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Synopsis

The robust redhorse, Moxostoma robustum (Teleostei: Catostomidae), is an imperiled sucker native to large
rivers of the Atlantic slope of the southeastern United States. Juvenile M. robustum were tested for tolerances
to temperature, salinity, pH, and hypoxia in order to evaluate basic early life-history requirements. Static
(acute) tests resulted in estimates of mean lower temperature tolerances (5.3-19.4 °C) that varied with prior
thermal acclimation and indicated no apparent difference in tolerance among fish 30, 60, and 90 days old. Fish
acclimated to 20 °C and 30 °C had significantly different mean critical thermal maxima (34.9 °C and 37.2 °C,
respectively) and exhibited pronounced increased opercular ventilation rates with elevated temperatures.
Fish exposed to acute and chronic increases in salinity showed unusuat patterns of mortality above the isos-
motic point (9 ppt) that rellected possible differences in body mass and prior acclimation conditions (i.e.,
water ionic composition); small fish and those held in soft water were the least tolerant of increased salinity.
Abrupt exposure 1o extreme pH values resulted in greater than 50% mortality at pH values below 4.3 and
above 9.5 within a 96-hour period. Fish exposed to progressive hypoxia utilized aquatic surface respiration at a
mean oxygen concentration of 0.72-0.80 mg O, 1! (20 °C and 30 °C acclimated fish, respectively), and lost
equilibrium at 0.54-0.57 mg O, I\, Juvenile M. robustum are moderately tolerant of a wide range of ambient
physicochemical parameters, but further research is needed to determine how both abiotic and biotic factors

have contributed to population decline and extirpation of this species.

lntl:oduction

The robust redhorse, Moxostoma robustum, is the
largest catostomid species occurring in Atlantic
slope drainages of the southeastern United States,
with adults reaching sizes of at least 7 kg and 72 cm.
Recently this species was known from only two
specimens collected in the early 1980's and was orig-
inally thought to be an undescribed and rare or pos-
sibly extinct species, probably representing an At-

lantic slope sister taxon of the river redhorse, M.
carinatum. In 1991 personnel of the Georgia De-
partment of Natural Resources discovered an ex-
tant population of robust redhorse in the Oconee
River, a tributary of the Altamaha River, Georgia.
Availability of recently collected specimens and
reevaluation of southeastern catostomid systemat-
ics led to the conclusion that M. robustum was re-
discovered since its original taxonomic description
by E.D. Cope in 1870 (Jenkins & Burkhead 1994).
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The species formerly had a range spanning large
southeastern Atlantic coastal drainages from the
Pee Dee River, North and South Carolina, to the
Altamaha River, Georgia. The Oconee River pop-
ulation is the only known extant population, al-
though remnant populations may exist in some iso-
lated portions of other coastal drainages.
Historically, M. robustum probably occurred pri-
- marily in riverine segments of the Piedmont physi-
ographic province, but the existing Oconee River
population is limited to an 85 km river stretch with-
in the Coastal Plain physiographic province. The
population exists only downstream of Lake Sin-
clair, a large (62 km?) reservoir impounded by Sin-
clairDam, a hydroelectric facility completed in 1952
and operated by the Georgia Power Company. The
Oconee River population is senescent and there is
no evidence of natural recruitment, based on an-
nual sampling since 1992 by the Georgia Depart-
ment of Natural Resources and despite recent ob-
servations of in-stream spawning and the deposi-
tion of viable eggs in spawning redds (B.J. Freeman
& C.A. Jennings personal communication). More-
over, the stock of adult fish is relatively small and

considered to be highly vulnerable to mortality as- .

sociated with stream discharge and fluctuating hy-
drogeneration flow, the introduced predator Pylo-
dictis olivaris, riparian habitat loss, land-use chang-
es in the watershed, sedimentation, and declining
native mussels on which M. robustum feeds. The
current level of jeopardy of M. robustum in the
Oconee River and the widespread decline of the
species throughout its historical range has stimulat-
ed extensive research and recovery efforts to mon-
itor the population, identify critical threats, eval-
uate habitat requirements and life history, and to
propagate the species in captivity (Bryant et al.
1996).

Information about tolerances of fish species to
stressful physicochemical condilions is essential to
understanding historical distributions, microhabi-
tat requirements, and possible factors that contrib-
ute to or help explain causes of population decline.
Basic ecophysiological data are often lacking for
endangered or threatened fishes at the time that
their imperiled status is recognized. Among eastern
North American catostomids there is one extinct

