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Modeling in the Oconee River, Georgia
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Abstract.—The robust redhorse Moxostoma robustum occurs in an 85-km stretch of the Oconee
River, Georgia, downstream of a hydropower dam. The population consists primarily of older
individuals and recruitment in recent years has been minimal. Operation of the hydropower dam
may have affected recruitment negatively by displacing newly hatched larvae downstream and
away from nursery habitats. Our null hypothesis was that larval robust redhorse can tolerate water
velocities that occur in the Oconee River during peak river discharge related to hydropower
generation. We measured swimming speeds for three size-classes of larvae (means: 13.1, 16.2,
and 20.4 mm total length) and modeled low-velocity habitat (i.e., as defined by larval swimming
speeds) in the Oconee River. We used logistic regression to calculate prolonged swimming speeds
(i.e., water velocity at which 50% of fish failed to swim for 1 h) for each size-class and to predict
the proportion of larvae in the water column that could maintain their position in the river. Prolonged
swimming speeds were 6.9, 10.6, and 11.7 cm/s for 13.1-, 16.2-, and 20.4-mm fish, respectively.
Habitat modeling suggested that low-velocity areas were present in the river and that there was
not a strong relationship between low-velocity habitat and discharge. However, low-velocity hab-
itats were dynamic during fluctuating discharge, and the ability of larval robust redhorse to access
these dynamic areas is unknown.

The robust redhorse Moxostoma robustum3 is a
large, riverine catostomid first described by Ed-
ward Drinker Cope in 1870 (Jenkins and Burkhead
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1994). Cope’s original specimens were lost, and
the species went unnoticed until the 1980s when
two robust redhorse were collected in the Savan-
nah and Pee Dee rivers (Jenkins and Burkhead
1994). In 1991, an extant population of robust red-
horse was discovered in the Oconee River, Geor-
gia. Archeological and limited species distribution
records suggest that robust redhorse probably in-
habited Piedmont and Upper Coastal Plain rivers
along the Atlantic slope drainage, ranging from
the Altamaha River system in Georgia north to the
Pee Dee River in the Carolinas (Evans 1994). At-
tempts to locate other populations have been large-
ly unsuccessful. Age-0 robust redhorse have been
collected rarely in the Oconee River since their
discovery, suggesting that recent recruitment has
been minimal even though spawning adults have
been collected in the same areas (Evans 1994; Jen-
nings et al. 1996). Although the species is long-
lived (201 years) compared to other Moxostoma
spp. (8–15 years; Evans 1994; Jenkins and Burk-
head 1994), whether the current level of recruit-

D
ow

nl
oa

de
d 

by
 [

N
or

th
 C

ar
ol

in
a 

St
at

e 
U

ni
ve

rs
ity

] 
at

 1
1:

19
 2

1 
N

ov
em

be
r 

20
11

 



399SWIMMING PERFORMANCE OF ROBUST REDHORSE

ment is sufficient to maintain the robust redhorse
population or not is unknown.

Water velocity is an important factor influencing
larval fish habitat selection because velocities of
many habitats are greater than the maximum sus-
tained swimming speed of larvae (Scheidegger and
Bain 1995). As fins and musculature of larvae de-
velop, young fish become sufficiently mobile to
actively avoid displacement by high water velocity
(Carter et al. 1986; Harvey 1987). Scheidegger and
Bain (1995) defined larval fish nursery habitat in
two Alabama rivers as shallow water areas (,1.3
m) with water velocities less than the estimated
sustained swimming speed of 12-mm larvae (8.4
cm/s). The Oconee River lacks extensive back-
waters and off-channel areas; thus, gradually slop-
ing shoreline areas with low velocities and with
vegetation and other structures should be impor-
tant for providing nursery habitats for larval fishes
(Scheidegger and Bain 1995).

The direct effects of naturally occurring floods
on fishes generally are greater for early life history
stages than for adults (John 1964; Elwood and Wa-
ters 1969; Seegrist and Gard 1972; Schlosser
1985), and downstream displacement of larval fish
during flood conditions is greater than during non-
flood conditions in some small streams (Harvey
1987). Downstream displacement of larvae may
decrease survival (John 1964; Schlosser 1982;
Harvey 1987, 1991). However, susceptibility of
larvae to flood-related downstream displacement
may be taxon- and size-specific (Harvey 1987) and
may vary among streams (Stehr and Branson
1938). Variability among streams occurs because
the topography of the surrounding landscape de-
termines the degree to which populations in var-
ious parts of the stream are affected (Stehr and
Branson 1938).

