Transactions of the American Fisheries Society 131:698-717, 2002
American Fisheries Society 2002

Factors Influencing Brown Trout Reproductive Success in
Ozark Tailwater Rivers
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Abstract.—The reproductive success of brown trout Salmo trutta in White River, Arkansas,
tailwater reaches is highly variable, resulting in the need for supplemental stocking. A better
understanding of the physical and biotic factors affecting reproduction and survival would enhance
the contribution of wild fish. We compared fecundity, reproductive chronology, physical habitat,
water quality, trout density, food availability, diet, predation, and competitive interactions among
four tailwater reaches to identify factors influencing brown trout reproductive success. The fe-
cundity and condition factor of prespawning brown trout were significantly lower at Beaver Tail-
water, a reach known for reproductive failure, than at other sites, among which no differences
were found. Brown trout spawning was observed from 11 October to 23 November 1996, and
juvenile emergence began on 28 February 1997. Significant among-site differences were detected
for spawning and juvenile microhabitat variables, but the variables fell within or near suitable or
optimal ranges reported in the literature for this species. Age-O brown trout density differed
significantly among sites, but growth and condition did not. Predation by Ozark sculpin Cottus
hypselurus on trout eggs or age-0 trout of any species was not observed among the 418 stomachs
examined. Ozark sculpin density and diet overlap with age-O brown trout were highest and in-
vertebrate food availability and water fertility were lowest at Beaver Tailwater relative to the other
reaches. Our findings indicate that differences in trophic conditions occur among tailwater reaches,
and a lower system productive capacity was identified at Beaver Tailwater. We suggest that man-
agement efforts include refining the multispecies trout stocking regime to improve production
efficiency, enhancing flow regulation, and increasing habitat complexity to increase invertebrate
and fish productivity. Such efforts may lead to improved natural reproduction and the increased

abundance and quality of wild trout in this system and other regulated rivers.

Reproductive ecology isacritical aspect of trout
life history. Trout require specific spawning, in-
cubation, and rearing habitats to maintain wild
populations. At some point within the early life
history of brown trout Salmo trutta, a bottleneck
or critical period typically occurs that results in
survival to the yearling stage as low as 3% (Mills
1971, Elliott 1993a, 1994). Thislow early survival
may be attributed to some combination of the fol-
lowing physical and biotic factors: adult female
fecundity, age-O trout density, food availability,
predation, interspecific competition, and spawn-
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ing, incubation, and rearing habitat characteristics.
McNeil and Ahnell (1964) reported that a critical
period in the life history of salmonids occurs be-
tween egg deposition and age-O salmonid emer-
gence. Conversely, survival during this period also
may be quite high (90%; McFadden 1961). In
many cases, the highest mortality within the early
life history of salmonids occurs during the first
few months after emergence (McFadden 1961;
Latta 1962; Mortensen 1977b; Elliott 1993a,
1994). Density-dependent effects may account for
high mortality of age-0 salmonids, thereby limiting
year-class strength and affecting other regulatory
mechanisms later in life (M cFadden 1969; Backiel
and Le Cren 1978; Titus 1990; Elliott 1994).
Nonnative trout fisheries in White River tail-
water reaches downstream of dams in Arkansas
and Missouri are intensively angled and managed,
similar to tailwater reaches of other southern U.S.
regulated rivers (Aggus et al. 1979; Swink 1983;
Oliver 1987; Bowman et al. 1996; Weiland and
Hayward 1997). Angling pressure in the White
River system may exceed 1,000 angler-hours per
hectare annually (Bowman et al. 1996), and stock-
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Ficure 1.—Map of the White River in Arkansas and Missouri, showing the four tailwater study site locations.
Thick black lines indicate the dam locations for the reservoirs.

ing densities may reach 24,000 fish/km. State and
federal management agencies in Arkansas and
Missouri have created a world-class trout fishery
in the White River, known for trophy brown trout
(Wright 1995). Steps toward improving the sus-
tainability of this fishery include an innovative
habitat rehabilitation project on Beaver Tailwater
(Filipek 1994; Quinn and Kwak 2000), implemen-
tation of creel and size limits in most reaches, and
establishment of several areas restricted to catch-
and-release fishing.

Although trout are not native to the White River
system, wild, self-sustaining brown trout popula-
tions have been established, with variable repro-
ductive success among tailwater reaches. Beaver
Tailwater supports relatively few wild brown trout
(J. Stark, Arkansas Game and Fish Commission
[AGFC], personal communication), whereas the
percentage of wild brown trout in Norfork Tail-
water was estimated at 40% (AGFC, unpublished
data), and that in Bull Shoals Tailwater at 67%
(Stark and Bowman 1994). Knowledge of the tim-
ing and limiting factors of naturalized trout pop-
ulations could reduce the need for costly hatchery
stocking. Once identified, factors influencing re-
productive success could be manipulated to im-

prove the natural reproduction and abundance of
wild trout.

We monitored spawning and early life stages of
brown trout in White River tailwater reaches to
determine reproductive chronology and to identify
factors contributing to variation in reproductive
success. A comparative, investigative approach
was adopted to determine the physical or biotic
factors responsible for reduced survival in Beaver
Tailwater and the observed variation in reproduc-
tive success among tailwaters.

Study Area

The White River originates in northwestern Ar-
kansas, flows northeasterly into Missouri, then
southeasterly into Arkansas, where it ultimately
joins the Arkansas River (Figure 1). The White
River drains 44,400 km?, the largest drainage basin
in Arkansas. The river system contains a series of
reservoirs created by construction of large hydro-
electric dams. We studied three tailwaters: Beaver
Tailwater, Bull Shoals Tailwater, and Norfork Tail-
water (Figure 1; Pender 1998), hereafter referred
to as Beaver, Bull Shoals, and Norfork. Norfork
Dam was completed in 1944 (Norfork Tailwater is
atributary of the White River; 4,678 km? drainage
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area), Bull Shoals Dam in 1952 (15,633 km? drain-
age area), and Beaver Dam in 1965 (3,072 km?
drainage area) (USACE 1966). Beaver and Nor-
fork dams each create less than 15 river km with
a thermal environment suitable to support trout,
and each tailwater was considered one sample site.
We sampled two sites within Bull Shoals due to
the substantial length of that tailwater. One Bull
Shoals study site (Bull Shoals 1) was directly be-
low the dam, and the other (Bull Shoals 2) was 32
river km downstream of the dam. The approximate
study reach lengths were 3.2 km at Beaver, 2.2 km
at Bull Shoals 1, 1.6 km at Bull Shoals 2, and 1.0
km at Norfork.

Methods
Field and Laboratory Procedures

Brown trout fecundity.—To estimate fecundity,
a sample of 12 prespawning female brown trout
(35-43 cm total length [TL]) was collected from
each of the four sampling sites from 25 September
to 5 October 1996 with apulsed-DC, boat-mounted
electrofisher. Female trout were measured stream-
side (nearest 0.1 cm TL) and weighed (nearest 1.0
g), and the length and weight were used to cal-
culate a Fulton-type condition factor (K;.) (An-
derson and Neumann 1996). Scale samples were
removed from each fish for age determination
(Smith 1954; Jearld 1983). The fish were sacri-
ficed, and their ovaries were removed, weighed,
and preserved in a 5% formalin solution (Klinger
and Van Den Avyle 1993).

