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Abstract Some benthic invertebrates in streams make
frequent, short journeys downstream in the water column
(=drifting). In most streams there are larger numbers of
invertebrates in the drift at night than during the day. We
tested the hypothesis that nocturnal drifting is a response
to avoid predation from fish that feed in the water col-
umn during the day. We surveyed diel patterns of drifting
by nymphs of the mayfly Baetis coelestis in several
streams containing (#n=5) and lacking (n=7) populations of
rainbow trout, Oncorhynchus mykiss. Drifting was more
nocturnal in the presence of trout (85% of daily drift oc-
curred at night) than in their absence (50% of daily drift
occurred at night). This shift in periodicity is due to re-
duced daytime drifting in streams with trout, because at
a given nighttime drift density, the daytime drift density
of B. coelestis was lower in streams occupied by trout
than in troutless streams. Large size classes of B. coeles-
tis were underrepresented in the daytime drift in trout
streamns compared to nighttime drift in trout streams, and
to both day and night drift in troutless streams. Differ-
ences in daytime drift density between streams with and
without trout were the result of differences in mayfly
drift behaviour among streams because predation rates
by trout were too low to significantly reduce densities of
drifting B. coelestis. We tested for rapid (over 3 days)
phenotypic responses to trout presence by adding trout in
cages to three of the troutless streams. Nighttime drifting
was unaffected by the addition of trout, but daytime drift
densities were reduced by 28% below cages containing
trout relative to control cages (lacking trout) placed up-
stream. Drift responses were measured 15 m downstream
of the cages suggesting that mayflies detected trout using
chemical cues. Overall, these data support the hypothesis
that infrequent daytime drifting is an avoidance response
to fish that feed in the water column during the day.
Avoidance is more pronounced in large individuals and
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is, at least partially, a phenotypic response mediated by
chemical cues.
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Introduction

Predators have a wide variety of influences on the behav-
iour of their prey (Edmunds 1974). Many diel patterns
in behaviour and activity have been hypothesized to
function as predator avoidance behaviours. Evidence
supporting the predator avoidance hypothesis is, howev-
er, available in relatively few cases (Stein 1979; Sih
1987). Drift dispersal, the downstream transport in the
water column of benthic stream invertebrates, shows a
distinct diel pattern in many streams worldwide (Waters
1972; Miiller 1974). The density of invertebrates in the
water column is usually much higher at night than during
the day. Drifting primarily at night has been hypothe-
sized to be an avoidance response to predatory fish feed-
ing in the water column. These fish, which hunt by sight,
feed most effectively during the day and so are suggested
to have caused selection against daytime drifting (Allan
1978).

One way to test the predator avoidance hypothesis is
to compare prey behaviour in habitats that naturally vary
in predator presence. The predator avoidance hypothesis
predicts (1) that prey should be more nocturnal (a greater
proportion of daily activity occurs at night) in the pres-
ence than in the absence of predators and (2) that this
should be due to reduced daytime activity, rather than in-
creased nighttime activity. Two tests of the first predic-
tion have provided support for the predator avoidance
hypothesis in streams. Malmgvist (1988) found that drift
of the mayfly Baetis rhodani was more nocturnal in a
Madeiran waterway stocked with trout than in a nearby
waterway lacking water-column predators. Flecker
(1992) found that the ratio of night:day drift density of
several mayfly taxa was higher in six Venezuelan



streams containing drift-feeding fishes than in two
streams without fish.

We present a comparison of the drift periodicity of the
mayfly B. coelestis in five temperate streams which con-
tain populations of a predatory trout, Oncorhynchus my-
kiss, and seven similar streams which lacked trout. We
tested whether drift was more nocturnal (a greater pro-
portion of daily drift occurred at night) in trout streams
than in streams lacking trout. We also tested whether any
difference in periodicity between streams with and with-
out trout was due to reduced daytime drifting in trout
streams, or increased nighttime drifting,

A third prediction of the predator avoidance hypothe-
sis is that prey types at greater risk from predators should
show more pronounced avoidance responses. Rainbow
trout, in common with most visually oriented fish that
feed on invertebrates, select large over small prey whilst
feeding during the day (Irvine and Northcote 1983; New-
man and Waters 1984). Increases during ontogeny in the
extent to which drift is concentrated in hours of darkness
have, therefore, been used as support for the predation
risk hypothesis (Allan 1978, 1984; Skinner 1985). We
compared the size distributions of drifting B. coelestis in
streams with and without trout to test the prediction that
changes in drift periodicity in streams with trout (i.e.
more nocturnal drift or reduced daytime drift) should be
more strongly expressed in large mayflies.

