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Temper ature-Dependent Interactions between Juvenile
Steelhead and Sacramento Pikeminnow in Laboratory Streams
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Abstract.—We examined the temperature dependence of interactions between juvenile steelhead
Oncorhynchus mykiss and juvenile Sacramento pikeminnow Ptychocheilus grandis in laboratory
streams. Growth of dominant steelhead in water 20—23°C was reduced by more than 50% in trials
with Sacramento pikeminnow compared with trials with steelhead alone. Comparison of the two-
species treatment with one with an equal density of fish comprised of steelhead alone indicated
that the per capita effect of Sacramento pikeminnow was similar to the intraspecific effect of
steelhead in water 20-23°C. In contrast, the growth of dominant steelhead in water 15-18°C was
unaffected by Sacramento pikeminnow. The temperature-dependence of the effect of Sacramento
pikeminnow on dominant steelhead was also reflected in the size of the area defended by steelhead
and in the behavior of Sacramento pikeminnow under the two thermal regimes. Compared with
all other treatment combinations, dominant steelhead defended the smallest areas when accom-
panied by Sacramento pikeminnow in warm water. Behavioral interactions with steelhead initiated
by Sacramento pikeminnow were about 50 times more frequent in warm water. For the growth of
subdominant steelhead, the effect of intraspecific competition exceeded the interspecific effect of
Sacramento pikeminnow regardless of water temperature. While thermal regime affects the dis-
tributions of these two species, this experiment suggests that it also affects the outcome of com-

petition between them.

Habitat alteration and exotic species are com-
mon challenges to the viability of native fresh-
water fishes (e.g., Moyle and Williams 1990). In
many instances, these two factors can interact to
affect native taxa. Although habitat alterations
may allow establishment of introduced species in
some systems (Moyle and Light 1996a, 1996b) or
enhance the population sizes of introduced species
in others, such changes may also enhance the per
capita negative effects of introduced species on
native taxa. For example, habitat alterations lead-
ing to increases in water temperature may expand
the range or population size of introduced warm-
water fishes and also increase their predation rates
or competitive effects on native species with pref-
erences for cool water. The effects of higher tem-
perature on energetics and, thus, on predation rates
are fairly clear (e.g., Hartman and Brandt 1995),
and several studies illustrate that competitive in-
teractions among fishes also can be sensitive to
temperature (Baltz et al. 1982; Cunjak and Green
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1986; Reeves et al. 1987; De Staso and Rahel
1994; Taniguchi et al. 1998).

Like many drainages worldwide, the Eel River
in northwestern California has experienced habitat
alterations, species introductions, and declines in
native fish populations. Over the last 60 years,
reductions in riparian vegetation along many
streams have caused increases in maximum stream
temperatures. At least 16 fish species have been
introduced in the drainage, and 8 of these have
established stable populations (Brown and Moyle
1997). Since the 1940s, populations of native spe-
cies, including steelhead Oncorhynchus mykiss,
chinook salmon O. tshawytscha, coho salmon O.
kisutch, and anadromous cutthroat trout O. clarki
clarki, have declined considerably, whereas pink
salmon O. gorbuscha and chum salmon O. keta are
probably extinct in the Eel River (Brown and Moy-
le 1997). At least 10 of the 14 native fishes are
extinct, rare, or in decline (Brown and Moyle
1997).

One of the most abundant introduced speciesin
the Eel River is the Sacramento pikeminnow
Ptychocheilus grandis, a large cyprinid native to
the nearby Sacramento—San Joaquin drainage. The
species appears well adapted to conditions in the
Eel River; it has dispersed throughout most of the
drainage since its introduction around 1979
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(Brown and Moyle 1997). Studies of biotic inter-
actions involving Sacramento pikeminnow have
focused on predation. For example, an experiment
by White and Harvey (2001) suggested that Sac-
ramento pikeminnow have significantly increased
predation risk for native sculpins Cottus spp. in
the Eel drainage. Brown and Moyle (1991) and
Brown and Brasher (1995) observed changes in
the use of habitat by several Eel River fishes in
the presence of large Sacramento pikeminnow,
which the authors attributed to the threat of pre-
dation by Sacramento pikeminnow. Predation by
northern pikeminnow P. oregonensis has been
studied extensively in the Columbia River system
(e.g., Knutsen and Ward 1999; Zimmerman 1999;
Zimmerman and Ward 1999), and estimates of pre-
dation by northern pikeminnow on salmonids in
that system motivated a large-scale pikeminnow
control program (Beamesderfer et al. 1996).