In the laboratory, total egg number, average egg
diameter (nearest 0.01 mm, measured with digital
calipers from a random sample of 200 eggs), and
total ovary volume (nearest 1.0 mL) were deter-
mined for each female. Fecundity also was quan-
tified as the gonadosomatic index (GSI = [gonad
weight/body weight] X 100), which is appropriate
for this study because all fish were in the same
stage of reproductive development (approximately
2-3 weeks prior to spawning) and were within a
very narrow length range (DeVlaming et al. 1982;
Erickson et al. 1985). These criteria also justified
application of a Fulton-type condition factor.

Spawning and incubation habitat.—To locate
and observe spawning trout or the presence of
redds, the entire length of each study reach was
visually surveyed by walking the shoreline and by
boat once per week from 10 October 1996 to 19
January 1997. To relocate and monitor specific
redds, we marked them with a metal stake and
mapped them by hand and with a global position-
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ing system (GPS model 96, Rockwell Internation-
al). We collected redd morphology and microhab-
itat measurements, including redd length, redd
width, distance of the redd from the nearest bank,
water depth, mean velocity, water temperature, in-
tragravel temperature (IGT), midcolumn dissolved
oxygen concentration, intragravel dissolved oxy-
gen concentration (IGDO), and substrate compo-
sition. All initial redd microhabitat measurements
were collected at the spawning pit and tailspill
separately, except for water temperature, IGT, mid-
column dissolved oxygen concentration, and
IGDO. Incubation microhabitat measurements col-
lected from redds following spawning were water
depth, mean velocity, water temperature, |GT, mid-
column dissolved oxygen concentration, and
IGDO.

Depth was measured with a top-set wading rod
(nearest 0.3 cm) and velocity was measured with
a Marsh-McBirney model 2000 digital flowmeter
(nearest 0.01 m/s). Water temperature and dis-
solved oxygen concentration were measured at
each redd with a Yellow Springs Instruments, Inc.
(YSI) dissolved oxygen meter. Intragravel dis-
solved oxygen and IGT were measured by insert-
ing a 60-mL syringe into the substrate and re-
moving a sample of water; the Y S| probe wasthen
gently inserted into the syringe to obtain temper-
ature and dissolved oxygen readings. Substrate
composition was classified according to amodified
Wentworth particle size scale (Bovee and Milhous
1978).

After spawning was complete, and prior to
emergence, four redds at each site where spawning
was observed (Beaver and Bull Shoals 2) were
sampled for substrate with a single-probe, freeze-
core apparatus (modified from Walkotten 1976).
The freeze-core technique was used to preserve
vertical stratification of the substrate sample (Ev-
erest et al. 1982). The probe was placed in the
front half of thetailspill, where eggs are most often
found (Ottaway et al. 1981; Chapman 1988; Grost
et al. 1991), and was driven to a maximum sub-
strate depth of 25 cm (Ottaway et al. 1981). The
frozen core was then extracted, thawed, and strat-
ified into upper and lower layers to determine if
gravel quality varied with depth (Adams and Bes-
chta 1980; Everest et al. 1982; Young et al. 1989).
One freeze-core sample was collected per redd,
and the remaining redd area was excavated with a
shovel to locate any additional eggs.

In the laboratory, each core sample stratum was
dried and sorted with six Gilson Company, Inc.
USA-standard testing sieves (mesh sizes: 16, 8, 4,
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2, 1, and 0.063 mm) placed in geometric progres-
sion on amechanical shaker for 10 min. Each frac-
tion was then weighed separately (nearest 0.01 g).
From this procedure, percent fines (<1.0 mm) and
the Fredle index (Lotspeich and Everest 1981),
which characterizes the suitability of gravel for
salmonid incubation and emergence, were deter-
mined for each stratum. Both percent fines and the
Fredle index were used as spawning gravel de-
scriptors because gravel requirements may change
with trout life stage (Chapman 1988; Kondolf
2000).

Age-0 brown trout density and habitat.—As ju-
venile emergence was expected to occur (Embody
1934), we monitored areas near spawning sites for
the presence of age-0 trout. Once per week from
24 January to 19 November 1997, as much of each
reach as possible was surveyed. If we were unable
to survey an entire reach on a single occasion, we
continued sampling from the previous point on the
subsequent visit to complete the survey. Age-0
trout density was approximated by a catch-per-
unit-effort method, computed as the number of fish
captured per kilometer electrofished (fish/km;
Malvestuto 1996). Age-0 trout were sampled with
a Smith-Root, Inc., Type VI pulsed-DC backpack
electrofisher. Trout species were identified accord-
ing to Bacon (1954), Auer (1982), and Martinez
(1984). Age-0 brown trout were measured (nearest
1.0 mm TL) and weighed (nearest 0.01 g). Growth
rates were compared to density estimates among
tailwaters to examine the possibility of density-
dependent effects.

Microhabitat characteristics were measured at
the capture locations of age-0 trout. M easurements
included water temperature, midcolumn dissolved
oxygen concentration, depth, mean velocity, dis-
tance from the stream bank, substrate composition,
and associated cover. Cover was categorized as
boulder (=250 mm), cobble (64—-249 mm), gravel
(8-63 mm), bank vegetation, submersed vegeta-
tion, rootwad, or woody debris.

Food availability and diet.—To estimate the den-
sity and proportion of food items available to age-
0 brown trout, benthic and epibenthic invertebrate
assemblages were sampled in each tailwater reach
during trout juvenile development (12-17 April
1997). Samples were collected from sites varying
in physical characteristics at expected and ob-
served locations of age-0 brown trout. Benthic in-
vertebrates were sampled with a 3.5-cm-diameter
corer to a substrate depth of 5 cm. Three cores
were collected and combined into one sample, and
three samples were obtained from each site (nine
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cores total per site, as per Rabeni et al. [1999]).
Epibenthic invertebrates were sampled with a vac-
uum benthos sampler (Brown et al. 1987). Three
epibenthic samples (100 L of river water filtered
per sample) were collected per site at a depth of
3 cm above the substrate, the mean focal depth of
age-0 trout collected prior to invertebrate sam-
pling. Invertebrate samples were preserved in a
solution of 5% formalin and rose bengal stain. For
diet determination, a sample of up to six age-0
trout per site per day was collected, anesthetized
with tricaine methanesulfonate (MS-222) to pre-
vent regurgitation upon preservation, and fixed in
10% buffered formalin.

In the laboratory, fish and invertebrate samples
were rinsed and transferred to 70% ethanol prior
to processing. Stomach contents and invertebrate
samples were sorted under a dissecting micro-
scope, counted, and weighed wet (nearest 0.0001
g), and a subsample of each taxon was dried and
weighed (nearest 0.0001 g). Diet was quantified as
stomach fullness ([stomach contents wet weight/
fish wet body weight] X 100), frequency of oc-
currence, mean percent composition by number
and dry weight, and selectivity relative to food
available (Strauss 1979; Bowen 1996). Inverte-
brates were identified according to Merritt and
Cummins (1996) for insects and Thorp and Covich
(1991) for other invertebrates.