species, the harelip sucker, M. lacerum, for which

there is relatively scant detailed biclogical informa-
tion (Ono et al. 1983, Miller et al. 1989, Jenkins &
Burkhead 1994). Currently more catostomids are
recognized as endangered, threatened, or of special
concern in the western United States and Mexico
than in the eastern United States (Williams et al.
1989). Consequently, a greater share of conserva-
tion-oriented research has been directed toward
evaluating adaptations and environmental require-
ments of western suckers than some of the species-
rich genera of eastern North America, such as Mox-
ostoma, Thoburnia, Scartomyzon, Hypentelium,
and Ictiobus. Important physiological studies have
included imperiled species belonging to the genera
Catostomus, Chasmistes, and Xyrauchen (Vondra-
cek et al. 1982, Bozek et al. 1990, Falter & Cech 1991,
Scoppetone et al. 1993), as well as a few common
catostomids such as Catostontis commersoni (e.g.,
Beamish 1972, Wilkes & McMahon 1986a, b, Hobe
et al. 1984, Hobe & McMahor 1988, Walker et al.
1989). Similar detailed studies do not exist for most
eastern catostomids, especially imperiled species or
large-river forms, including M. robustum. Compar-
ative data are especially needed to better under-
stand ecological requirements, since catostomids of
eastern North America evolved under dramatically
different hydrological conditions {e.g., flow regimes
and sedimentation rates) than western species and
might be expected to exhibit significant differences
in physiological adaptation. -
The purpose of this study was to determine mini-
mum physicochemical conditions required for early
life-history intervals and the implications of those
requirements for the conservation of M. robustum.
Availability of artificially spawned fish allowed us
to examine tolerances of juveniles to experimental
manipulation of temperature, pH, salinity, and dis-
solved oxygen. These parameters were chosen be-
cause of their potential relevance in explaining his-
torical distribution patterns and in understanding
possible factors involved in the demise of popula-
tions across the range of the species. Many of the
large rivers historically inhabited by M. robustum
have been significantly altered by the construction
of reservoirs, sedimentation, and other forms of
physical habitat modification. We sought to eval-
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uate the tolerances of M. robustum to lemperature
and oxygen because these physical paramelters are
hypothesized to have contributed 1o reproductive
failure of the Oconee River population or to de-
clines elsewhere in the geographic range of the spe-
cies. Habitat perturbations in the spawning redds or
in nursery areas may have resulted in unfavorable
thermal or dissolved oxygen conditions for early

life-history intervals of M. robustum. Salinity and

pH tolerances were examined primarily to assess
osmotic and ionoregulatory adaptation in the con-
text of understanding historical distribution pat-
terns and potential dispersal capability within and
among coastal drainages. Additionally, information
on salinity and pH tolerance could be important in
evaluating possible life-history impacts resulting
from ecological conditions associated with land-use
changes that negatively alfect water quality.

Methods |

Experimental fish were oblained from artificial
crosses of adults collected from the Oconee River
upstream of Dublin, Georgia (approximately be-
tween river km 121-147), during reproductive peri-
ods in May 1993 and 1995, Half-sibling fish from
1993 broodstock were oblained by fertilizing the
ova of a single large female with milt of several
males on 25 May 1993. The fertilized eggs were
transported to Warm Springs Fish Technology Cen-
ter (United States Fish und Wildlife Service) in
Warm Springs, Georgia, and incubated at 20-23 °C
until hatching on 28-29 May 1993. The offspring
were either laboratory-reared and used as early
post-metamorphosis juveniles (4-12 weeks), or
both laboratory- and pond-reared juveniles {9-24
months) in experimental tests of temperature and
salinity tolerance and response to hypoxia. Labora-
tory-reared fish were transported to our facility in
Gainesville, Florida on 9 June 1993 and maintained
and acclimated in fibergluss or glass aquaria sup-
plied with flow-through well water, except as noted
below for fish used in salinity and pH experiments.
Early post-metamorphosis fish were initially fed
“wice daily using a commercial juvenile-salmonid

~*and live Artemia, and slowly converted to a
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mixed diet consisting of commercial pelleted feed,
pre-frozen brine shrimp, and minced live Catifornia
blackworms, liymbriculus variegatus. Pond-accli-
mated fish were stocked as young-ol-the-year into
aquaculture ponds at Walton State Iish Hatchery
(Georgia Department of Natural Resources, Social
Circle, Georgia) on 15 June 1993, Fish were harvest-
ed from ponds on 8 March 1994, transported imme-

_diately to our laboratory, and maintained in the lab-
oratory under the same conditions as above. Larger

juvenile fish were fed a mixed diet of pelleted feed,
live blackworms, and pre-frozen brine shrimp ad
libitum every 1-2 days.

Lower temperature tolerance was determined
using acute (static) methods in which prior-accli-
mated fish were exposed to sudden temperature ex-
tremes near their lethal or sublethal levels, follow-
ing Fry (1947, 1971), Brett {(1956), and subsequent
investigators. In each exposure ten (rarely eight or
four) early post-metamorphosis fish were placed in
each test chamber maintained at constant temper-
ature, with 14 test chambers spanning a 4°-18 °C
range of temperatures. Test chambers consisted of
11 glass jars each containing 750 ml of aerated well
water. Jars were placed in an aluminuim trough with
a 4°-18 °C thermal gradient (Meldrim & Gift 1971,
Stauffer 1986, Stauffer et al. 1989) at positions cor-
responding to approximately 1°C differences be-
tween jars. Following initial exposure to test tem-
peratures, fish were monitored at regular intervals
overa 27 hour period and the number dead in each
jar recorded. Mortality was defined as failure of an
individual to respond to a gentle tactite stimulus, us-
ing a smooth glass rod, over a 15 min period follow-
ing loss of equilibrium. This criterion was used be-
cause most fish had a heartbeat and reacted to sti-
muli for varying time periods following exposure to
lethal or sublethal low temperatures.

Fish used in lower temperature tolerance tests
were initially held at 22-23 °C, Short-term acclima-
tion was achieved by raising or lowering water tem-
perature 1 °C day™ and holding fish at constant tem-
peratures of 15°, 20°, 25°, and 30 °C one week prior
to plunging into test chambers. Lower temperature
tests were repeated on fish 30, 60, and 90 days old.