Peak river discharge related to hydropower gen-
eration (hereafter called hydropower peaking) has
reduced stream fish community structure in some
regulated rivers (Bain et al. 1988; Kinsolving and
Bain 1993; Travnichek and Maceina 1994). The
immediate effects of hydropower peaking are
probably similar to the effects of naturally occur-
ring floods; however, hydropower peaking is more
frequent and may result in more rapid changes in
stream hydraulics than naturally occurring floods.
Sinclair Dam, a hydropower facility on the Oconee
River, is located 8.4 km upstream from the robust
redhorse population. Nongeneration release from
Sinclair Dam is about 9 m3/s and powerhouse ca-
pacity is about 193 m3/s (EA Engineering 1994).
Hydropower peaking alters daily flow patterns in

the Oconee River (see Figure 1) because releases
are determined by daily electricity demands rather
than local precipitation. This variability in river
discharge may affect other physical and chemical
conditions such as velocity, depth, channel width,
temperature, sediment transport, and water quality
(Cushman 1985). Flow manipulation in the Oco-
nee River results in a highly variable, unpredict-
able flow regime downstream that may affect the
survival of larval robust redhorse by a variety of
factors, including reduced availability of suitable
flow-dependent nursery habitats.

We investigated the swimming performance of
larval robust redhorse under varying flow condi-
tions. Our goals were to test the hypothesis that
larval robust redhorse can tolerate typical low-
velocity areas in the Oconee River that occur dur-
ing hydropower peaking and to determine whether
the availability of these habitats was limited by
hydropower generation. Specific objectives were
tomeasure prolonged swimming speeds of larval
robust redhorse, and to model the presence and
availability of low-velocity habitats (i.e., as de-
fined by larval swimming speeds) in the Oconee
River during the hydropower peaking cycle when
larval robust redhorse would be most vulnerable.

Methods

Prolonged swimming experiments.—Fertilized ro-
bust redhorse eggs from 14 different male 3 fe-
male crosses were obtained from adult fish col-
lected from the Oconee River during 15–23 May
1996. The eggs were taken to laboratory facilities
at the University of Georgia, and hatching jars
were used to incubate fertilized eggs. About 1,000
newly hatched larvae were collected from hatching
jars and reared in a 114-L tank equipped with a
recirculating biofiltration system. Larvae were
reared at water temperatures that matched those at
which swimming performance was tested. Larvae
were fed naupli of Artemia sp. 2–4 times per day
ad libitum and switched to a combination of Ar-
temia nauplii and starter trout chow once fish were
able to ingest larger particles.

Fixed velocity tests were conducted to deter-
mine larval robust redhorse swimming perfor-
mance. These tests have been used extensively to
determine prolonged swimming speeds of larval
fishes (see Houde 1969; Meng 1993; Childs and
Clarkson 1996). Swimming tests were initiated
once larvae reached the swim-up stage, indicated
by their dispersal throughout the water column in
the rearing tank. Larvae hatched at about 7 mm
total length (TL), but swim-up did not occur until
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400 RUETZ AND JENNINGS

larvae were about 11 mm TL. If the length of a
larva was not within the predetermined length in-
terval for the size-class (12.5–14.5, 15.5–17.5, or
19.5–21.5 mm TL), then the larva was excluded
from the analysis (TL of each fish was measured
to the nearest 0.1 mm with dial calipers). Mean
total lengths of the three size-classes of larval ro-
bust redhorse tested were 13.1 (SE 5 0.05), 16.2
(SE 5 0.06), and 20.4 mm (SE 5 0.08). Larvae
in the 13.1- and 16.2-mm size-classes were in the
yolk sac and larval phases, respectively. The 20.4-
mm size-class was in transition between larval and
prejuvenile phases because the finfold was absent
or a only small remnant was present, and fin de-
velopment was complete or nearly so. The range
of water velocities tested was 3.6–16.7 cm/s, with
mean increment between test velocities of 1.1 cm/s
(SE 5 0.07). The 13.1-mm larvae were tested at
eight velocities, ranging from 3.6 to 10.1 cm/s;
16.2-mm larvae were tested at nine velocities (6.6–
14.4 cm/s); and 20.4-mm fish were tested at seven
velocities (8.5–16.7 cm/s). Nine to 14 fish were
tested individually at each fixed velocity (larvae
were used only once).