Predation.—Ozark sculpin Cottus hypselurus
(the dominant nonsal monid fish species) predation
on trout eggs and age-0 brown trout was investi-
gated by collecting scul pin samples of varying siz-
es (31-99 individuals) by backpack electrofishing
once during the brown trout incubation period (2—
30 January 1997) and again during the juvenile
development period (18-20 April 1997). Sculpins
were anesthetized, preserved, and their stomach
contents were extracted, sorted, and analyzed by
the same methods used for trout.

Interspecific competition.—The possibility of
competition between Ozark sculpins and age-0
brown trout was investigated by examining their
diets and densities. Stomach contents of Ozark
sculpins (April samples) and age-O brown trout
were compared to determine the degree of diet
overlap (Schoener 1971; Bowen 1996). Sculpin
population density was estimated by a three-pass
removal method with constant sampling effort
(maximum-likelihood estimator; Seber 1982; Boh-
lin et al. 1989; Kwak 1992) from oneriffle in each
site during 2-30 January 1997. The relationship
between sculpin density and trout reproductive
success was examined to explore indirect com-
petitive interactions between the species.
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Ancillary data.—Trout stocking information and
long-term water quality data were obtained from
other sources. Trout stocking information was pro-
vided by Greers Ferry National Fish Hatchery,
U.S. Fish and Wildlife Service (USFWS), Heber
Springs, Arkansas; Joe Hogan State Fish Hatchery,
AGFC, Lonoke, Arkansas; and Norfork National
Fish Hatchery, USFWS, Mountain Home, Arkan-
sas. Water quality datawere obtained from the U.S.
Geological Survey (USGS) for Beaver (1967—
1995), Bull Shoals (1967-1996), and Norfork
(1948-1996) tailwaters.

Analytical Methods

All data were analyzed and then examined in
aggregate to determine which factors likely con-
tributed to brown trout reproductive failurein Bea-
ver and the variable reproductive success among
tailwaters. A significance level («) of 0.05 was
used for all statistical tests. Adult female fecun-
dity, adult female condition, redd gravel quality,
water quality variables, age-0 brown trout stomach
fullness, and density and biomass of benthic and
epibenthic invertebrates among tailwaters were
each analyzed separately by one-way analysis of
variance (ANOVA), and when differences were
significant, a Tukey multiple comparison test was
used to identify the source of the variation (Zar
1996). Because habitat variables were correlated,
spawning and age-0 brown trout microhabitat data
(except for age-0 trout cover, which is categorical)
were analyzed separately by multivariate ANOVA
(MANOVA); when significant differences were
detected, stepwise discriminant analysis was then
employed to determine which variables best dis-
criminated among sites (SAS Institute 1989). Age-
0 brown trout length was highly correlated to mi-
crohabitat characteristics; therefore, length was
treated as a covariate in MANOVA and stepwise
discriminant analysis models. Cover associated
with age-0 brown trout occurrences was analyzed
with the log-likelihood ratio (G-test; Zar 1996).
Based on their frequency distribution, young trout
were classified into small (<65 mm) and large
(=65 mm) length-groups for the analysis of age-
0 trout cover and for diet comparisons. Ozark scul-
pins were similarly assigned to small (<60 mm)
and large (=60 mm) groups for diet comparisons.
The analysis of age-0 brown trout density was per-
formed with a randomized block ANOVA (time
[week] was treated as a block), and a Tukey mul-
tiple comparison test was used to elucidate dif-
ferences. Age-0 trout condition and size were com-
pared with an analysis of covariance (ANCOVA).
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Differences in diet overlap between age-0 brown
trout and Ozark sculpins were determined by a
bootstrap technique (Krebs 1989) to estimate 95%
confidence limits (2.5 and 97.5 quantiles) for all
overlap values. For comparison among sites, sig-
nificant differences in diet were determined by
generating a covariance matrix used to compute
Hotelling's two-sample T2 (Johnson 1998). Scul-
pin density estimates were compared among sites
with separate pairwise Z-tests (Waters and Erman
1990).

Transformations or ranks were employed in cas-
es where data were not normally distributed. The
USGS water quality data were compared with a
nonparametric procedure (Kruskal-Wallistest; Zar
1996), given that transformation failed to improve
normality. Age-0 brown trout density and stomach
fullness data were transformed by natural loga-
rithms (logx + 1]), and condition, length, and
weight werelog,, transformed (Zar 1996). A pow-
er transformation (Draper and Smith 1981) was
employed on age-0 trout numerical microhabitat
data except for dissolved oxygen concentration
and temperature, which were normally distributed.

Results
Fecundity and Reproductive Chronology

Significant differences in gonadal measures
were found among sites, with brown trout from
Beaver showing the lowest values. Gonadosomatic
index, egg diameter, gonad volume, and K values
were significantly lower at Beaver, but no signif-
icant differences were detected among the other
three sites (Table 1; P < 0.05). However, for egg
number, estimates did not differ between Beaver
and Bull Shoals 2. No difference in egg number
was found between Bull Shoals 2 and the other
sites, whereas Beaver estimates were significantly
lower than those for the other sites. Female con-
dition factor calculated with total body weight re-
vealed among-site differences; however, when fe-
male body weight minus gonad weight was used
to calculate Ky, no significant differences were
detected among sites. Scale annuli indicated that
female trout collected for this analysis were age 3
(77%; mean = 3.2 = 0.1 SE) and age 4.

Brown trout were first observed spawning on 18
October 1996, and spawning continued through 23
November 1996 at Beaver and Bull Shoals 2. We
were unable to observe brown trout spawning at
Bull Shoals 1 or Norfork during the 1996 season,
due to high water levels. High discharge from 24
November to 8 December 1996 prevented us from
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TaBLE 1.—Mean (£2 SE, N = 12 fish per site) egg diameter, egg number, gonad volume, gonadosomatic index
(GSlI), fish total length, and Fulton-type condition factor (Kt ) for adult female brown trout at Beaver, Bull Shoals 1,
Bull Shoals 2, and Norfork tailwater sites. Within a row, means with the same letter are not significantly different;

ANOVA = analysis of variance.

Site
Measure Beaver Bull Shoals 1 Bull Shoals 2 Norfork ANOVA P
Egg diameter (mm) 382z 433y 433y 450y <0.00001
(0.24) (0.14) (0.14) (0.11)
Egg number 1,330 z 2,278y 1,816 zy 1,943y 0.0004
(304) (280) (283) (296)
Gonad volume (mL) 70.00 z 159.00 y 13379y 1435y 0.0003
(24.70) (28.69) (25.82) (33.12)
GSl 11.49 z 20.01y 18.36 y 18.16 y 0.00003
(2.74) (2.44) (1.94) (2.24)
Total length (mm)2 378z 399z 385z 40.1 z 0.03
(1.26) (0.80) (1.49) (1.17)
Ko 0.99 z 116y 114y 113y 0.002
(0.06) (0.07) (0.06) (0.07)

aSignificant ANOVA result (P < 0.05); Tukey grouping not significant.

effectively searching for spawning trout at any
site. In January 1997, prior to observed emer-
gence, age-0 brown trout with yolk were collected
along with el ectrofished scul pin samples at Beaver.
We began to observe and collect emerged brown
trout on 28 February 1997.