Behaviours that evolved because they result in the
avoidance of predation may be regulated by cues pro-
duced by predators, so that prey adjust their behaviour
according to short-term changes in predator density
(=phenotypic plasticity). Alternatively, they may be reg-
ulated by other cues that correlate with the degree of pre-
dation risk (=fixed, sensu Stein 1979). Short-term ma-
nipulations of predator density should not result in
changes in fixed prey behaviours. Distinguishing be-
tween these alternatives is of interest because fixed
avoidance responses are hard to identify (Sih 1987), and
most studies of predator avoidance deal with plastic re-
sponses (Stein 1979; Dill 1987; Lima and Dill 1990).

Evidence that drift periodicity is influenced by light
cues (Miiller 1974) has led to the suggestion that drifting
primarily at night is a fixed avoidance response (Allan
1978; Flecker 1992). Most past studies testing for plastic
responses to water-column predators have involved re-
moving fish from small areas in streams where they were
present (Williams 1990; Flecker 1992; Forrester 1992, in
press). Such experiments cannot distinguish fixed from
plastic responses if invertebrates respond to fish using
chemical cues, because invertebrates in removal areas
may still be receiving cues from areas upstream of the
removal. Laboratory studies (Williams and Moore 1985,
1989) and a field experiment where trout were added to
fishless streams (Andersen etal. 1993) have, in fact,
demonstrated that gammarid amphipods alter their drift
activity in response to chemicals from trout. We there-
fore tested for phenotypically plastic responses to preda-
tory fish by adding trout to streams previously lacking
these fish. We caged the trout, and measured drift several
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meters downstream of the cages to test for responses to
chemical cues released by the trout. A decrease in day-
time drifting following the addition of trout would sup-
port the hypothesis that nocturnal drift is a plastic re-
sponse to predatory fish mediated by chemical cues.

Methods

Study areas and study organisms

The 12 streams used for the study were all small second- and
third-order coastal streams located in southern Santa Barbara
County, California, United States (34° 30" N, 119° 45" W) (Fig. 1).
The streams flow through a mixture of natural chaparral, suburban
residential areas, and orchards and agricultural fields. All streams
were ‘'of moderate gradient (2-5%) with substrata composed of
boulders, cobbles and gravel. Five of the streams contained self-
sustaining populations of rainbow trout (Oncorhynchus mykiss),
which is native to this area. California roach (Hesperoleucas sym-
metricus) were observed in two of the trout streams (Manzana and
Davey Brown) and three-spined sticklebacks (Gasterosteus acu-
leatus) were observed in a third trout stream (Gaviota). The seven
other streams lacked trout, or any other fish.

The history of trout presence in the streams and the reasons for
their absence in some streams are difficult to establish. The
streams with and without trout were interspersed geographically
(Fig. 1), and did not differ systematically in most physical, chemi-
cal or hydrographic conditions (Table 1). Some of the streams
lacking trout, however, tend to be more susceptible to drying dur-
ing periods of severe drought, which may explain why trout were
not present (e.g. Cold Springs, Oso, Rattlesnake, Refugio).

Mayflies of the genus Baetis were present in all 12 streams.
All of the mature nymphs identified were Baetis coelestis (=Baetis
sp. A in Morihara and McCafferty 1979), suggesting that this was
the most common species in the streams, though other rarer spe-
cies were probably present. Baetis nymphs are common grazers of
microalgae and fine organic matter in stony bottomed streams.
Baetis in the study streams are multivoltine, passing through sev-
eral generations per year. The nymphs are among the most com-
mon stream insects in the drift, and are also common prey of trout,
making them especially good subjects for testing the predator
avoidance hypothesis. Rainbow trout are predominantly diurnal
predators, feeding heavily on drifting invertebrates, although
nighttime feeding and feeding on benthic organisms sometimes
occur (Jenkins etal. 1970; Elliott 1973; Angradi and Griffith
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Fig. 1 Map of study sites, showing University of California cam-
pus (UCSB). Numbers for streams correspond to those in Table 1
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Table 1 Characteristics of stu-