To estimate physiological tolerances of fish ex-
posed to different levels of lower temperature ex-
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tremes, we used statistical models commonly ap-
plied in bioassay or dose-response studies (Collett
1991). In our experiments mean tolerance is defined
as the effective temperature at which 50% mortality
was observed among thri,i?groups of fish exposed to
acute changes in tempefqture. Tolerance was esti-
mated by logistic regression using temperature as
the independent variable and number of deaths as
the binomially distributed response variable. An es-
timate of the mean tolerance, i, was computed from
estimaltes of the regression intercept and slope (de-
noted B, and B, respectively) as follows:

_h :
A= @

"'(;C_ollett i991). The standard error of fi was estimat-
ed using

SE(#) = \l?oo + 2#?’01 + 49, , )

i

in which, ¥4, $,,, and §,, are the regression estimates
of Var(8,), Var(8,), and Cov(B,, B,), respectively.
The range of temperatures used in our experi-

" ments included extremes relative to acclimation

conditions. At the extremes complete mortality or
complete survival was observed. To estimate the
temperature at which 50% mortality occurred (i.e.,
the mean tolerance), only temperatures that ap-
peared to fit the linear-logistic model were included
in the regressions. In these regressions a linear rela-
tionship is expecled between temperature and the
empirical logit of the proportion of animals that
died during the experiment. The empirical logit is a
reparameterization of this proportion and is appro-
priate for binomial responses {Agresti 1990). Given
y deaths of r animals, the empirical logit of the pro-
portion of deaths, y/n, is defined as log [(y + 0.5)/
(n — y + 0.5)]. Empirical logits were plotted against
temperatures to determine the range of observa-
tions that appeared to fit the logistic regression
model, Observations at extremes of temperature
that did not fit the model were excluded from statis-
tical analysis to ensure that the relationship be-
tween mortality and temperature, and therefore
mean tolerance, was estimated accurately. Some
precision was lost in the process, but this was un-

avoidable without prior knowledge of even approx-
imate estimates of temperature tolerance.

Upper thermal tolerance was determined by
measuring the critical thermal maximum (CTMax)
of pond-reared juveniles (22 months old) that were
acclimated in the laboratory for a minimum of two
weeks to temperatures of 20 © and 30 °C .immedi-
ately prior to testing. Tests were coqducted in indi-
vidual 3.8 1 glass vessels contamuﬂgl L4 aerated well
water and submerged in a %lass -aquésium that
served as an external water bath. Water in'the encir-
cling bath was heated at a rate of 0.3 °C min™
(Becker & Genoway 1979) with a submersible tita-
nium heater connected to an Omega® Series 2010
programmable temperature controlier. During
trials fish were monitored every 5 min and the time
(sec) required for each individual to. complete 20
opercular ventilations was recorded. The CTMax
was recorded as the temperature at which a fish lost
equilibrium, using mercury thermometers calibrat-
ed to = (.1 °C with a National Bureau of Standards
certified thermometer. Following loss of equilib-
rium fish were immediately returned Lo acclimation
temperatures and allowed to recover before being
blotted dry, weighed (g) and measured (mm, stan-
dard length).

Salinity tolerance was evaluated in both labora-
tory-reared and pond-reared fish using acute (stat-
ic} and chronic (dynamic) exposures to elevated
ionic concentrations. Commercial synthetic aquar-
ium salts marketed with similar elemental constitu-
ents as natural sea water (Forty Fathoms®, Aquatic
Eco-Systems, Inc.) were mixed with hard well water
having the following approximate major ion con-
tent: total alkalinity 172-191 mg CaCO, I'"; 11.8-19.2
mg C11™, 3.5-7.4 mg SO, I'"; 54-58 mg Ca l™'; 9.5~
15.2 mg Mg 1™, 5.0-9.3 mg Na I". Salinity of water
used in all experiments was adjusted precisely to -
within 1.0 part per thousand (ppt) using a Wescor®
5500 vapor pressure osmometer. Fish were offered
food daily in all salinity experiments.

Acute salinity experiments were conducted simi-
larly to lower temperature tolerance tests. A group
of ten fresh-water acclimated fish was plunged into
each test chamber maintained at constant salinity,
using 13 test chambers ranging from salinities of 0
(control) to 18 ppt. Mortality in each test chamber



ed at seriodic intervals over a time span
hours (laboratory-reared fish) or 484 hours
ndsreared fish). The physiological tolerances of
ih:exposed to acute changes in salinity were esti-
nated somewhat differently. than lower temper-
ature tolerance due to differences in experimental
design. The maximum exposure of pond-reared
hes to acute changes in salinity was 5 times longer
(20 versus 4 days) than that of laboratory-reared
- fishes. Using 50% mortality to define the salinity
tolerance of these two groups of fishes would have
induced an unfair comparison, given the longer pe-
riod of risk for the pond-reared fish. For example, if
both groups of fish experienced approximately
- equal rates of mortality, a higher proportion of
! deaths is expected among the pond-reared fish sim-
ply because of their increased time at risk.