Water temperature in the swim chamber was
kept constant for each size-class of fish tested but
was increased for each successive size-class tested.
Robust redhorse spawn at water temperatures from
208C to 248C in the spring when water tempera-
tures were warming in the Oconee River. There-
fore, larval robust redhorse were expected to en-
counter warmer temperatures as the season pro-
gressed and fish grew. Accordingly, 13.1-, 16.2-,
and 20.4-mm fish were tested at 22.5 (SE 5 0.07),
24.2 (SE 5 0.07), and 25.58C (SE 5 0.05) to mimic
water temperatures in the Oconee River.

A gravity-flow swim chamber was used to test
larvae (see Bishai 1960; Houde 1969; Meng 1993).
Fish were tested in a 5.1 cm diameter, 70-cm long
horizontal section of the swim chamber (termed
swim tube) that was constructed of clear polyvinyl
chloride (PVC) pipe and blocked on each end with
fine mesh screening to enclose fish. Water velocity
and direction in the swim tube were controlled by
ball valves located in the four corners of the swim
chamber.

Water velocity in the swim tube was determined
by measuring the water volume delivered from the
swim chamber in an observed time period (Bishai
1960; Houde 1969). Velocity was calculated with
the equation

V 5 (v/t)/a, (1)

where V was velocity (cm/s) in the swim tube, v
was volume (mL) of water delivered from the
swim chamber, t was elapsed time (s), and a was
the cross-sectional area of the PVC pipe (a 5 20.3
cm2). Water velocity in the swim tube was cal-
culated as the mean of 15 consecutive volume–
time measurements taken from the outlet of the
swim chamber.

The experimental protocol for swim tests was
based on methods described by Meng (1993). A
larva, chosen randomly from the rearing tank, was
introduced into the swim tube through a water-
filled funnel and allowed at least 5 min to acclimate
at zero velocity. Velocity was increased gradually
to each test velocity. Tests were terminated and
omitted from analyses when fish would not swim
as the velocity was increased gradually to the test
velocity, or when the larva was damaged during
handling. A light source was used to help orient
fish into the flow. Once the test velocity was
reached, each larva that swam for 1 h was scored
as ‘‘passed.’’ Those larvae that became impinged
on the fabric screen during the test were scored as
‘‘failed.’’ To reduce the amount of handling ex-
perienced by fish used in swimming tests, larval
length was measured at the conclusion of a test.

Swimming performance tests were treated as a
bioassay (Brett 1967; Houde 1969) in which water
velocity and fish score (pass or fail) were synon-
ymous with toxin dosage and animal survival in
a toxicity experiment (Meng 1993). Prolonged
swimming speeds of larval robust redhorse were
determined by calculating the velocity at which
50% of fish tested failed to maintain their position
in the swim tube for 1 h, a procedure similar to
that used to calculate median lethal dose for animal
survival in response to a toxin (Meng 1993). The
relationship between fish score and imposed water
velocity was sigmoidal, with asymptotes at zero
and one.

Logistic regression was used to model the re-
lationship between fish score and imposed water
velocity. Logistic regression is similar to probit
analysis, a method used to estimate fish swimming
speeds by Meng (1993) and Childs and Clarkson
(1996) and was easier to fit mathematically than
probit analysis (Montgomery and Peck 1992).
Therefore, prolonged swimming speeds and con-
fidence intervals were calculated with logistic re-
gression for each of the three size-classes. The
SAS logistic and probit procedures were used to
conduct logistic regression calculations (SAS In-
stitute 1987).