Spawning and Incubation Habitat

Significant between-site differences in brown
trout spawning microhabitat and redd morphology
variables were detected at Beaver and Bull Shoals
2 (P = 0.01); variables that best discriminated be-
tween sites were water depth, redd pit substrate,
IGT, and midcolumn dissolved oxygen concentra-

tion (Table 2; model P = 0.0001). Substrate com-
position of freeze cores did not differ between
sites, but was significantly different between ver-
tical strata at Beaver (Figure 2). Fredle index val-
ues did not differ between sites or between strata.
Mean percent fines was not significantly different
among sites or between strata at Bull Shoals 2;
however, percent finesin the upper stratum at Bea-
ver was significantly lower than that in the lower
stratum. We did not collect any fish eggsin freeze-
core samples from redds. However, shovel exca-
vation of redds revealed that eggs were located in
the upper stratum (0.0-12.5 cm below the sub-
strate surface).

TABLE 2—Brown trout mean (=2 SE) spawning microhabitat and redd morphology variables from Beaver (N = 8)
and Bull Shoals 2 (N = 15) tailwater sites. Data include measurements at redd pit and tailspill. The F- and P-values
are presented for variables that best discriminated between sites, as determined by stepwise discriminant analysis. Wilks'

lambda equals 0.0498 (P = 0.0001).

Site
Variable Beaver Bull Shoals 2 F P
Distance from bank (m) 76 (291 6.4 (0.86)
Depth (m) 0.50 (0.09) 0.65 (0.06) 1111 0.0042
Mean velocity (m/s) 0.36 (0.06) 0.67 (0.09)
Bottom velocity (m/s) 0.15 (0.03) 0.34 (0.05)
Redd pit substrate category mode Small cobble? Small cobble? 6.04 0.0267

Redd tailspill P substrate category mode Coarse gravel ©

Very coarse gravel 4

Mid column temperature (°C) 95 (0.92)
Intragravel temperature (°C) 9.7 (1.0

Mid column dissolved oxygen (mg/L) 95 (0.62)
Intragravel dissolved oxygen (mg/L) 9.3 (0.67)
Redd length (m) 21 (0.49)
Redd width (m) 0.66 (0.15)

Coarse gravel ©
Very coarse gravel d
134 (0.89)
135 (1.1)
10.1 (0.40)
9.6 (0.36)
20 (0.27)
0.92 (0.27)

4.69
21.69

0.0482
0.0002

264-130 mm in diameter.

b Bimodal distribution; both listed.
€16-32 mm in diameter.

d32-64 mm in diameter.
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Ficure 2.—Brown trout redd gravel quality, quanti-
fied as the mean (+SE, N = 4) Fredle index (L otspeich
and Everest 1981), and percent fines for Beaver and Bull
Shoals 2 tailwaters. No significant differences were de-
tected (P > 0.05) between sites or strata for the Fredle
index. Significant between-strata differences were de-
tected for percent fines at Beaver (P = 0.03). No sig-
nificant differences were detected for percent fines be-
tween strata at Bull Shoals 2 or between sites.

Beaver

Age-0 Trout Density, Growth, and Habitat

Significant among-site differences were detect-
ed in age-0 brown trout density and habitat char-
acteristics. Data from Norfork were excluded from
this portion of the analysis due to low sample size.
Age-0 trout density, expressed as mean weekly
catch (fish/km), was significantly higher at Bull
Shoals 1 than at Beaver or Bull Shoals 2, but no
other significant differences were found between
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sites (Figure 3). Age-0 brown trout individuals
were initially longer at Bull Shoals 2 (y-intercept
P < 0.05); no significant difference in growth
(measured by length) was found among the three
sites included in the analysis (slope P = 0.74).
Brown trout weight displayed a similar trend. No
significant difference in age-O brown trout con-
dition was detected among sites (P = 0.45). Thus,
we found no evidence to suggest the occurrence
of density-dependent growth or mortality.
Among-site differences were significant for age-
0 brown trout continuous microhabitat variables
(Table 3; model P = 0.0001) and cover associa-
tions (Table 4; P < 0.05). Small (<65 mm) age-
0 brown trout were most frequently associated with
woody debris at Beaver, with cobble at Bull Shoals
1, and with submersed vegetation at Bull Shoals
2 (Table 4). Large (=65 mm) age-0 brown trout
were most frequently associated with bank vege-
tation at Beaver, with submersed vegetation at Bull
Shoals 1, and with woody debris at Bull Shoals 2.

Food Availability and Diet

Significant differences in invertebrate food
availability occurred among sites. Benthic inver-
tebrate density differed significantly among sites
(P = 0.0025); density was significantly higher at
Norfork than that at Bull Shoals 1, Bull Shoals 2,
and Beaver, but no significant difference was de-
tected among the latter three sites (Figure 4). Al-
though ANOVA detected a significant among-site
difference in epibenthic invertebrate densities (P
= 0.046), the Tukey multiple comparison proce-
dure did not elucidate where the difference(s) oc-
curred. No significant difference was detected
among sites for benthic and epibenthic inverte-
brate biomass. In all cases, however, Beaver in-
vertebrate biomass and abundance values were
among the two lowest estimates. Because inver-
tebrate abundance does not indicate prey avail-
ability per fish among reaches with variable fish
densities, we calculated and compared the inver-
tebrate-to-fish ratio among sites, as an index of
food biomass available to support age-O brown
trout. Ratios were calculated by summing benthic
and epibenthic invertebrate biomass and dividing
that total by the estimated Ozark sculpin biomass,
total stocked trout biomass, and age-0 brown trout
biomass individually; these ratios were nearly all
lowest at Beaver, suggesting lower food avail-
ability there (Table 5).

Age-0 brown trout feeding intensity, measured
as stomach fullness, was generally similar among
sites. Norfork data were excluded from the diet
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Ficure 3.—Mean weekly catch of age-O brown trout for Beaver, Bull Shoals 2, and Bull Shoals 1 tailwaters.
Differences among sites were significant (P = 0.0012). The Tukey grouping is indicated with lowercase letters (y,
z); sites with the same letter are not significantly different (P > 0.05).

analysis due to small sample size. No significant
differences in mean stomach fullness were found
among sites or between small and large age-0
brown trout at Bull Shoals 1 and Bull Shoals 2.
At Beaver, however, small age-0 brown trout had
significantly fuller stomachs than large age-O
brown trout (P = 0.013).

Small age-0 brown trout at al sites, and large
individuals at Beaver, exhibited the most strongly
positive selection for Dipteraof variouslife stages,
especially Chironomidae larvae (Figure 5). In ad-
dition, large age-0 brown trout positively selected
Isopoda and Amphipoda at Bull Shoals 1 and Is-
opoda, Amphipoda, and Gastropoda at Bull Shoals
2. When examining all sites, age-O brown trout

expressed the most strongly negative selection for
Rotifera, Oligochaeta, and Hydroida, however,
these three items may have been digested at afaster
rate, causing their importance to be underestimat-
ed.