To compare the acute salinity tolerances of pond-
and laboratory-reared fishes, the rate of mortality,
rather than the proportion of deaths, was modeled
as a function of salinity. In each experimental con-
tainer of constant salinity, a Poisson distribution
was assumned for the number of fish that died during
their collective time at risk; therefore the probabil-
ity that y fish died during ¢ hours at risk was modeled
in terms of the mean mortality rate A (in deaths per
hour) as foliows:

e (,1 Y

fi A0 ==

&)

Mean mortality rates of pond- and laboratory-
reared fishes were formulated in terms of salinity
using the following generalized linear regression
model {McCullagh & Nelder 1989),

log, (A) =8+ BS + X, (4)

in which § corresponds to salinity (parts per thou-
sand) and X indicates whether fish were pond-
reared (X = 0) or laboratory-reared (X =1). In this
model mortality rates of pond- and laboratory-
reared fish have different intercepts and a single
slope. The assumption of a common slope was test-
ed by comparing model (4) with a second regression
model that included an additional parameter for an
interaction between § and X,

Using estimates of the parameters of regression
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model (4), we compared differences in mortality
rates at constant-salinity and differences in salinity
tolerance at a constant rate of mortalily. For exam-
ple, the ratio of the mortality rate of laboratory-
reared fish to the mortality rate of pond-reared fish
was estimated by exp (4,). An estimate of its stan-
dard error is exp (8,) ¥ Var(8,). The salinity toler-
ances of laboratory- and pond-reared [ishes were
compared by estimating their difference at a fixed
rate of mortality. This is similar to the way that tem-
perature tolerances were defined using 50% mor-
tality as a reference level of mortality. The differ-
ence in salinity tolerances, &, was estimated by & =

' leﬁl An estimate of its standard error was compui-

ed using o

T it .
{Po ~ 2(51'0, + &% vu

SE(8) =

&)

in which P, 9, and ¥, are the regression estimates
of Var(3,), Var(8,), and Cov(B,, B,), respectively.
Groups of both laboralory- and pond-reared fish
were used in chronic salinity trials by exposing them
to water of progressively increasing sall concentra-

.tions of 1 ppt every 2 days and recording mortality

daily. Recirculated water in chronic trial aquaria

~ was filtered using sponge filters and partially re-
. placed every 3-5 days. Because of inconsistent re-

sultsin initial salinity tolerance experiments, chron-
ic tests were repeated on pond-reared fish exposed
to different prior acclimation conditions. The first
group (trial 1) was tested immediately following
capture from ponds in which they were acclimated
to soft water (conductivity = 132 gmho cm™ total
Ca =114 mg I''; total Mg = 2.11 mg I'"; total Na =
3.44 mg 1) for approximately 9 months. The second
group (trial 2) was maintained in hard well water
(conductivity = 416 gmho cm™; total Ca = 50.6 mg
I"'; total Mg = 13.6 mg I”; total Na = 9.54 mg I'™))
within the laboratory for 5 weeks prior to testing,
Fish exposed to chronic increases in salinity were
subsampled during the experiment to monitor
changes in serum osmolality as ambient salinity was
raised. Early post-mortem fish and subsamples of 5
live fish from the laboratory-reared group and the
initial pond-reared group used in chronic salinity
tolerance trials were removed at 3 ppt increments
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and sacrificed for blood analysis. Blood was re-
moved by cardiac puncture with a heparinized cap-
illary tube drawn to a fine point. Formed elements
and plasma were separated by centrifugation and
the hematocrit and plasma osmolality (mOsm kg™)
then determined. In a few cases plasma samples of
individual fish were pooled to achieve a minimum
required sample size of 5 ul for determining plasma
osmolality; where possible, a mean of three sepa-
rate readings per sample was used. Occasional he-
molyzed samples from post-mortem fish were dis-
carded from final analyses.

The pH tolerance experiments were conducted
with early post-metamorphosis juveniles (3 months
old) originating from random mixed crosses (17 fe-
males x 12 males) of 1995 broodstock. Parental fish
were obtained from the same river reaches as the
1993 broodstock. Young hatched from artificial
spawnings on 3-8 May 1995 were held indoors at the
Warm Springs fish hatchery until being transported
to the Gainesvilie laboratory on 13 July 1995, where
fish were then maintained under identical- condi-
tions as the 1993 cohort. Young used in pH toler-
ance experiments were acclimated for two weeks at
25 °C in reconstituted soft water, made by adding
appropriate salts to deionized water to achieve wa-

ter with the following physical characteristics: pH

6.8~7.2; conductivity 170-200 gmho cm™; alkalinity
20-22 mg 1™ CaCO,; hardness 25-27 mg 1 CaCQ;,
A series of aerated 3.8 | glass jars each containing
1.91 of reconstituted water were maintained at con-
stant values ranging from pH 4 to 12; pH of each jar
was adjusted daily by titration of dilute H,SO, or
NaOH. Groups of 10 fish were placed in each jar
and mortality was recorded at regular intervals over
a 96 hour period, using the same methodology as

Table I. Logistic regression estimates of mean lower temperature tolerance ( °C) of juvenile half-sibling M. robusturn at different agesand
experimental acclimation temperatures. Estimates of SE are in parentheses. .

lower temperature and acute salinity tolerance ex-
periments.

Responses to reduced dissolved oxygen concen-
trations were examined by conducting progressive
hypoxia trials on pond-reared fish selected random-
ly and acclimated in the laboratory to 20 °C and
30 °C. For each trial, a group of three fish was acchi-
mated for 16 hours in a glass (61 x 41 x 32 cm} aquar-
ium containing aerated well water. Dissolved O,
concentration was progressively reduced at a rate
of 20-25 mm Hg h™! during each approximately 6-
hour trial by slowly bubbling nitrogen into the bot-
tom of two side compartments of the aquarium. The
test tank was shielded except for a small observa-
tion port to minimize disturbance of fish from ex-
ternal visual stimuli. Partial pressure of O, (pO,)
was measured using a Strathkelvin® Instruments
Model 781 oxygen meter. Fish were monitored once
per hour at pO, above 25 mm Hg and every 15 min
thereafter until reaching loss of equilibrium. The
number of fish swimming or performing aquatic
surface respiration (Kramer & Mehegan 1981) with-
in five 20 secintervals were recorded at each obser-
vation. In addition, at each observation time five
random measurements were made of the time (sec)
required for an individual to complete 20 opercular
ventilations. Tests were terminated when fish lost
equilibrium, at which point the elapsed time and
pO, was recorded. Fish were then immediately re-
moved and placed into a well-oxygenated tank,
then measured (mm, SL) and weighed (g, wet mass)
following recovery. Mean pQ, values of responses
at each acclimation temperature were converted to
0, concentration (mg 1"} using conversion factors
in Colt (1984) to facilitate comparisons with other
species.