In contrast to predation by pikeminnow, inter-
specific competition involving pikeminnow is
largely unstudied. However, patterns of resource
use by Sacramento pikeminnow and other stream
fishes, including native fishes in the Eel River, re-
veal the potential for competition. For example,
invertebrates predominate the diets of both juve-
nile steelhead and juvenile Sacramento pikemin-
now. Although Sacramento pikeminnow tolerate
higher water temperatures than steelhead (Cech et
al. 1990), juveniles of the two species commonly
co-occur in many systems, including tributaries of
the Eel River (Harvey et al. 2002). However, if
juvenile steelhead and Sacramento pikeminnow
compete, the outcome may be strongly influenced
by temperature, as it is for competition between
steelhead and another cyprinid, the redside shiner
Richardsonius balteatus (Reeves et al. 1987). In
this paper we describe alaboratory experiment de-
signed to measure the effects of juvenile Sacra-
mento pikeminnow on the growth and stream po-
sition of juvenile steelhead with treatments that
allow measurement of the temperature dependence
of this interaction.

Methods

The experiment was conducted in two labora-
tory streams (Reeves et al. 1983), both divided
into two experimental units about 5.6 m long and
0.8 m wide. Each of the four experimental units
contained a riffle-pool-riffle sequence. Mean
depth was 60 cm in pools and 35 cm in riffles.
Cobbles overlaid about 70% of the stream bottom,
which had a base layer of sand and gravel. Pad-
dlewheels in each stream generated velocities of
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5-15 cm/s. A timer controlled photoperiod, pro-
viding 15-h days and 9-h nights. Light levels
changed over 30 min in morning and evening.
Plexiglas interior walls allowed observation of
fish.

The experiment included two water temperature
regimes cross-classified with three different fish
treatments. Two controlled water temperature
treatments were selected to reflect the summer
range of thermal regimes in most tributaries of the
Eel River where steelhead are found (Harvey et
al. 2002): daily ranges of 15-18°C (cool) and 20—
23°C (warm). The minimum temperature occurred
at 0700 hours and the maximum at 1700 hours.
The fish treatments contained age-1 steelhead (75—
100 mm fork length [FL]) or acombination of age-
1 steelhead and age-1 Sacramento pikeminnow
(also 75-100 mm FL). Thefish treatmentsincluded
(1) eight steelhead equaling a density of 1.8 fish/
m?, which is the upper end of the range of juvenile
steelhead densities observed in Eel River tribu-
taries (high-density steelhead treatment); (2) four
steelhead (low-density steelhead treatment); and
(3) four steelhead and four Sacramento pikemin-
now (two-species treatment). Because individuals
of the two species were very similar in size, pat-
terns of biomass in the three treatments paralleled
the patterns in numerical density.

We estimated the effect of interspecific com-
petition with Sacramento pikeminnow on steel-
head by contrasting the low-density steelhead and
two-species treatments. We compared the effects
of intraspecific and interspecific competition on
steelhead by contrasting the high-density steelhead
and two-species treatments. Trials, each lasting 14
d, were conducted in May, June, and July of 1996,
making a total of 12 trials (3 periods X 4 exper-
imental units) or two replicates of the six treat-
ments (three fish treatments under two thermal re-
gimes). In May the cool- and warm-temperature
streams each received the high-density steelhead
and two-species treatments (1 treatment/unit). In
June the cool- and warm-temperature streams each
received the low-density steelhead and two-species
treatments, and in July the cool- and warm-temper-
ature streams each received the low-density and
high-density steelhead treatments.

Growth, survival, and stream position were
measured in all 12 trials, and aggressive behavior
was measured in 8 of the 12 trials. Growth was
expressed as percent change in weight over each
trial. Stream position was measured as the mean
distance of fish from the upstream end of the ex-
perimental unit. Because fish took 1-2 d to estab-
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lish territories, mean stream position was com-
puted from three observations per day on days 3—
14 of each trial. For growth, survival, and stream
position, the responses of dominant and subdom-
inant steelhead were analyzed separately. In 11
trials, a single dominant steelhead defended the
most upstream feeding position in the experimen-
tal units and behaved more aggressively than sub-
dominant individuals. Mean values for growth and
stream position provided the data from each rep-
licate for the analyses of subdominant steelhead.