Low-velocity habitat modeling.—Four sites in
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401SWIMMING PERFORMANCE OF ROBUST REDHORSE

FIGURE 1.—Hydrographs of the Oconee River, Geor-
gia, during hydropower peaking (R. D. McFarlane,
USGS, Water Resources Division, unpublished data).
Avant Mine, Georgia Railroad bridge, Highway 57, and
Dublin were 40, 60, 68, and 103 km downstream from
Sinclair Dam, respectively.

the Oconee River were used to assess the down-
stream effects of hydropower peaking by Sinclair
Dam on low-velocity habitat. Sites were chosen
based on three criteria: (1) site must be near a
suspected robust redhorse spawning site, (2) site
must be near a U.S. Geological Survey (USGS)
water-gauge recorder, and (3) site must be repre-
sentative of the downstream gradient from Sinclair
Dam within the reach of river inhabited by robust
redhorse. Sites were located near Avant Kaolin
Mine (328569N, 838059W), downstream from the
Central of Georgia Railroad bridge (328499N,
828589W), downstream from Georgia Highway 57
(328439N, 828579W), and upstream from Dublin
(328389N, 828569W). Under most circumstances,
minimum river discharge in the Oconee River dur-
ing May and June 1993–1996 at the four sites was
greater than 14 m3/s at the four USGS water-gauge
recorders, and maximum river discharge that re-
sulted from hydropower generation was less than
170 m3/s (Figure 1; R. D. McFarlane, USGS, Water
Resources Division, unpublished data).

A hydraulic simulation developed by EA En-
gineering (1994) for the Oconee River was used
to describe stream depth and velocity as a function
of discharge. Hydraulic data were collected to
meet the requirements of the physical habitat sim-
ulation (PHABSIM) system single-velocity IGF-4
hydraulic simulation submodel (Milhous et al.
1989). Fifty-four transects were established in the
Oconee River between Milledgeville and Dublin,
Georgia. To describe the cross-sectional profile of
the channel, 34–81 sampling stations were estab-
lished along each transect. Depth and mean water
column velocity were measured at these sampling
stations during low (mean 5 23 m3/s, SE 5 0.88)
and intermediate (mean 5 110 m3/s, SE 5 1.3)
flow. Water surface elevations were measured
along each transect at a minimum of three stream-
flows. In the present application, the mid-flow cal-
ibrated IGF-4 model for steady flow conditions
was used to predict point estimates of mean water
column velocity (predicted as 0.6 3 depth from
surface) at transects located near the four sites to
assess the presence and availability of low-velocity
habitats. The number of transects used at each site
ranged from 5 to 13.

Logistic regression models developed from ro-
bust redhorse swimming performance experiments
were used to predict the proportion of larvae that
could maintain their position in the water column
for 1 h at each velocity point estimate along the
transect and was estimated for the 13.1-mm size-
class with the equation

b 1b ·x0 1 ie
P 5 , (2)i b 1b ·x0 1 i1 1 e

where Pi was the predicted proportion of larvae
that could maintain their position in the water col-
umn for 1 h, b0 was the estimated intercept for the
logistic model, b1 was the estimated slope for the
logistic model, and xi was mean water column ve-
locity estimated with IGF-4. Subscript i was used
to describe each point along a transect where water
velocity was estimated. This approach allowed all
points along the transect where water velocity was
estimated to be given a probability related to
whether a larva could maintain position for at least
1 h and was similar to a habitat suitability index
developed from direct field observations (Bovee
1986; Nestler et al. 1989).

Weighted linear habitat (WLH) was an index of
low-velocity habitat along a transect (m) and was
estimated for each transect with the equation
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402 RUETZ AND JENNINGS

n

WLH 5 P · w , (3)O i i
i51

where i 5 1, 2, . . . , n; Pi and i were as defined
for equation (2), wi was one-half the distance be-
tween points i 21 and i 1 1 on the transect (this
accounted for asymmetry in horizontal distances
between point estimates), and n was the total num-
ber of points along the transect. For each transect,
WLH was calculated at 14, 28, 57, 85, 113, 142,
and 170 m3/s. The underlying assumptions of the
WLH model were that mean water column velocity
estimates along a transect approximately repre-
sented velocities that larval robust redhorse would
experience in the river and that logistic regression
models estimated from laboratory experiments
provided reasonable approximations of larval fish
swimming performance in the Oconee River.