Predation and Competition

Examination of stomach contents of acombined
total of 418 Ozark sculpins collected from two
time periods (January and April) at all four sites
revealed that no trout eggs or age-O trout were
consumed. Quantitative diet analysis for Ozark
sculpins collected in April found many of the same
organisms as consumed by age-0 brown trout (Fig-
ure 6). Notable features of the diet of Ozark scul-

TABLE 3.—Age-0 brown trout mean (=2 SE) microhabitat variables from Beaver (N = 24), Bull Shoals 1 (N = 96),
and Bull Shoals 2 (N = 34) tailwater sites. The F- and P-values are presented for variables that best discriminated
among sites, as determined by stepwise discriminant analysis. Wilks' lambda equals 0.2952 (P = 0.0001).

Site
Variable Beaver Bull Shoals 1 Bull Shoals 2 F P

Distance from bank (m) 20 (0.83) 2.58 (0.37) 0.96 (0.34) 7.11 0.0012
Distance from cover (m) 0.13 (0.13) 0.04 (0.02) 0.21 (0.11) 3.18 0.0449
Depth (m) 0.32 (0.08) 0.25 (0.03) 0.20 (0.04) 431 0.0154
Mean velocity (m/s) 0.02 (0.01) 0.09 (0.02) 0.02 (0.01)

Bottom velocity (m/s) 0.001 (0.001) 0.04 (0.01) 0.01 (0.01)

Substrate category mode Sand@ Small cobbleP Sand@ 10.39 0.0001
Temperature (°C) 121 (0.90) 13.7 (0.45) 152 (1.2 19.51 0.0001
Dissolved oxygen (mg/L) 9.9 (0.69) 8.1 (0.19) 104 (0.44) 54.07 0.0001

20.06-1.0 mm in diameter.
b 64-130 mm in diameter.
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TaBLE 4.—Percent frequency of occurrence of closest cover available to age-0 brown trout for two size-groups (small

[<65 mm] and large [=65 mm]) at Beaver, Bull Shoals 1,

and Bull Shoals 2 tailwater sites. Among-site differencesin

cover type association were significant (P < 0.05) for both size-groups.

Site
Beaver Bull Shoals 1 Bull Shoals 2
Small Large Small Large Small Large
Cover type (N = 13) (N = 11) (N = 71) (N = 25) (N = 25) (N=09
Rock
Bouldera 7.14 9.09 12.68 40.00 0.00 0.00
CobbleP 0.00 0.00 54.92 4.00 435 0.00
Gravel © 21.43 0.00 12.68 8.00 0.00 0.00
Vegetation
Bank 7.14 45.46 0.00 0.00 21.74 0.00
Submersed 14.29 18.18 18.31 44.00 65.21 33.33
Wood
Root wad 14.29 0.00 0.00 0.00 8.70 1111
Woody debris 35.71 27.27 141 4.00 0.00 55.56
a=250 mm in diameter.
b 64249 mm in diameter.
€8-63 mm in diameter.
pins as compared with that of age-0O brown trout
Benthic were the consumption of plant matter, theinclusion
407 5 pensity L 5.00 of Trichoptera, and the greater proportion of bio-
o Biomass mass made up of Oligochaeta (Pender 1998). Al-
304 . though Oligochaeta was an important biomass
y component, the proportion in the Ozark sculpin
204 L1 00 diet was lower than in the environment, resulting
in negative selectivity (Figure 6). Again, a faster
rate of digestion of the soft-bodied oligochaetes
104 § 0.50 . . .
o 3 Z% z% _ could have caused the difference in proportions.
E, . ¢ Also notable was the presence of sculpin remains
g 0 ' i ' ' €  in several Ozark sculpin stomachs.
E E To more quantitatively compare Ozark sculpin
F; Epibenthic @ (April samples) and age-0 brown trout diets, we
'Fg 0.020 1 L0001 g calculated Schoener’s diet overlap index (Schoener
K] @ 1971; Table 6). The diet overlap index between
0.0154 ro-0o10 Ozark sculpins and age-0 brown trout differed sig-
, L 0.0008 nificantly among sites (P < 0.0001) and was high-
0.0104 0,000 est at Beaver, followed by Bull Shoals 1. Diet over-
? ’ lap was lowest at Bull Shoals 2. The finding of
0,005 r0.0004 the highest significant diet overlap index at Beaver
‘ b 1) | 0.0002 indicates that Ozark sculpins and age-O brown
trout are sharing the same food resources most
O memer B Bl RO extensively there, possibly suggestive of compe-

Shoals 2 Shoals 1
Site

FIGURE 4.—Mean (2 SE, N = 3) density and biomass
(wet weight) of benthic and epibenthic invertebrates
from Beaver, Bull Shoals 1, Bull Shoals 2, and Norfork
tailwaters. Significant among-site differences were de-
tected for benthic (P = 0.0025) and epibenthic (P =
0.046) densities. The Tukey grouping is indicated with
lowercase letters (y, z); sites with the same letter are not
significantly different (P > 0.05). No significant differ-
ence was detected in biomass among sites.

tition between the two species.

We estimated Ozark sculpin densities to further
investigate possible competitive interactions. Pop-
ulation estimates at Beaver and Bull Shoals 2 dif-
fered significantly (Z-test, P = 0.014), and differ-
ences for all other pairwise comparisons were also
significant (Z-test, P < 0.001; Figure 7). Sculpin
densities were highest at Beaver, followed by Bull
Shoals 2, Norfork, and Bull Shoals 1. Bull Shoals
1 supported the highest densities of age-O brown
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TaBLE 5.—Estimates of the total (benthic and epibenthic) mean invertebrate biomass, Ozark sculpin biomass, age-0
brown trout biomass, total biomass of stocked trout (brook trout Salvelinus fontinalis, brown trout, cutthroat trout
Oncorhynchus clarki, and rainbow trout O. mykiss) for 1996 and 1997, and ratios of invertebrate biomass to fish biomass
at Beaver, Bull Shoals 1, Bull Shoals 2, and Norfork tailwater sites.

Site
Variable Beaver Bull Shoals 1 Bull Shoals 2 Norfork
Biomass
Invertebrate (ug/cm3) 459 986 678 1,280
Ozark sculpin (kg/ha) 86.2 1.0 89.1 68.1
Age-0 brown trout (g/km) 6.8 74.4 7.6
Stocked trout (kg/km)
1996 1,857 3,494 783 2,606
1997 2,693 4,240 1,036 3,065
Ratio
Invertebrate: Ozark sculpin 53 1,017.2 7.6 18.8
Invertebrate: age-0 brown trout 67.4 13.3 89.4
Invertebrate: stocked trout
1996 0.25 0.28 0.87 0.49
1997 0.17 0.23 0.65 0.42

trout coincident with the lowest densities of Ozark
sculpins (Figure 7), providing additional correla-
tive evidence of a competitive interaction between
the two species.