Age (d) Acclimation temperature (°C)

15° 20°

25° 30°

20 6.02 (0.14)
60 6.41 (0.29) -
5.31 (22.43) -

7.93 (027

12.97 (0.30)
11.48 (21.0)
12.23 (0.31)

14.68 (0.31)
1942257 '8
1166 (044) ikl
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Figure 1. Empirical logit of percent mortality of half-sibling cohorts of juvenile M. robustum of different ages and temperature acclima-
lions {mortality approaches 50% at empirical logit values approaching 0). Open circles = 30 days; closed circles = 60 days; cross hairs =90

days.
Results
Temperature tolerance

Estimates of lower temperature tolerance ranged
from a minimum of 5.3 °C in 3-month old 15 *C-ac-
climated fish to a maximum of 19.4 °C in 2-month
old 30°C-acclimated fish (Table 1). Tolerances
were directly correlated with prior acclimation tem-
perature as expected. Fish in abrupt lower-temper-
ature tolerance tests ranged in body mass from 12—
42 mg (1 month), 20150 mg (2 month), and 32-222
mg (3 month). Across each acclimation temper-
ature there appeared to be little difference in ther-
matl tolerance of fish between one and three months
of age (Figure 1}.
Fish used in CTMax determinations ranged in SL
from 8.7-11.2 cm (X = 9.8) and in mass from 6.9
17.2 g (X = 10.9). There was no difference in body

size but there was a significant difference (p=

0.037) in upper temperature at loss of equilibrium
between the two acclimation groups: mean CTMax

for the 20 °C-acclimated fish was 34.93 °C (SE =
0.95; n= 12) and for 30°C-acclimated fish was
37.16 °C(SE =0.11; n =11). Thermal stress was gen-
erally indicated by increased opercular ventilatory
frequency during the course of CTMax trials, with

" fishin the 20 °C acclimation group exhibiting slight-

ly higher ventilatory rates than 30 °C-acclimated
fish (Figure 2).

Salinity tolerance

Laboratory-reared and pond-reared fish used in
acute salinity experiments differed in body size as a
result of prior exposure conditions, nutrition, and
differential growth rates. Laboratory-reared fish
(n =110) ranged in SL from 20-79 mm (X = 33) and
mass from 8448 mg (X =71); pond-reared fish (n =
130) ranged in SL from 80-128 mm (X = 98) and
mass from 920-2660 mg (X =1472). Fish exposed to
salinities greater than 9 ppt exhibited 50% mortal-
ity or greater within 53 hours of exposure in both
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. Figure 2. Opercular ventilation rate of M. robustum versus ambient temperature during critical thermal maxima trials. Closed circles =
20 °C acclimation; open circles = 30 °C acclimation.
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Figure 3. Empirical logit of percent mortality (upper panel) and mortality rate (lower panel) versus salinity for acute tolerance trials of
juvenile M. robustum (mortality approaches 50% at empirical logit values approaching 0). Closed circles = pond-reared group; op
circles = laboratory-reared group.
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F:gure 4 Cumulative mortality of laboratory and pond reared juvenile M. robustum exposed to chronic incremental increases in salinity.
Dashed line = mortality of pond group acclimated to soft water (lower panel; trial 1; n = 165); solid lines = mortality of laboratory {upper
panel; n = 348) and pond group (lower panel; trial 2; n = 33) acclimated to hard water: short dotted lines = ambient salinity.

Table 2. Mean plasma osmolality and mean hematocrit of M. robustum at chronically elevated salinitics. Values within each treatment

group differed significantly (p < 0.05, Sheffe’s § post hoc ANOVA) among all salinities except for those designated with the same
superscript letter. Estimates of SE are in parentheses following mean values,

Salinity Laboratory-reared Pond-reared (trial 1)

(ppt)
Plasma osmolality Hematoerit Plasma osmolality Hematocrit
(mOsm kg™) (% erythrocyte) {mOsm kg™ (% erythrocyte)

0 272.1° (6.1) 29.4° (1.2) 296.4 (3.8) 42.7* (1.0)
(n=14) (n=14) (n=13) {(n=15)

3 286.0° (8.0) 29.7 (2.3) 326.7 (3.1) 352+ (0.7)
(n=2) (n=4) (n=5) (n=4)

3 - - 4227 (3.4) 416" (3.6)

(n=5) (n=5)

6 360.9° (4.0) 27.2° (3.5) 42400 (4.1) 35.8°(L.1)
(n=5) ' (n=35) (n=20) n=19)

7 - - 544 ki

(n=1)
9 342.3°(3.3) 34.6* (1.3) -
(n=3) (n=5)
12 399.4(5.1) 258" (1.7) : -

(n=5) (n=35)
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Figure 5. Mean post-mortem body mass of laboratory-reared ju-
venile M. robustum at chronic lethal salinities, + 2 SE {vertical
lines).