Behavioral interactions were quantified in the
last eight trials, including two low-density steel-
head trials at each temperature, one high-density
steelhead trial at each temperature, and one two-
species trial at each temperature. Behavioral ob-
servations were usually made for 15 min three
times per day, beginning on day 3 of the trials or
31-34 times per trial (total of 7.75-8.50 h of ob-
servation). To facilitate observations, only one-
third of an experimental unit was examined during
each observation period. All interactions among
fish in arandomly selected third of an experimental
unit were recorded during each observation period.
Although the observer was visible to fish in the
experimental units, data were recorded only for
fish that appeared undisturbed.

We captured fish used in the experiment from
tributaries of the Eel River by electrofishing, then
held them in laboratory tanksin Arcata, California,
for 16—20 d before transport in aerated tanks to
the artificial streams at the U.S. Department of
Agriculture, Forest Service, Pacific Northwest Re-
search Station in Corvallis, Oregon. The holding
period served to acclimate fish to the water tem-
peratures used in the experiment and to accustom
them to feeding on frozen brine shrimp. Temper-
ature change during acclimation did not exceed
8°C. After being transported to Corvallis, fish were
held in mesh enclosures in the artificial streams
for 20—24 h to acclimate them to laboratory stream
water. This entire procedure was followed for each
of the three trial periods.

To begin the experiment, each fish was weighed
to the nearest 0.01 g with an electronic balance
and its fork length was measured to the nearest
millimeter. To determine weight change and map
the locations of individual fish, each fish was
uniquely marked with a pan jet marker on the cau-
dal fin, anal fin, or dorsal fin. Fish were fed frozen
brine shrimp that entered the stream through holes
in a polyvinyl chloride pipe placed along the sub-
strate in the upstream 3 m of each experimental
unit. Stream water pumped into a headbox melted
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a 450 mL block of ice containing the shrimp and
forced them into the feeder pipe over about 30 min.
Most brine shrimp entered the stream through
holesin the first 1 m of the pipe (similar apparatus
described in Reeves 1988). All treatmentsreceived
the same daily ration, equivalent to about 15% of
the biomass in the high-density steelhead or two-
species treatments. One-third of the daily ration
was given in the morning, one-third at midday,
and one-third in the evening. At the end of each
trial, all surviving fish were collected and weighed.
Because all dominant steelhead survived, the
growth of dominant steelhead was analyzed with
analysis of variance (ANOVA) using temperature
and fish combination as cross-classified factors. We
separately analyzed the two preplanned contrasts.
low-density steelhead versus two-species treatments
and high-density steelhead versus two-species treat-
ments. For subdominant steelhead, mean growth
and survival were both included in a multivariate
ANOVA (MANOVA) using the same factors and
contrasts. Percent survival over the 14-d trial pe-
riods was arcsine-square-root-transformed before
analysis to reduce heterogeneous variances. Dead
fish were excluded from estimates of growth.
Cochran’s test indicated that untransformed
growth data for both dominant and subdominant
steelhead did not violate the assumption of ho-
mogeneity of variance. We also analyzed mean
stream position for dominant and subdominant
steelhead using ANOVA and the same approach
as that used to analyze growth. Data on stream
position did not violate the assumption of ho-
mogeneity of variances. Finally, for Sacramento
pikeminnow we compared mean growth and sur-
vival together in cool versus warm two-species
gtrials using a MANOVA. The mean position of
Sacramento pikeminnow in cool and warm two-
species trials was contrasted with a t-test.