Water Quality

Significant among-site differences were detect-
ed in long-term water quality data for 9 of 16
variables examined (Table 7). Significant differ-
ences were not detected by the Kruskal—-Wallistest
for dissolved oxygen concentration, temperature,
nitrate concentration, or concentrations of copper,
mercury, nickel, and zinc. However, significant

Beaver

Bull Shoals 1

differences were detected for alkalinity, conduc-
tivity, total phosphate concentration, and concen-
trations of aluminum, arsenic, cadmium, iron, lead,
and manganese. Data from Beaver were the sig-
nificantly lowest values for alkalinity and conduc-
tivity, which may be considered indices of water
fertility (Kwak and Waters 1997; Clarke and Scru-
ton 1999), followed by Bull Shoals 1 and Norfork
in increasing magnitude. Norfork also was signif-
icantly highest in total phosphate concentration,
while concentrations at Beaver and Bull Shoals 1
did not differ significantly. The highest concen-
trations of aluminum and lead occurred at Beaver,

Buli Shoals 2

[ Smalt trout
Im Large trout
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Gastropoda

Amphipoda |
Isopoda
Hydroida
Rotifera
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Ficure 5.—Age-0 brown trout benthic and epibenthic feeding selectivity (Strauss 1979; data include the four
taxa with the highest selectivity and the three taxa with the lowest selectivity) for small (<65 mm) and large (=65
mm) trout collected at Beaver, Bull Shoals 1, and Bull Shoals 2 tailwaters. See Table 6 for sample sizes.
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Ficure 6.—Ozark sculpin benthic and epibenthic feeding selectivity (Strauss 1979; data include the four taxa
with the highest selectivity and the three taxa with the lowest selectivity) for small (<60 mm) and large (=60 mm)
Ozark sculpins collected during April at Beaver, Bull Shoals 1, Bull Shoals 2, and Norfork tailwaters. See Table

6 for sample sizes.

those of arsenic and cadmium at Bull Shoals 1,
and those of iron and manganese at Norfork.

Discussion
Reproductive Chronology and Habitat

Brown trout in Ozark tailwater rivers spawned
during time periods similar to those reported in

TaBLE 6.—Schoener’s diet overlap index (Schoener
1971; 95% confidence intervals in parentheses, determined
by 2.5 and 97.5 quantiles) for Ozark sculpin of two size-
groups (small [<60 mm] and large [=60 mm]) and age-0
brown trout of two size-groups (small [<65 mm] and large
[=65 mm]) collected at Beaver, Bull Shoals 1, and Bull
Shoals 2 tailwater sites. Hotelling's two-sample T2 re-
vealed significant differences (P < 0.0001) for all pairwise
comparisons of analogous indices between sites.

Ozark sculpin size-grou
Brown trout P group

size-group Small Large
Beaver
N = 53 N = 10
Small (N = 11) 0.77 (0.72-0.81) 0.76 (0.72-0.80)
Large (N = 12) 0.73 (0.68-0.77) 0.73 (0.68-0.76)
Bull Shoals 1
N =23 N=29
Small (N = 33) 0.38 (0.34-0.42) 0.37 (0.33-0.41)
Large (N = 15) 0.44 (0.35-0.52) 0.42 (0.36-0.49)
Bull Shoals 2
N =17 N =14
Small (N = 23) 0.07 (0.02-0.10) 0.06 (0.02-0.10)
Large (N = 9) 0.54 (0.42-0.65) 0.44 (0.32-0.56)

the literature for other riverine populations
(McFadden et al. 1965; Anderson 1983; Nelson
1986; Grost et al. 1991). Although brown trout in
our study may have spawned later than the last
observed date (23 November), we were unable to
observe later spawning activity due to continuous
high water levels. Beginning on 13 December, the
tailwaters were again accessible, but brown trout
were not observed spawning after that date.

Rapidly fluctuating flow conditions are acritical
factor with which spawning trout below peaking
hydroelectric dams must contend, and flow ap-
peared to affect White River brown trout spawning
timing and microhabitat. Trout were observed to
abandon redd construction in response to increas-
ing water releases for hydropower generation.
When flow stabilized, trout again initiated spawn-
ing. It was difficult to observe trout spawning in
midchannel habitats during high flows due to water
surface turbulence. However, we observed brown
trout spawning near the river margins during high
flows, as was reported by Lister and Walker
(1966). When the water level receded in the White
River, dry redds were present (12 observed). Redd
dewatering has been recorded previously in the
literature for other stream-dwelling trout popula-
tions (Bauersfeld 1978; Anderson and Nehring
1985) and may be mitigated by the establishment
of minimum flows.

Although the flow regime in White River tail-
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FiGure 7.—Mean (=2 SE) weekly catch of age-0 brown trout versus mean (2 SE) Ozark sculpin density for
Beaver, Bull Shoals 1, Bull Shoals 2, and Norfork tailwaters. Significant differences were detected among sites (P
< 0.05) for both mean brown trout catch and mean Ozark sculpin density. The standard errors for brown trout
catch are too small to appear at this scale for Beaver, Bull Shoals 2, and Norfork.

waters may negatively affect brown trout survival,
it is unlikely that other spawning microhabitat
characteristics contribute to lower survival be-
cause the values we measured for depth, mean ve-
locity, substrate size, temperature, and dissolved
oxygen concentration fell within or near general-
ized suitable or optimum values reported in the
literature for the species (Raleigh et al. 1986;
Stickney 1991). However, it is possible that dis-
solved oxygen fell below optimum concentrations
during part of the incubation period. We measured
dissolved oxygen concentration at redds only dur-
ing daylight hours, and although the means of dis-
solved oxygen concentrations collected continu-
ously by the USGS were above minimum desirable
levels for trout, some of the recorded concentra-
tions were much lower (minima: 5.1 mg/L at Bea-
ver, 3.1 mg/L at Bull Shoals 1, and 2.4 mg/L at
Norfork). It isalso unlikely that redd gravel quality
contributed to lower reproductive success at Bea-
ver and Bull Shoals 2. White River Fredle index
values wererelatively high (Lotspeich and Everest
1981) and percent fines were low compared to data
reported for other brown trout spawning areas
(Chapman 1988; Bjornn and Reiser 1991; Maret
et al. 1993), indicating suitable substrate avail-
ability.

Emergence of young brown trout in the White
River system began on 23 February, which is

among the earliest emergence timesreported in the
literature for brown trout in North American
streams (Beyerle and Cooper 1960; Avery 1980;
Nelson 1986). Age-0 brown trout in Ozark tail-
waters occupied habitats near stream margins, a
finding previously reported by other researchers
(Moore and Gregory 1988; Bozek and Rahel 1991,
Harris et a. 1992; La Voie and Hubert 1996). At
the onset of dam water releases, we observed age-
0 trout descending into crevices between gravel
particles as velocity increased. This anecdotal ev-
idence indicates that the trout were able to use
gravel interstices as refugia from high velocities.
Age-0 brown trout also were associated with bank
vegetation, boulder, cobble, submersed vegetation,
rootwad, and woody debris, with some variability
among sites. In addition to cover type, significant
among-site differences were found for dissolved
oxygen concentration, temperature, substrate par-
ticle size, bank distance, depth, and cover distance
of age-0 brown trout microhabitats. However, as
with spawning microhabitat, the data for age-O
brown trout microhabitats fell within or near gen-
eralized suitable or optimum values reported in the
literature for the species (Raleigh et al. 1986;
Stickney 1991). These findings suggest that suit-
able spawning and age-0 trout habitats were avail-
able at each site, and although the total amount of
suitable habitat may have been important, logistic
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TABLE 7—Mean (=2 SE) values of water quality variables for Beaver (1967-1995), Bull Shoals 1 (1967-1996), and
Norfork (1948-1996) tailwater sites. (U.S. Geological Survey, unpublished data). No data were available for the cad-
mium concentration at Norfork. Tukey grouping is indicated with lowercase letters (x, y, z). Within rows, means with

the same letter are not significantly different.