The relationship between river discharge and
low-velocity habitat at each site was investigated
with regression analysis. Transect estimates of
WLH at each site were considered replicates and
to approximately represent the actual low-velocity
habitat at a site. Plots of residual versus predicted
response variable (WLH) and residual versus ex-
planatory variable (river discharge) were used to
check the assumption that variance of the error
term was constant (Montgomery and Peck 1992).
A natural logarithm transformation of WLH was
used to meet the constant variance assumption for
the Avant Mine, Georgia Railroad bridge, and
Highway 57 sites, whereas a reciprocal transfor-
mation was used for the Dublin site.

Effective habitat analysis was conducted to de-
termine the dynamic nature of low-velocity areas
during hydropower peaking (Nestler et al. 1989).
Effective WLH (EWLH) was calculated for each
transect with the equation

n
qpEWLH 5 [min(WLH )] (4)O i qb

i51

where i 5 1, 2, . . . , n; i and n were as defined
for equations (2) and (3), WLHi 5 Pi · wi (from
equation 3), qp was the peak discharge evaluated
(170 m3/s), and qb was the base discharge evalu-
ated (14 m3/s). Nestler et al. (1989) acknowledged
that while a range of intermediate flows is asso-
ciated with hydropower peaking, minimum habitat
in a specific river cell usually occurs at base or
peak flow (making evaluation at all possible flows
unnecessary).

Results

Prolonged Swimming Experiments

The proportion of fish that continued swimming
for 1 h during swim trials at imposed water ve-
locities decreased as velocity increased for each
size-class tested (Figure 2). Goodness-of-fit tests
(Pearson chi-square) suggested that logistic re-
gression models were appropriate (P 5 0.25, 0.33,
and 0.14) for the three size-classes tested. Param-
eter estimates were significant (P , 0.001) for all
three logistic regression models. The estimated
slopes and intercepts of logistic regression models
for the three size-classes are given as follows:
13.1-mm larvae: b1 5 20.91 (SE 5 0.19) and b0

5 6.3 (SE 5 1.3); 16.2-mm larvae: b1 5 20.75
(SE 5 0.14) and b0 5 8.0 (SE 5 1.5); and 20.4-
mm larvae: b1 5 20.70 (SE 5 0.17) and b0 5 8.3
(SE 5 2.0). Prolonged swimming speeds of the
13.1-, 16.2-, and 20.4-mm size-classes were 6.9
cm/s (95% confidence interval [CI] 5 6.2–7.7),
10.6 cm/s (95% CI 5 9.9–11.4), and 11.7 cm/s
(95% CI 5 10.7–12.6), respectively.

Low-Velocity Habitat Modeling

The estimated WLH along transects at the Avant
Mine, Georgia Railroad bridge, and Highway 57
sites were between 1 and 5 m at the seven river
discharges investigated (Figure 3). The greatest
amount of low-velocity habitat (9.5–20.9 m) along
a transect was calculated for the Dublin site at river
discharges between 113 and 170 m3/s (Figure 3).
There was a negative linear relationship between
WLH and discharge at the Avant Mine (slope [b]
5 20.0001, SE 5 0.00004; P 5 0.0098, R2 5
0.07) and Georgia Railroad bridge (b 5 20.0002,
SE 5 0.00005; P 5 0.0016, R2 5 0.19) sites; WLH
and discharge were not related at the Highway 57
or Dublin sites (P . 0.20). The EWLH calculated
along a transect was substantially less than WLH
computed for constant river discharges. Mean
EWLH along transects within each site approached
zero (EWLH , 0.001 m). The Highway 57 site
had the greatest mean EWLH (0.0009 m, SE 5
0.0009) of the four sites.