Results

Contrast of the two-species and low-density steel-
head treatments revealed temperature-dependent in-
terspecific effects of Sacramento pikeminnow on
dominant steelhead. In cool water, dominant steel-
head grew similarly in the low-density steelhead and
two-species treatments. In warm water, growth of
dominant steelhead in the low-density steelhead
treatment averaged more than two times the growth
of dominant steelhead in the two-species treatment
(Figure 1; ANOVA of fish treatment X temperature
interaction: F;, 3 = 31.1, P = 0.011, the analyses of
responses by dominant steelhead are based on sev-
en observations rather than eight because two fish
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Ficure 1.—Means (+SE) for growth (% change in
weight) and stream position (meters from the upstream
end of experimental stream units) of dominant juvenile
steelhead in artificial streams under two temperature re-
gimes and three different fish treatments. The low-density
treatment used four steelhead, the high-density treatment
eight steelhead, and the two-species treatment four steel-
head and four Sacramento pikeminnow. The experimental
units were 5.6 m long; a stream position of O represents
the upstream end of a unit.

competed for dominance over one entiretrial). All
dominant steelhead survived. The stream positions
of dominant steelhead in the low-density steelhead
and two-species treatments corresponded with
their patterns of growth in those treatments. Dom-
inant steelhead were positioned 2 m further up-
stream in the two-species treatment in warm water
compared with their positions in the two-species
treatment in cool water and the low-density steel-
head treatments under either thermal regime (Fig-
ure 1; ANOVA of fish treatment X temperature
interaction: Fy 3 = 10.7, P = 0.047). Because dom-
inant steelhead generally maintained positions up-
stream of all other fish, this difference in position
indicates that dominant steelhead were able to de-
fend only a relatively small area in warm water
when Sacramento pikeminnow were present.

The contrast between the high-density and
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two-species treatments indicated that Sacramen-
to pikeminnow and additional steelhead simi-
larly affected the growth of dominant steelhead
in warm water; growth of dominant steelhead
was lower in warm water, independent of species
composition (Figure 1; ANOVA: F; 3 = 13.5, P
= 0.035). In contrast, in warm water Sacramento
pikeminnow affected the stream position of dom-
inant steelhead even more than an equal number
of steelhead; dominant steelhead occupied posi-
tions relatively far upstream in the two-species
treatment in warm water compared with high-den-
sity steelhead treatments and the two-speciestreat-
ment in cool water (Figure 1; ANOVA of fishtreat-
ment X temperature interaction: F, 3 = 25.3, P =
0.015).

For subdominant steelhead, the contrast of the
two-species and low-density steelhead treatments
revealed variable growth and survival within treat-
ments and no detectabl e effects of temperature, the
presence of Sacramento pikeminnow, or their in-
teraction (Figure 2; MANOVA: df =1, 4; all P >
0.26). Subdominant steelhead were on average 0.5
m further upstream in warm water than in cool
water (Figure 2; ANOVA: F,,=5.89, P = 0.094),
but their position was not affected by the presence
of Sacramento pikeminnow (F,, = 0.03, P =
0.878) nor the interaction of fish treatment X tem-
perature (F, , = 1.57, P = 0.299). Growth and
survival of Sacramento pikeminnow were also
independent of temperature (MANOVA: F;, =
3.83, P = 0.190), but the position of Sacramento
pikeminnow averaged 2.7 m further upstream for
trials in warmwater compared with coolwater (t-
test: df = 2, P = 0.061).

The contrast between the high-density steelhead
and two-species treatments reveal ed higher growth
and survival of subdominant steelhead in the pres-
ence of Sacramento pikeminnow than in the pres-
ence of an equal density of steelhead (Figure 2;
MANOVA: F,, = 24.20, P = 0.016), but growth
and survival were independent of temperature
(MANOVA: F,, = 5.22, P = 0.110) and the inter-
action of fish treatment X temperature (MANOVA:
F14 = 0.85, P = 0.420). Subdominant steelhead also
occupied positionsrelatively far upstream in the two-
species treatment in warm water, probably in re-
sponse to the upstream position of dominant steel-
head (Figure 2; ANOVA of interaction of fish treat-
ment X temperature: F; , = 13.8, P = 0.021). How-
ever, thisresult is confounded by the fact that mean
position of subdominant fish in the high-density
steelhead treatments summarizes the position of
seven subdominant steelhead, whereas the two-
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FIGURE 2.—Means (+SE) for growth (% change in
weight) and stream position of subdominant juvenile
steelhead in artificial streams under two temperature re-
gimes and three different fish treatments. Data in pa-
rentheses above the bars for change in weight indicate
mean survival in two replicate trials.