Water quality Site Kruskal-
variable Beaver Bull Shoals 1 Norfork Wallis P
Alkalinity (mg/L as CaCOg) 63.13 z 12515y 167.79 x 0.0001
(0.49, N = 55) (2.34, N = 40) (4.45, N = 24)
Aluminum (pg/L) 86.73 z 4041y 80.00 z 0.006
(25.33, N = 55) (7.90, N = 32) (32.41, N = 36)
Arsenic (ug/L) 134z 246y 121z 0.0006
(0.42, N = 58) (0.86, N = 52) (0.30, N = 34)
Cadmium (ug/L) 1.60 z 12.95y 0.024
(0.80, N = 5) (362, N = 22)
Conductivity (n.S/cm at 25°C) 139.00 z 25590 y 322.90 x 0.0001
(3.63, N = 65) (4.40, N = 62) (5.65, N = 51)
Copper (ng/L) 10.39 8.60 4.08 0.14
(9.66, N = 54) (247, N = 47) (1.53,N = 27)
Dissolved oxygen (mg/L) 9.37 8.46 9.02 0.23
(0.51, N = 60) (0.69, N = 61) (0.84, N = 45)
Iron (ng/L) 116.67 z 88.18 y 13510 z 0.0001
(33.52, N = 60) (66.59, N = 62) (44.36, N = 53)
Lead (pg/L) 7.24 zy 6.39 z 328y 0.029
(7.21, N = 55) (2.03, N = 51) (1.87,N = 27)
Manganese (ug/L) 70.60 z 3249y 144.75 x 0.0001
(30.29, N = 65) (8.49, N = 68) (42.46, N = 59)
Mercury (pg/L) 0.13 0.22 2.63 0.18
(0.03, N = 57) (0.09, N = 34) (458, N = 34)
Nickel (ng/L) 9.16 2.04 2.62 0.03
(10.40, N = 56) (0.88, N = 26) (0.82, N = 27)
Nitrate (mg/L as N) 0.33 0.35 0.26 0.11
(0.05, N = 58) (0.06, N = 63) (0.04, N = 39)
Temperature (°C) 9.98 10.20 10.39 0.14
(0.97, N = 60) (0.71, N = 61) (0.68, N = 46)
Total phosphate (mg/L as PO,) 0.04 z 0.03z 0.08y 0.0009
(0.01, N = 27) (0.01, N = 20) (0.04, N = 30)
Zinc (p.g/L) 26.84 16.25 34.88 0.99
(21.60, N = 56) (4.12, N = 55) (25.55, N = 27)

constraints precluded collection of habitat avail-
ability data.

Trophic Conditions

Adult female brown trout at Beaver had lower
body condition and fewer and smaller eggs than
females at other sites, corresponding to the lower
reproductive success at Beaver. Furthermore, av-
erage fecundity was lower and average egg di-
ameter was smaller for females at Beaver than lit-
erature values for brown trout of the same size
range (Taube 1976). Likewise, GSI values were
significantly lowest at Beaver and fell below re-
ported values for the same size range of brown
trout (Avery 1985).

Juvenile trout survival has been positively re-
lated to egg size (Bagenal 1969a; Hutchings 1991;
Ojanguren et al. 1996; Einum and Fleming 2000),
and this relation may persist for up to 50 d of
exogenous feeding (Hutchings 1991). Smaller egg
size and lower fecundity indicate that the brown

trout population at Beaver is at an early repro-
ductive disadvantage relative to populations at the
other sites. Lower female fecundity likely con-
tributed to the lower density of age-O brown trout
at Beaver relative to Bull Shoals 1. Similarly low
densities were estimated at Bull Shoals 2, but these
differences cannot be attributed to lower gonadal
measures as is possible for Beaver. The very low
age-0 trout densities at Norfork may be dueto high
water releases from Norfork Dam during the entire
spawning period.

Variation in trout fecundity has been attributed
to differences in genetic stock (Bromage et al.
1990), food quantity (Scott 1962; McFadden et al.
1965; Bagenal 1969b; Jonsson and Jonsson 1999),
stream fertility (McFadden et al. 1965), and con-
centrations of various metalsin stream water (Lam
1983; Moore and Ramamoorthy 1984). All brown
trout in the White River system originate from the
same genetic stock (T. Penniston, AGFC, personal
communication); however, we detected differences
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in metal concentrations, invertebrate abundance,
and alkalinity among sites. Of the metals with sig-
nificantly different among-site concentrations
(aluminum, arsenic, cadmium, iron, lead, and man-
ganese), only cadmium and lead have been re-
ported to affect fish reproduction (Lam 1983;
Moore and Ramamoorthy 1984). The concentra-
tions of lead at Beaver, Bull Shoals, and Norfork
were well below the limits required to influence
salmonid health, but cadmium concentrations at
Beaver and Bull Shoals were above the listed op-
timum (Wedemeyer 1977). It seems unlikely that
cadmium concentration alone would negatively af-
fect female fecundity at Beaver but not at Bull
Shoals; however, cadmium could act in combi-
nation or synergistically with other stressors oc-
curring at Beaver. Metals in streams also may neg-
atively affect invertebrates (Moore and Rama-
moorthy 1984). Although not examined here, met-
al concentrations may contribute to the varied
invertebrate abundances we found.

The invertebrate food base available to age-0
and adult brown trout at Beaver was | ess abundant
than that of the other sites sampled. An insufficient
food base would make it more difficult for trout
to meet their routine energy requirements, possibly
contributing to reduced fecundity and condition of
adult brown trout females. Invertebrate abundance
and composition vary seasonally (Rabeni 1996);
therefore stream invertebrate surveys may warrant
multiple samplings through the year to achieve an
adequate estimate of abundance. However, relative
to less modified systems, tailwaters bel ow peaking
hydroelectric dams generally support reduced in-
vertebrate taxa, increased numbers of certain in-
vertebrate species, and lower overall invertebrate
abundance (Walburg et al. 1981; Gislason 1985)
and may prevent the establishment of normal, var-
iable benthic invertebrate communities (Fisher and
LaVoy 1972). In White River tailwaters, we found
the sametrendsininvertebrate density among sites
as reported by Blanz et al. (1970) 30 years ago.
Blanz et al. (1970) found the highest density and
biomass of invertebrates at Norfork, followed by
Bull Shoals 1, Bull Shoals 2, and Beaver. The dom-
inant taxaamong reaches were al so similar to those
reported by Blanz et al. (1970). Therefore, we re-
main confident that our sampling provides an ad-
equate basis for our conclusions on the trends that
we observed.

Growth, condition, and stomach fullness were
not significantly different for age-O brown trout
among sites. Elliott (1993a) similarly found high
growth rates among surviving age-0 trout, but de-
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termined that starvation caused high mortality
among young trout. Self-thinning of age-0 trout
populations may have occurred early, at the start
of exogenous feeding, resulting in fish densities
corresponding to the carrying capacity of the stud-
ied tailwaters of the White River system (Elliott
1993b; Armstrong 1997).