experimental groups. Most laboratory-reared fish
succutnbed within 16 hours of exposure to salinities
in the range of 12-16 ppt; by the end of the experi-

ment, there was 100% mortality in all laboratory- -

reared fish exposed to salinities of 13 ppt and above
(Figure 3). In contrast, pond-reared fish acclimated
to hard well water for at least two weeks prior to
initiation of the experiment exhibited a much lower
mortality rate across all salinities but had a lower
overall tolerance than laboratory-reared fish; ail
pond-reared fish placed in salinities above 9 ppt
died before the end of the 484 hour exposure peri-
od. Regression slopes of mortality rate versus salin-
ity were not significantly different {p = 0.75) be-
tween laboratory- and pond-reared fish across the
ranges where death was assumed to be caused by
salinity stress. However, the mean mortality rate of

Tabie 3. Mean body mass and mean pO, (mm Hg) at time of stress responses exhibited by juvenile M. robustim exposed to hypoxic water
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Figure 6. Empirical logit of percent mortality of juvenile M. ro-
bustum at acute pH exposures (mortality approaches 50% at em-
pirical logit values approaching 0).

laboratory-reared fish was 3.2 (SE =0.51) times that
of pond-reared fish exposed to the same salinity.
The estimated difference in salinity tolerance of
these two groups of fish was 2.3 ppt (SE = 0.33).
Chronic increase in salinity resulted in an unusu-
al pattern of mortality among experimental groups
(Figure 4). Large juveniles (926 g; X=14.7g;n=
175) that were exposed to salinity increases imme-
diately following capture from ponds exhibited
100% mortality between 4-6 ppt (trial 1). In con-
trast, all pond-reared fish (11-19 g; X =142 g; n =
345) acclimated for 5 weeks in hard well water (trial
2), and 80% of small (5-455 mg; X = 61.1 mg; n =
345) laboratory-reared juveniles survived salinity
increases until concentrations exceeded 12 ppt. No
fish in either of the latter groups survived at concen-
trations above 16 ppt. In the laboratory-reared

under different temperature acclimations. Scheffe’s S post hoc ANOVA comparisons between acclimation groups denoted with super-

script letters,

Acclimation temperature

20°C

30°C

24
18212

N
Mean mass (g £ 1 SE)*
Aquatie surface respiration®
Loss of equilibrium®

13.7 mm Hg (0.80 mg O, I'"
9.2 mm Hg (0.54 mg O, 1)

15

10805

14.7 mm Hg (0.72 mg O, I")
11.5 mm Hg (0.57 mg O, 1"

*F = 21,09 (p < 0.001).
® nonsignificant at p < 0.05.
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Figure 7. Oxygen partial pressure (mm Hg) at loss of equilibrium
versus body mass of M. robustum acclimated to 20 °C (closed
cireles) and 30 °C (open circles), and regression lines for each
acclimation group.

group larger fish generally survived to higher salin-
ities than smaller individuals in the 12-16 ppt range
of salinities (Figure 5).

Pond-reared (trial 1) fish exposed to chronic in-
crease in salinity exhibited markedly higher plasma
osmolality values than laboratory-reared fish (Ta-
ble 2). In both groups there was a general trend of
increased plasma osmolality with elevated salinity,
but the pond-reared group showed a more acute in-
crease at lower salinities. For each experimental
group, mean plasma osmolality values differed sig-
nificantly across most salinities. In contrast to the
trend noted in plasma osmolality, both experimen-
tal groups exhibited no significant differences in
mean hematocrit across salinities (0.12 < p20.99),
although a slight difference was observed between
pond-reared fish at 0 and 6 ppt (p = 0.005).

" pH tolerance

Juvenile fish used in acute pH tolerance tests rang-
ed in mass from 10.5-98.3 mg (X =43.4+1.0SE,n =
200) and SL from 17-37 mm (X = 29.3 + 0.2 SE).
Fish acutely exposed to extreme pH values exhib-
ited extreme distress and generally died within the
first few hours of exposure, especially at high pH
values (Figure 6). At pH 10.5-12.0 there was 100%
mortality in the first 3 hours; at pH 9.9, mortality
was 50% at 48 hours and 100% at 55 hours. All fish
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Figure 8. Opercular ventilation rate of M. robusium versus
oxygen partial pressure during progressive hypoxia trials.
Closed circles = 20 °C acclimation; open circles = 30 °C acclima-
tion.

at pH 9.5 died between 55 and 70 hours. There was
no mortality over the trial period in each of the test
chambers with pH between 4.6~9.0. In contrast to
rapid death at high pH, fish exposed to pH values of
4.0 and 4.3 survived longer: at pH 4.0, mortality to-
talled 30% at 6 hours and 100% at 11 hours; at pH
4.3 mortality totalled 50% at 22.5 hours, 90% at 28
hours, but never reached 100%. The abrupt gra-
dient in mortality rates with differences in pH pre-
vented computation of mean pH tolerances in the
manner that was used for temperature. However,
based on Figure 6 it appears that 50% mortality oc-
curred between pH 4.0-4.3 and pH 9.0-9.5.

Hypoxia tolerance

Despite random selection of pond-reared fish for
evaluating behavioral responses to hypoxia, mean
body masses of the two temperature acclimation
groups (20 °C and 30 °C) were significantly differ-:
ent (Table 3). Tolerances to low dissolved oxygen,
measured as the mean pQ, at which fish either initj
ated aquatic surface respiration or lost equi jbri

were not significantly different; however, the!
loss of equilibrium appeared to lecy
greater body mass among smaller fis
The limited number of small fish in
mation group precluded our abili
relationship in both groups:x
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creased their ventilation rates as pO, decreased,
with individuals acclimated to 30 °C showing a
slightly higher rate than those acclimated to 20 °C
(Figure 8).