dy streams Trout Elevation  Discharge pH  Canopy Temp.
biomass
(g/m?) (m) (m’fs) (%) )
Streams containing trout
1. Davey Brown 5.11 630 0.03 82 25 17.0
2. Gaviota 8.46 40 0.09 8.4 5 15.6
3. Gobernador 0.15 100 0.05 84 50 20.0
4. Manzana 0.57 550 0.05 8.1 50 17.5
5. San Jose 3.32 300 0.03 82 85 15.3
Streams lacking trout
6. Cold Springs* 0 230 0.09 83 & 171
7. Mission* 0 130 0.06 83 65 18.1
8. Oso 0 330 0.05 8.2 5 204
9. Paradise 0 320 0.01 83 20 17.4
10. Rattlesnake® 0 280 0.02 83 75 18.1
11. Refugio 0 160 0.03 81 90 15.5
2Sites for trout addition experi-  12. San Ysidro 0 150 0.02 84 65 18.3

ment

1990). Baeris nymphs form a significant percentage (mean=29%,
n=22) of the trout’s daytime diet in the study streams (S.D. Cooper
and P.L. Douglas, unpublished data).

Survey of drift periodicity in streams with and without trout

We sampled drift of B. coelestis in each of the streams between 8
April and 30 Tuly 1992. Drift was sampled using a single net
(mouth width=1.13 m, mouth height=0.27 m, net length=1m,
mesh size=0.18 mm) which was placed in each stream for one
continuous 24-h period. The net sampled from dawn to dusk
(=day), was emptied, and then sampled from dusk to dawn
(=night). We measured both current velocity (using a Marsh-Mc-
Birney current meter) and water depth one-quarter, one-half, and
three-quarters of the way across the mouth of the net at the start
and finish of each day and night sample. Discharge was calculated
as the water depth multiplied by the width of the net and current
velocity. Discharge measurements at the beginning and end of a
sample were averaged when calculating drift density. Reduction of
filtering efficiency due to clogging was slight (mean reduction in
discharge through the net during sampling=8%16% SE). At the
end of each day and night sample the contents of the drift net were
placed into a pan containing stream water. Subsamples were re-
moved, and counted in smaller pans, until all B. coelestis were
counted. Samples were then preserved in 70% alcohol.

We used the discharge measurements and counts of B. coelestis
to calculate a daytime and nighttime drift density (number/m?) of
B. coelestis for each stream. We also calculated the ratio of night-
time to total (day+night) drift density for each stream as a measure
of the extent to which drift was nocturnal. This ratio ranges from 0
(all drift occurs during the day) to 1 (all drift occurs at night).
Some of the streams were sampled on two dates (four trout
streams and two troutless streams) to test for differences in drift
periodicity at different moon phases. No systematic differences
were apparent, so average values for each stream were used in
analyses. The remaining six streams were sampled on only one
date. Effects of trout on the extent to which drift was nocturnal
were tested using an independent-samples -test. Prior to this and
all subsequent analyses we checked data for assumptions of nor-
mality (using normal probability plots of the residuals) and hetero-
scedasticity (using Bartlett’s test and plots of cell means versus
residuals). Data were transformed to meet the assumption of the
analyses when required.

To test whether differences in drift periodicity between streams
with and without trout were size-specific we measured drifting
mayflies from all seven of the streams lacking trout and four of the
streams containing trout. Preserved mayflies were viewed under a
dissecting microscope and the maximum distance across the eyes

was measured using an ocular micrometer. In most cases we mea-
sured 50 mayflies from the day sample and 50 from the night sam-
ple in each stream; however, fewer mayflies were measured from
some streams when fewer than 50 individuals were captured
(mean=38.5+3.4 SE).

The predator avoidance hypothesis predicts that daytime and
nighttime size distributions should not differ in streams without
trout, but that large mayflies should be underrepresented in the
daytime drift in trout streams. For each stream, we tested whether
the daytime and nighttime size distributions were significantly dif-
ferent using a Kolmogorov-Smirnov test. We then combined the
individual test probabilities from the four trout streams to provide
an overall test of the hypothesis that day and night size distribu-
tions did not differ (using Fisher’s method; Sokal and Rohlf 1981).
We repeated this procedure for the streams without trout.

To estimate whether any differences in daytime drift rates be-
tween streams with and without trout were due to consumption of
drifting B. coelestis we calculated potential predation rates for the
trout in each stream. We estimated the density of trout in each
stream by electrofishing (using a Smith-Root model XI-A electro-
fisher) after drift sampling was completed. Electrofishing com-
menced at the location of the drift net and continued upstream for
at least 100 m (mean=126 m). The width of the stream was mea-
sured at intervals to calculate the area shocked. We measured the
total length and volume (by water displacement in a graduated cyl-
inder) of each trout captured. Repeated shocking of the same area
in previous studies indicated that virtually all trout are captured, or
at least seen, on the first pass (S.D. Cooper, unpublished data). Us-
ing the relationship between the mass of trout (g) and their volume
(ml) (S. Cooper, unpublished data) we estimated trout density in
each stream (g/m?) as the total mass of captured trout divided by
the area sampled.