species treatments contained only three subdom-
inant steelhead (except in the two-species trial
where no dominant steelhead was apparent and
only two steelhead were clearly subdominant).
Predictably, growth related to stream position
differed for dominant steelhead and subdominant
steelhead. Dominant steelhead positioned down-
stream grew more than those positioned upstream
(r2 = 0.69, df = 10, P < 0.01). Dominant fish in
favorable conditions (e.g., the two species treat-
ment in cool water) positioned themselves near the
downstream end of the food delivery device. In
contrast, subdominant steelhead positioned farther
upstream fared better than those downstream (r?
= 0.27, df = 11, P = 0.048). Like subdominant
steelhead, Sacramento pikeminnow grew faster in
trials where they were able to maintain upstream
positions (r2 = 0.89, df = 3, P = 0.038). All of
these results are confounded by differencesin wa-
ter temperature, and results for subdominant steel-
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Ficure 3.—Aggressive behavior by steelhead in ar-
tificial streams toward conspecifics and Sacramento pi-
keminnow under two temperature regimes and three dif-
ferent fish treatments. Error bars indicate SEs with N =
2 using means from observations of separate trials. Be-
havioral observations were made on only one replicate
for the two-species and high-density treatments.

head are further confounded by differing numbers
of individuals among treatments.

Inspection of the behavior data also supportsthe
hypothesis that interactions between juvenile
steelhead and Sacramento pikeminnow are sensi-
tive to temperature. Although intraspecific ag-
gressive behavior by steelhead appeared to be sim-
ilar across all treatments, the presence of Sacra-
mento pikeminnow increased the total number of
aggressive acts by steelhead (Figure 3). In the two-
species treatment at both temperatures, steelhead
directed about equal numbers of aggressive acts
(primarily ““nips’ and ‘“‘threat nips” sensu Hart-
man 1965) toward conspecifics and Sacramento
pikeminnow. The overall rate of aggressive be-
havior by steelhead appeared similar in cool and
warm water for the two-speciestreatment. Inwarm
water, however, dominant steelhead performed
most of the aggressive acts toward Sacramento pi-
keminnow, but in cool water subdominant steel-
head performed most of the interspecific aggres-
sive acts. In the upper third of the experimental
units, which was almost always occupied by the
dominant steelhead, steelhead initiated aggressive
acts on Sacramento pikeminnow in warm water at
about twice the rate recorded for cool water. Dom-
inant steelhead were unable to displace Sacramen-
to pikeminnow from the upstream portion of the
experimental units in two-species trials in warm
water, but Sacramento pikeminnow in cool water
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FicurRe 4.—Means of behavioral interactions directed
toward steelhead by Sacramento pikeminnow at two
temperatures in artificial streams.

usually occupied more downstream positions and
thus overlapped more extensively with subdomi-
nant steelhead. On the rare occasions when Sac-
ramento pikeminnow in cool water moved into the
upstream portions of the experimental units, they
usually sought cover and did not feed.

Sacramento pikeminnow interacted with steel-
head about 50 times more often in warm water
compared with cool water (Figure 4). Behavioral
interactions by Sacramento pikeminnow consisted
almost entirely of evictions and parallel displays
(as described by Reeves [1984] for redside shin-
ers). Interactions with steelhead initiated by Sac-
ramento pikeminnow were always associated with
attempts to capture specific prey items, which is
reflected in the distribution of their activity within
the experimental units (Figure 4). Sacramento pike-
minnow did not attempt to exclude other fish from
feeding areas and did not develop dominance hi-
erarchies. Steelhead involved in interactions ini-
tiated by Sacramento pikeminnow would often re-
main close to their previous position and were not
harassed repeatedly.

Discussion

This experiment suggests that juvenile Sacra-
mento pikeminnow have negligible effects on the
growth of dominant juvenile steelhead in water
15-18°C, but the effect of juvenile Sacramento
pikeminnow on the growth of dominant juvenile
steelhead at 20—23°C is about equal to the effect of
additional juvenile steelhead. To our knowledge, pre-
vious research on the temperature-dependence of in-
teractions between stream fishes has not contrasted
interspecific and intraspecific effects. However, our
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results coincide with research suggesting that wa-
ter temperature can influence interactions among
stream fishes (Baltz et al. 1982; Cunjak and Green
1986; Reeves et al. 1987; De Staso and Rahel
1994; Taniguchi et al. 1998). Our results also cor-
respond with previous studies that found no evi-
dence of negative effects of cyprinids on stream
salmonids in water temperatures of 15-18°C or
lower (Symons 1976; Grossman and Boulé 1991).