Discussion

There is very limited comparative information on
physiological tolerances of catostomids from Jarge
rivers of the eastern United States. Our results sug-
gest that juveniles of M. robustum are moderately
tolerant of a broad range of environmental phys-
icochemical conditions. Based on experimental re-
sults, none of these factors alone appears to be like-
ly in limiting natural recruitment of robust redhorse
in the Oconee River or to be solely involved in the
widespread decline of the species over its historical
range. A combination of factors affecting physio-
logical and ecological requirements of M. robustum
have probably acted synergistically in contributing
to declining populations of this species.

Juvenile M. robustum appear to tolerate a broad
range of temperatures, depending on prior acclima-
tion conditions and possible other factors such as
age or nutritionalstate. Adults spawnin the Oconee
River when rising water temperatures reach about
20 °C, typically in mid- to late-May. Hatching suc-
cess of artificially-cultured eggs decreases with in-
creasing acclimation temperatures, - especially
above 23 °C (J.L. Shelton unpublished data). More-
over, there is an increased incidence of spinal defor-
mities in larvae and juveniles reared at temper-
atures above 25 °C, similarly known to occur in the
white sucker, Catostomus commersoni (McCor-
mick et al. 1977). Although large juveniles of M. ro-
bustwm tolerated relatively high temperatures in
our experiments, it is possible that individuals dur-
ing very eatly life-history stages would be more sen-
sitive to elevated temperatures. Other catostomids
may experience developmental anomalies or are in-
tolerant of extreme or fluctuating water temper-
atures outside of species-specific optima during
prehatching and swim-up stages (McCormick et al.
1977, Bozek et al. 1990, Scoppettone et al. 1993).
Low temperatures tolerated by juvenile M. robus-
tum in our experiments were far below normal am-

bient stream temperatures encountered by wild fish
within approximately the first six months following
spawning.

Stream temperatures downstream from Sinclair
Lake may exceed historical pre-impoundment lev-
els by as much as 2-5 °C during the normal spawn-
ing and swim-up periods (J.W. Evans personal com-
munication}. Thus, elevated or fluctuating water
temperatures produced by hydropeaking discharge
from Sinclair Dam could conceivably have contrib-
uted to diminished reproductive success by reduc-
ing hatching success or by increasing mortality of
larvae during critical early life-history. Many of the
rivers that M. robustum historically occupied have
large reservairs, and it is possible that a combina-
tion of altered stream temperatures and other fac-
tors associated with reguiation of these rivers, in-
cluding altered flow regimes and blockage of
spawning migrations may have been partly respons-
ible for the decline or extirpation of populations of
this species throughout its former range. Currently
there are plans to mitigate in-stream fiow fluctu-
ations in the Oconee River below Sinclair Dam dur-

_ ing the spring spawning period. Further data are

needed to fully assess possible thermal effects on
hatching success and survival. Such efforts are un-
derway by researchers of the University of Georgia
to study combinations of the effects of temperature,
flow, and other physical factors on reproductive
Success.

Relatively few studies have examined the salinity
tolerance of North American freshwater fishes,
partly because of a common misconception that
many freshwater species are largely intolerant of
salt levels much greater than O ppt . However, there
is strong evidence that freshwater species exhibit a
continuum of tolerances to salinity that reflects
physiological adaptation and evolutionary history
(Maceina et al. 1980, Peterson 1988, Dunson & Tra-
vis 1991, Hart et al. 1991, Peterson & Meador 1994).
Many freshwater species can withstand extended
exposure to salinities at or below the approximate
isosmotic point (9 ppt) and brief exposure to about
15 ppt, but most cannot survive chronic exposure to

-salinities above 9 ppt (Peterson & Meador 1994).

The results of this study indicate that M. robustum is
relatively stenchaline but capable of tolerating sa-



jes well within the range reported for many

freshwater species. There was a significant
ect among laboratory-reared juveniles
ly. exposed to increasing salinity, with
larger individuals capable of tolerating higher salin-
ities (Figure 5). A similar trend was apparent when
comparing pond-reared fish (11-19 g) acclimated to
soft water and laboratory-reared fish (5455 mg)
acclimated to hard water. However, no size effect in
survivorship was observed among pond-reared
(hard-water acclimated) fish exposed to either
acute or chronic increases in salinity. We conclude
that prior acclimation to different water conditions
may account for the significantly lower salinity tol-
erance observed in juveniie fish tested immediately
following harvest from ponds (trial 1). These fish
were held for over 9 months in relatively soft water
(see Methods). Following acclimation for over 1
month in hard well water, a group of the same fish
(trial 2) exhibited similar tolerance to chronic in-
crease in salinity as juveniles that had been reared
entirely in well water. In the acute salinity experi-
ments, the observed differences in survivorship and
mortality rate (Figure 3) between experimental
groups may be attributable to both size and accli-
mation effects. The pond-reared fish were larger
and not fully acclimated to water of the same ionic
composition as the laboratory-reared group. Al-
though data were limited, fish acclimated to hard-
water conditions appeared to regulate plasma os-
molality at low salinities more efficiently than soft-
water acclimated fish during chronic exposure to in-
creasing salinity (Table 2).

