to be about 15% fine sediment. The
nonlinear nature of this inverse relationship implies
that robust redhorse larvae are reasonably tolerant of
fine sediment until that threshold concentration is
reached. Above this threshold, larval emergence
declines rapidly. Generally, the STE patterns observed
for larval robust redhorse is consistent with reported
results for salmonids. For example, mean emergent
survival for coho salmon ranged from 96% in a
control gravel mixture lacking fine sediment (less
than 3.3 mm diameter) to 8% in gravel containing
70% fine sediment (Phillips et al. 1975). In addition,
fine sediment (smaller than 3.3 mm) was highly
correlated with decreased survival in coho salmon
(Koski 1966).

Affect of fine sediment on hyporheic dissolved
oxygen concentration

Large amounts of fine sediment reduce intragravel
water velocities of gravel substrates (Reiser and
White 1988), which may reduce DO within the
substrate. The reduction in DO may adversely affect
developing eggs and larvae buried by either a direct
decrease of oxygen, and/or allow metabolic waste to
accumulate resulting in a decreased supply of oxygen
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(Tappel and Bjornn 1983; Chapman 1988; Reiser and
White 1988; Greig et al. 2005). DO in the 50% and
75% treatments fell below 5.0 mg·L−1 on days 2 and 3,
but returned to above 5.0 mg·L−1 on day 4 in Year 1.
These results suggest that fine sediment greater than
50% reduces DO concentrations compared to gravel
substrates with 25% fine sediment load. This tempo-
rary drop in DO may have been caused by decompo-
sition of larvae and eggs in the incubation cells. DO
concentrations during Year 2 remained well above the
5 mg·L−1 recommended for survival and growth of
most fishes (Piper et al. 1982).

Oxygen requirements of salmonid embryos rise to
a maximum just before hatching (McNeil 1966; Greig
et al. 2005), with larvae tolerating lower dissolved
oxygen concentrations than embryos (McNeil 1966).
Year 1 results suggested low initial DO and entomb-
ment as the two primary mechanisms responsible for
the reduced larval STE. In Year 2, DO was well above
the levels that affect fish survival; therefore, the
declines in larval emergence observed probably
resulted from larval entrapment.

Implications for recruitment

The present condition of many streams in the Midwest
and Southeast is drastically different from that which
existed prior to European settlement and agricultural
development (Fajen and Layzer 1993). Since the turn
of the 19th century, poor silvicultural and agricultural
practices throughout the Oconee River watershed have
drastically increased the sediment load in the rivers
within the basin (Trimble 1977; Luft 1986; EA 1994).
The Oconee River was still recovering from this
massive sediment increase, which peaked in the early
1900s (Luft 1986), when Sinclair Dam was constructed
in Milledgeville, Georgia in 1953. The reservoir
formed by Sinclair Dam acts as an efficient sediment
trap; however, the river remains in disequilibrium and
continues to entrain, transport, and redeposit previously
stored sediments (Trimble 1977; Ruhlman and Nutter
1999). Consequently, the current bed load of the
Oconee River is probably still representative of
historical inputs of excessive fine sediment, and the
gravel deposits used by spawning robust redhorse are
typically composed of 25 to 50% fine sediment (EA
1994).

Our research suggests that fine sediment pollution
of gravel substrates may be a potential threat faced by

incubating robust redhorse eggs and larvae in the
Oconee River. STE rates are predicted to be about
8.0% when fine sediment composition is 25%.
However, the percentage of fine sediment in spawn-
ing substrates is not uniform, and fine sediments are
swept from the gravel substrates as robust redhorse
deposit eggs (i.e., a sediment plume commonly
observed during spawning). This “gravel cleaning”
during spawning has been observed in other species.
For example, clay and silt particles have been
suspended and swept downstream during salmonid
spawning; interestingly, sand particles remained in the
egg burial site during this process (Kondolf et al.
1993). The extent to which robust redhorse recruit-
ment in the Oconee River is constrained because of
fine sediment infestation or whether the current level
of larval recruitment is sufficient to maintain the
population is unknown.

Runoff control and soil stabilization projects,
particularly procedural controls (Wesche 1993), com-
bined with effective interdiction measures have the
potential to reduce the sediment load of the Oconee
River and improve the spawning habitat available to
adult robust redhorse.

Restorative processes that remove excessive fine
sediment from the spawning gravel in the Oconee
River would benefit the robust redhorse; however,
such processes are time consuming and costly (see
review by Waters 1995). Flushing flows and stream
alterations can remove fine sediment from some areas,
but may also increase fine sediment concentrations
farther downstream. Sediment traps and gravel clean-
ing devices may be better solutions as they can result
in a net removal of fine sediment from the system
(Mih and Bailey 1981; Waters 1995).

Gravel augmentation is another approach for
restoration. For example, gravel augmentation pro-
vided improved spawning areas in the Mokelumne
River, California, and salmon responded to the
improved sites within several months (Merz and
Setka 2004). The improved conditions appeared to
persist for several spawning seasons (Merz and Setka
2004). In the fall of 2007, restoration of the known
robust redhorse spawning site on the Oconee River
was initiated by augmenting with gravel consistent in
size and material as the spawning gravel bed (J.
Evans, GA Department of Natural Resources, person-
al communication). The gravel was deposited at a
bend above the known spawning gravel bar to allow
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natural high flows to distribute the new gravel.
Though high flows have occurred during spring
2009, gravel distribution has not yet been quantified.

Conclusions

Robust redhorse eggs incubated in gravel substrates
infested with varying levels of fine sediment experi-
enced severe reductions in STE when fine sediment
levels were >15%. Fine sediment concentrations in
spawning substrates at known spawning locations in
the Oconee River are well above this level. However,
fine sediment is removed from egg deposition sites
during robust redhorse spawning. Further, larvae
exhibit lateral interstitial movements within gravel
sediments. Whether the gravel is sufficiently free of
fine sediments or the developing larvae can move to
areas with sufficiently clean gravel to ensure high
STE in the wild is unknown.

The results of this research and other published
studies strongly suggest that reducing fine sediment
infestation improves the reproductive success of
substrate spawners. Therefore, any measures to
decrease the amount of fine sediment on gravel bars
used by robust redhorse for spawning may increase
the number of larvae that emerge successfully from
the substrate. Restoration and remediation measures
will require decreases in fine sediment levels; there-
fore, control of fine sediment through prevention and
interdiction should be encouraged. Reduced fine
sediment levels may help improve the long-term
prospects for a self-sustaining population of robust
redhorse in the Oconee River, as well as throughout
the historic range of the species.
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