Sacramento pikeminnow and steel head had sim-
ilar per capita effects on the growth of dominant
juvenile steelhead in warm water, but dominant
steelhead interacted much differently with Sacra-
mento pikeminnow than they did with conspecif-
ics. In all trials, steelhead maintained territories
that they defended against conspecifics; aggressive
interactions among steelhead usually involved the
displacement of the less dominant individual. Sac-
ramento pikeminnow were not territorial and re-
sponded to aggressive acts by steelhead with only
localized movements. The high level of activity
by Sacramento pikeminnow in warm water and
their failure to respect the territories of steelhead
allowed them to compete exploitatively for food
with dominant steelhead. Reeves et al. (1987)
found that another cyprinid, the redside shiner, in-
teracted similarly with steelhead in water 19—
22°C. In response to competition from Sacramento
pikeminnow, dominant steelhead occupied posi-
tions further upstream in the experimental units
than they did in the high-density steelhead treat-
ment. Although this change in position had little
or no energetic cost because of the relatively uni-
form water velocities in the experimental units,
such a change in position in natural streams might
require that steelhead occupy microhabitats with
higher water velocities. This raises the possibility
that the per capita effects of Sacramento pikemin-
now on dominant steelhead in warm water could
exceed intraspecific competition. Depending on
the body sizes of sympatric Sacramento pikemin-
now, steelhead in the Eel River may shift to faster
water in response to competition, increased pre-
dation risk (Brown and Moyle 1991), or both pro-
cesses.

Substantial within-treatment variation and min-
imal replication combined to obscure any effects
of Sacramento pikeminnow on subdominant steel-
head. However, the clear influence of temperature
on the behavior of Sacramento pikeminnow sug-
gests that they are more likely to affect subdom-
inant steelhead in warm water. The relative effect
of intraspecific competition versus interspecific
competition on subdominant steelhead may have
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been overestimated because, the artificial stream
did not allow subdominant fish to emigrate or read-
ily avoid interactions with conspecifics.

We believe the results of this experiment are
relevant to the natural system because the treat-
ments represented temperature regimes commonly
encountered within the range of steelhead in the
Eel drainage and because the natural relative den-
sities of Sacramento pikeminnow in this drainage
often exceed the 1:1 ratio we used in the experi-
ment (Brown and Moyle 1997; B. C. Harvey, un-
published data). Tributaries of the Eel River with
summer water temperatures averaging around 20—
23°C at the warmest time of the year can contain
relatively high densities of juvenile steelhead
(Harvey, unpublished data). Similarly, extensive
longitudinal censuses of a tributary of the South
Umpqua River in southern Oregon revealed rela-
tively high densities of juvenile steelhead in down-
stream reaches where afternoon water tempera-
tures commonly reached 20-22°C (Roper et al.
1994). These field observations are supported by
laboratory studies that have measured substantial
growth of rainbow trout Oncorhynchus mykiss at
22°C and have shown that the warm temperature
treatment in our experiment is substantially lower
than the critical thermal maxima (>28°C) for some
strains of rainbow trout acclimated to warm tem-
peratures (Myrick and Cech 2000). Thus, the warm
temperature treatment in the experiment duplicat-
ed temperatures at which steelhead can achieve
significant densities. However, our observations
may be less germane to interactions between the
species within parts of their native ranges where
stream reaches with water temperatures in the 20—
23°C range may be of less significance to steel head
or rainbow trout.

Although the effects of piscivorous adult pike-
minnow on juvenile salmonids have received sub-
stantial attention, this study suggests that com-
petition between smaller Sacramento pikeminnow
and steelhead also deserves consideration by re-
source managers. The two species may compete
both in large channels inhabited by large (adult)
Sacramento pikeminnow and in smaller streams
rarely occupied by adult pikeminnow. Efforts to
restore cooler thermal regimes to smaller stream
channels may particularly benefit salmonidsin drain-
ages containing Sacramento pikeminnow by reduc-
ing the extent of overlap between the taxa and by
reducing the rates of interspecific competition and
predation on steelhead where overlap does occur.
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