Water fertility, indexed as alkalinity and con-
ductivity, was significantly lowest at Beaver. Con-
ductivity and alkalinity are related to the produc-
tion of both invertebrates (Cada et al. 1987; Stick-
ney and Kohler 1990) and fish (Kwak and Waters
1997; Clarke and Scruton 1999). McFadden et al.
(1965) found that in streams of relatively low al-
kalinity, trout produced fewer and smaller eggs,
indicative of lower productivity. Desirable alka-
linity for trout culture has been reported as 80—
200 mg/L (Stickney 1991), with 120—400 mg/L
considered optimum for fish growth (Piper et al.
1982). The average alkalinity at Beaver was lower
(63 mg/L as CaCO,) than the minimum desirable
level and ranks among the lowest concentrations
reported for trout streamsin North America (Kwak
and Waters 1997).

Not only were available invertebrate densities
lowest at Beaver, but the highest significant diet
overlap between sculpins and age-O brown trout
also was found there. Furthermore, the density of
sculpins was significantly highest at Beaver, con-
tributing to an inverse trend between sculpin and
trout density among sites. Our results yield cor-
relative evidence of competition between these
two fish species. However, a shortcoming of this
component of our research is that invertebrates
were only identified to order or family for most
taxa, which is one of the criticisms presented by
Moyle (1977) of studies that examine competition
between these fish groups. Moyle's other two pri-
mary criticisms were that invertebrate abundances
were not determined in previous studies and that
there are differences in feeding modes between
these two species. We estimated invertebrate den-
sities, and the pattern among sites suggests a more
limited food resource at Beaver, where diet overlap
was highest between sculpins and age-O brown
trout. Moreover, age-O trout are more dependent
on bottom faunathan are older juveniles and adults
(Bachman 1984; Grant and Noakes 1987), so that
there is a greater likelihood of food competition
with sculpins (Koster 1937). Furthermore, Moyle
(1977) suggested that competition between these
fish groups may occur under conditions of over-
exploitation or environmental disturbance, which
may be the case at Beaver. As afinal point, these
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results are an indication that competition is oc-
curring and suggest that a more rigorous exami-
nation of competition between Ozark sculpins and
brown trout may be worthwhile.

We did not observe predation by sculpins on
age-0 brown trout or brown trout eggs. However,
others have documented scul pin predation on trout
(Phillips and Claire 1966; Gaudin and Caillere
2000) and trout behavioral modification in the
presence of sculpins (Bardonnet and Heland 1994;
Roussel and Bardonnet 1999; Gaudin and Caillere
2000). Typically, sculpin predation on trout has
been documented under artificial conditions, such
as those associated with traps and aquaria; in
stream environments, the presence of eggs or age-
0 trout in the sculpin diet occurs on an infrequent
basis (Moyle 1977).

Density-dependent growth was not detected in
this study, athough density-dependent growth
(Mortensen 1977b; Backiel and Le Cren 1978;
Grant and Kramer 1990; Titus 1990) and mortality
(Chapman 1966; Mortensen 1977a, 1977b; Backiel
and Le Cren 1978; Elliott 1984, 1994) have often
been documented for salmonids. The apparent ab-
sence of density-dependent growth in our study
may be due to the difficulty of detecting it via
observational data (Jenkinset al. 1999). Also, age-
0 brown trout in the White River system may not
be present in densities high enough to cause den-
sity-dependent mortality (Knapp et al. 1998).

In summary, differences in trophic conditions
among sites were detected that likely contributed
to the lower reproductive success of brown trout
at Beaver. The proximate causes of reproductive
failure at Beaver were the lower condition of adult
female trout, fewer and smaller eggs, lower age-
0 trout densities, lower food base availability, and
possible competition with scul pinsvia higher scul-
pin densities and greater diet overlap. However,
the ultimate cause of poor reproductive success at
Beaver may be lower water fertility and lower pro-
ductive capacity for the present trout densities.
Other possible proximate factors that were ruled
out as substantial contributors to varied reproduc-
tive success were brown trout spawning micro-
habitat, age-0 trout microhabitat, and predation on
trout eggs or juveniles by sculpins. However, the
amount of microhabitat area available was not
evaluated. The quantities of spawning habitat and
complex microhabitat available to age-0 trout are
important in other systems (Knapp et al. 1998;
Vehanen et al. 2000) and may have contributed to
the observed variation among Ozark tailwaters.
Though logistic constraints prevented us from ex-
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ploring this factor, microhabitat availability may
warrant future study in the White River system.
The concentrations of heavy metals present were
not determined to be a substantial influence, but
it is possible that in combination with the other
stressors occurring at Beaver they negatively af-
fect the trout there.

Management Implications

The lower water fertility at Beaver implies a
reduction of the natural system productive capac-
ity. Although it is difficult to alter water fertility,
managers may be able to manipulate instream hab-
itat features, thereby increasing habitat complexity
to enhance productivity. However, the response to
habitat improvement efforts has varied among sal -
monid populations and species; see Hunt (1988),
Reeves et al. (1991), and Thorn et al. (1997) for
reviews. For example, stream habitat improvement
effortsin one of the large Ozark tailwaters that we
studied (Beaver) failed to increase numbers of
large brown trout but did increase abundances of
rainbow trout and small trout of all species (Quinn
and Kwak 2000). Similarly, instream habitat im-
provement efforts increased overall trout abun-
dancein small, free-flowing Minnesota streams but
did not increase large brown trout abundance
(Thorn et al. 1997). The results of habitat manip-
ulations in Colorado and Washington trout streams
also varied according to fish size and species
(Gowan and Fausch 1996; Cederholm et al. 1997).
Habitat manipulation can increase salmonid
spawning (House and Boehne 1985) and the num-
ber of age-0 salmonids (House and Boehne 1985;
Moore and Gregory 1988). It appears that the type
of habitat modification that will be most beneficial
to trout may need to be assessed separately for
each river (Hunt 1988; Reeves et al. 1991) and
will depend on the specific management goals
(Thorn et al. 1997; Quinn and Kwak 2000).

Another approach to improving production ef-
ficiency and natural reproduction among White
River tailwater reaches is to evaluate and refine
the multispecies trout stocking regime to adjust
for variability in productive capacity among tail-
waters. Aswas found in the L ake Taneycomo Tail-
water (Weiland and Hayward 1997), another White
River tailwater in Missouri, conditions at Beaver
may lead to invertebrate densities that are inade-
quate to support trout growth and reproduction.
Weiland and Hayward (1997) concluded that high
trout stocking rates led to areduced prey base, and
they suggested that stocking reduction or adjust-
ments based on expected angler pressure could
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achieve improvements in rainbow trout growth.
Similarly, adjustmentsin the annual frequency and
timing of stocking, in combination with flow and
habitat management, may facilitate enhancement
of wild brown trout populations in White River
tailwaters of Arkansas. Furthermore, such strate-
gies should be considered for usein other regulated
rivers where there is an interest in improving nat-
ural reproduction, abundance, and quality of wild
trout.
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