Discussion

Prolonged swimming speed of robust redhorse
increased with increases in fish size. This increase
in swimming performance probably resulted from
among size-classes differences in larval length and
from increases in water temperature. Larger fish
tend to swim faster than smaller fish in absolute
terms (Beamish 1978), which is particularly evi-
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403SWIMMING PERFORMANCE OF ROBUST REDHORSE

FIGURE 2.—Proportion of larval robust redhorse in the 13.1-, 16.2-, and 20.4-mm size-classes that successfully
completed a 1 h swim trial at various water velocities.

dent for early life history stages because the de-
velopment of the musculature and fins increases
rapidly with growth. Further, swimming perfor-
mance may be positively correlated with water
temperature (e.g., Larimore and Duever 1968; Ber-
ry and Pimentel 1985; Childs and Clarkson 1996).
Therefore, of the three size-classes tested, the
13.1-mm size-class of robust redhorse should be
the most vulnerable to downstream displacement
in the Oconee River.

Swimming performance of fish should vary be-
tween individuals and among species because
swimming performance is restricted by bodyform
and regulated by metabolic capacity (Beamish
1981). For example, the variation in swimming
performance of juvenile largemouth bass Microp-
terus salmoides was substantial and repeatable
(Kolak 1992). We found that larval robust redhorse
exhibited individual variation in swimming per-
formance, and some larvae swam better at higher
current velocities than at lower current velocities.
For example, proportional swimming success of
13.1-mm larvae was greater at 6.9 m/s that at 6.2
m/s (Figure 2). The scarcity of swimming speed
estimates for larval catostomids and cyprinids
make interspecific comparisons difficult. Never-

theless, we suspect that robust redhorse swimming
speeds may be greater than many other fish in the
Oconee River because larval robust redhorse
emerge from spawning sites and enter the water
column at larger sizes than many other fishes.

Low-velocity habitat was present in the Oconee
River during variable river discharge. We based
our assessment of low-velocity habitat on the
swimming performance of the 13.1-mm size-class,
which had the slowest prolonged swimming speed
of the three size-classes tested. We conclude that
larval fish nursery habitats were present in the
Oconee River during fluctuating flow conditions
because water velocity was one of the most im-
portant features that defines nursery habitats (Si-
monson and Swenson 1990; Scheidegger and Bain
1995). Although low-velocity habitats are present
in the Oconee River during hydropower peaking,
we are unsure of the accessability or quality of
these habitats to larval robust redhorse.

The relationship between WLH and discharge
at the sites we investigated was not strong. Al-
though there was a significant negative relation-
ship between WLH and discharge at two (Avant
Mine and Georgia Railroad bridge) of the four
sites, the regression models only explained a small
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404 RUETZ AND JENNINGS

FIGURE 3.—Mean weighted linear habitat (WLH; estimated for the 13.1-mm size-class of robust redhorse) at
river discharges that occurred commonly in the Oconee River, Georgia, as a result of hydropower generation during
May–June 1993–1996. Error bars represent 6SE.

percentage of the variation in the data (both R2 ,
0.20) and the estimated regression slopes were
small (Avant Mine: b 5 20.0001, Georgia Rail-
road bridge: b 5 20.0002). In this case, we did
not believe that statistical significance of the es-
timated regression slopes indicated a strong bio-
logically relevant difference. Similarly, Leonard
and Orth (1988) showed that some life stages of
fishes (e.g., larvae) preferred narrow ranges of
habitat variables (e.g., velocity) that decline only
moderately with increasing river discharge.

Low-velocity habitat in the Oconee River was
dynamic during fluctuating river discharge be-

cause our estimate of EWLH approached zero even
though low-velocity areas were present at the sev-
en discharges we investigated. The ability of larval
robust redhorse to move laterally with low-velocity
habitats, seek refuge from increasing water veloc-
ity, or relocate downstream to different low-
velocity habitats during fluctuating flow conditions
is unknown. However, we observed some larval
robust redhorse lying on the bottom of the swim
tube in response to increasing velocity during lab-
oratory swimming tests, suggesting that at least
some larvae may use the boundary layer as refuge
from increasing velocities in the water column.
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Larval Warner suckers Catostomus warnerensis
exposed to mid-channel water velocities resisted
downstream displacement by swimming to areas
behind rocks, vegetation, and woody debris that
provided shelter (Kennedy and Vinyard 1997).
Larvae unable to seek refuge (i.e., velocity breaks
or low-velocity areas associated with the bottom)
from high water velocities during fluctuating river
discharge will be displaced downstream. Down-
stream displacement of larval fish during natural
flood conditions often increases mortality (John
1964; Schlosser 1982; Harvey 1987, 1991). How-
ever, if larval robust redhorse are able to use dy-
namic low-velocity habitats with minimal negative
effects (e.g., high energy expenditure or reduced
time spent foraging), then nursery habitats should
be available to larvae during variable flow con-
ditions.