Results of salinity experiments indicate that M.
robustum is probably capable of toleratin g any po-
tential short-term increases in salinity that might be
expected to occur in the Oconee River or in other
Coastal Plain rivers as a result of foreseeable hydro-
logical or land-use changes. Our results further sug-
gest that, excluding consideration of other factors,
possible barriers imposed by saline coastal waters
should not have precluded the occurrence or dis-
persal of the species in the downstream portions of
the major rivers historically occupied.

The former range of M. robusturm includes rivers
that traverse alkaline to neutral waters of the Pied-
mont physiographic province, to slightly acidic wa-
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ters of the Coastal Plain, Juvenile robust redhorse
appear 1o be moderately tolerant of acute exposure
to pH values that extend beyond the range expected
to occur in natural habitats. In other studies juve-
niles or adults of some catostomid species have
been found to tolerate pH values ranging from 4.2
to 10.7 (Beamish 1972, Trojnar 1977, Falter & Cech
1991); however, because of different methodolo-
gies, results of our work may not be directly conpa-
rable with these studies. Moreover, results of acute
exposures in laboratory studies are difficuit to re-
late to possible effects of chronic exposure under
natural conditions. Falter & Cech (1991) found sig-
nificant differences in pH tolerance between two
sucker species and suggested that declines of one
species, Chasmistes brevirostris, might be linked in
part to high pH environments resulting from eutro-
phication and massive algal blooms caused by an-
thropogenic changes in water quality. Conversely,
acidification of natural waters has been implicated
in the decline or extirpation of Catostomus com-
mersoni and other species in lakes and rivers of
eastern North America (Beamish 1972, 1974, Beam:-
ish & Harvey 1972, Trojnar 1977). Both low and high
PH values, especially when accompanied by low
water hardness or conductivity, cause severe iono-
regulatory disruption and may significantly affect
growth, reproduction, yolksac absorption, and sur-
vival of early life-history stages (Beamish 1974,
Trojnar 1977, Fromm 1980, Fraser & Harvey 1984,
Hobe et al. 1984, Trippel & Harvey 1987, Hobe &
McMahon 1988, Falter & Cech 1991). Because of ex-
isting and potential changes in water quality result-
ing from impoundments, sedimentation, kaolin
mining, and other forms of habitat modification in
the Altamaha River watershed and throughout -
southern Atlantic slope rivers, further research is
needed to address possible impacts of altered pH
environments on M. robustum.

Moxostoma robustum spawns in well-aerated riv-
er shoals. We examined behavioral response. to low
oxygen levels in order to address the hypothesis
that lack of recruitment might be due in part to low
dissolved oxygen experienced by juvenile fish. Such
hypoxia can occur in association with fluctuations
in stream flow, water temperature, or sedimenta-
tion. Based on our results, M. robustum tolerates




442

low dissolved oxygen in a range similar to that
known for other catostomids of the genera Chas-
mistes and Catostomus, which have critical oxygen
minima (evaluated as loss of equilibrium or death)
in an approximate range of 0.56-1.16 mg Q, I
{Black et al. 1954, Castleberry & Cech 1992, Smale
& Rabeni 1995a, b). Juvenile M. robustum acclimat-
ed to 30 °C were slightly less tolerant of hypoxic
conditions than fish acclimated to 20 °C as predict-
ed. Unexpectedly, juvenile M. robustum initiated

aquatic surface respiration under low oxygen con--

ditions, despite being morphologically unsuited for
such behavior. While aquatic surface respiration
may increase survival time in hypoxic water, it may
also result in increased susceptibility to predation.
The critical dissolved oxygen concentration repre-
sented by loss of equilibrium in M. robustum is con-
siderably below the minimum lethal concentration
(0.79 mg O, I'") within a 95% confidence interval
reported for Catostomus commersoni by Smale &
Rabeni (1995a). Compared to the values reported
for 35 species by Smale & Rabeni (19952a), M. robus-
tum appears to fall within a range of species consid-
ered by these authors to be intermediate to tolerant
of hypoxia. However, laboratory survival tests typ-
ically underestimate minimal dissolved oxygen lev-
els required by warmwater stream fishes for long-
term persistence (Davis 1975, Smale & Rabeni
1995b}. Thus, while juvenile M. robustum did not
exhibit greatly reduced tolerance to hypoxia in the
laboratory, oxygen concentration may still play an
important role in survival of early life-history stages
within natural microhabitats, For example, when
exposed to low oxygen levels, developing fish eggs
and embryos may exhibit retarded growth, reduced
yolksac absorption and developmental deformities
(Davis 1975). Additional research is critically need-
ed to address minimum oxygen requirements of M.
robustum embryos and larvae, to determine dis-
solved oxygen levels within spawning redds and ju-
venile drift areas, and to evaluate possible temporal
changes in physiological requirements and ambient
stream oxygen levels.

Results of this study provide general, preliminary
estimates of physiological tolerances and important
information to be considered in identifying suitable
segments of river systems targeted for reintroduc-

tions of M. robustum. Further research is required
to fully address the interactions of abiotic and biotic
factors that have contributed to the large-scale de-
mise of M. robustum from southeastern Atlantic
slope rivers. Future studies should incorporate ex-
perimental designs to evaluate the combined ef-
fects of temperature, low dissolved oxygen, flow,
sedimentation, and other water-quality parameters
on the hatching success and survival of early life-
history stages of this species. A thorough under-
standing of factors that have contributed to the de-
cline of M. robustum, and a successful recovery and
conservation program, are contingent on an inte-
grative approach to carefully identify the critical ec-
ological and physiological requirements of the spe-
cies and identification of optimal microhabitat refu-
gia for juvenile fish.
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