Quality of larval fish nursery habitat may be an
important factor in determining the distribution,
abundance, and recruitment of age-0 robust red-
horse. Hydropower peaking causes high-frequency
disturbances in rivers that affect fishes according
to their habitat use (Bain et al. 1988) and seem
capable of degrading larval fish nursery habitats
(Scheidegger and Bain 1995). Water velocity may
not decrease the abundance of larval fish nursery
habitat in the Oconee River, but may limit the ac-
cessability of these habitats to larvae. However,
factors other than mean water column velocity,
such as vegetation, substrate, woody debris, or
near-substrate hydraulic conditions, may be im-
portant in providing high-quality nursery habitats
for larval robust redhorse. Pearsons et al. (1992)
reported that the effects of naturally occurring
floods on fish communities declined with increas-
ing habitat complexity in some stream reaches.
Vegetated and channel edge areas served as nurs-
ery habitats in a warmwater West Virginia stream
(Lobb and Orth 1991), and larval catostomids in
an Alabama river were associated with shallow,
near-shore habitats with vegetation (Scheidegger
and Bain 1995). Hydropower peaking causes
changes in near-substrate hydraulic conditions,
which could be important to larval robust redhorse,
to form a mosaic of patches with varying risk to
benthic organisms because the associated stresses
are not uniform in distribution, intensity, and du-
ration along a river channel (Gore et al. 1994).

Mean water column velocity was used to esti-
mate low-velocity habitat for larval robust red-
horse. The relationship between mean water col-
umn velocity and the hydraulic conditions expe-
rienced by larval robust redhorse in the river is

unclear. This could be problematic because larvae
are relatively small compared to the size of a river
cell, suggesting that larvae could be distributed
anywhere within a river cell. Although our low-
velocity habitat model may be simplistic with re-
gard to the complex nature of the hydraulic con-
ditions experienced by larvae, we believe our mod-
el is a good first approximation because the dis-
tribution of larval robust redhorse within the water
column is unknown.

We used logistic regression models based on
laboratory swimming tests to approximate larval
robust redhorse swimming performance in the
Oconee River. We recognized three potential prob-
lems (listed below) with extrapolating laboratory
results to the river and concluded that they would
cause consistently biased habitat estimates that
would not affect the relationship between WLH
and river discharge, which we considered most
important. First, swimming performance of larvae
reared in the laboratory may have been greater
than that of wild fish because laboratory-reared
fish were in predator-free and food-rich environ-
ments. If this were the case, then our estimates of
WLH would be biased high. Second, the WLH
model was appropriate for the water temperature
at which prolonged swimming speeds were esti-
mated in the laboratory. Differences in water tem-
perature between the test system and the river may
have resulted in over- or underestimates of WLH.
Finally, physical factors other than water temper-
ature could influence larval swimming speeds.
Larimore (1975) concluded that fry of smallmouth
bass Micropterus dolomieu were displaced more
frequently by velocity in turbid water than in clear
water because visual ques were used for orienta-
tion. Larval robust redhorse displayed positive
phototaxis in swimming tests; thus, turbidity may
affect swimming performance of larvae in the riv-
er.

We suspect that less-variable flow conditions in
the Oconee River than those that result from hy-
dropower peaking may increase larval robust red-
horse access to nursery habitats when larval swim-
ming speeds are lowest (i.e., May–June). Increased
access to nursery habitats may increase survival
of age-0 fish, although strong evidence to evaluate
this is lacking. A better understanding of larval
robust redhorse behavioral responses to increasing
water velocity and larval distribution in the water
column is needed to determine whether water ve-
locities resulting from hydropower peaking are
limiting access to nursery habitats. Similarly, fur-
ther research on biotic and abiotic factors that af-
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fect robust redhorse is needed to explain their poor
recruitment in the Oconee River and their extir-
pation from many southeastern Atlantic slope riv-
ers.
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