Assumptions used when calculating predation rates were delib-
erately biased to overestimate predation rates. We assumed that
the number of B. coelestis caught in the net was influenced by
trout predation within an arbitrary distance (20 m) upstream from
the mouth of a drift net (area influenced=21.6 m2). This is almost
certainly an overestimate since most mayflies caught in the net
probably originated within 2 m of it (Allan and Feifarek 1989, and
references therein). The electrofishing data were used to calculate
the biomass of trout occupying this 21.6-m? area in each stream.
Using published estimates of food consumption rates of rainbow
trout in the field at temperatures similar to those in the study
streams (0.46% of wet body weight per 24 h, from Angradi and
Griffith 1990) we calculated the total prey consumption rate (mg
dry prey wt./h) of trout occupying the 21.6-m? area. We assumed
that drifting B. coelestis made up 50% by mass of the trout’s diets.
This is probably an overestimate because Baetis made up on aver-
age only 29% by number of prey items in the stomachs of trout
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Fig. 2 Diagram of the experimental apparatus for testing effects
of trout addition on drift of Baetis coelestis in three troutless
streams. (T trout addition cage, C control cage, N drift net, B block
net)

sampled from three of the study streams (n=22) (S.D. Cooper, P.L.
Douglas and J. Killian, unpublished data). In addition, Baetis
weigh less than many other common prey types (Meyer 1989).

To assess the potential for trout to deplete the population of
drifting B. coelestis we calculated daytime drift rates in terms of
biomass. We used a regression equation from Meyer (1989) to pre-
dict dry weights of Baetis from their head widths. Daytime drift
rates in terms of biomass (mg/h) were calculated for each stream
as the numeric drift rate (no./h) multiplied by the mean weight of
B. coelestis in the sample.

Experimental addition of trout

To test for rapid alterations of drift behaviour in response to the
presence of trout we introduced trout into three of the troutless
streams (Mission Creek, Rattlesnake Creek and Cold Springs
Creek). The experimental setup is shown in Fig. 2. In each stream
we selected a roughly 30-m long riffle area. Each riffle was split
into two 15-m-long sections. The lower section in each stream was
designated for trout addition, and the upper section was used as a
control (no trout added). We placed a cage (length=30cm,
width=25 cm, height=15 cm) made of plastic mesh (mesh size=3
mm) at the upstream end of each section and a drift net (mouth
width=0.45 m, mouth height=0.30 m, net length=1 m, mesh size
=0.33 mm) at the downstream end of each section. The drift nets
intercepted all of the stream flow. In addition, a block net (mesh
size=0.25 mm) was placed across the upstream end of the control
section to ensure that the drift nets in the control and trout addition
sections were collecting drift from equal lengths of stream.

The nets sampled drift continuously for 5 days. The first 24 h
of drift sampling were done with trout absent from both control
and trout addition sections (=before). Then two trout (mean total
length=22.5 cm), captured from a nearby stream (Cachuma
Creek), were added to each of the downstream cages and sampling
was continued for a further 3 days (=during). Finally the trout
were removed and sampling continued for a final 24 h (=after).
The nets were emptied each day at dawn and dusk to generate
nighttime and daytime estimates of drift density. Procedures for
measuring discharge and counting B. coelestis were identical to
those used in the survey of streams with and without trout.

Effects of trout on (1) daytime and (2) nighttime drift were as-
sessed as the percentage difference in drift density between the
trout addition and control areas (control-trout addition). Percent-
age differences in drift were calculated for each time of day, and
each stream and date. For each stream, we pooled the measure-
ments on different dates to calculate a mean for the three days dur-
ing the trout addition (trout present) and a mean for the days be-
fore and after the manipulation (trout absent). We tested whether
the difference in (1) daytime and (2) nighttime drift between con-
trol and addition sites was greater on the days when trout were
added than on the days before and after using a paired ¢-test (with
streams as replicates, n=3).
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Fig. 3 The proportion of daily drift of B. coelestis which occurred
at night [night/(night+day) drift density] versus trout biomass in
the 12 study streams
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Fig. 4 Nighttime versus daytime drift densities (no, m™) of B. co-
elestis in streams containing rainbow trout and in streams lacking
trout

Results
Survey of drift in streams with and without trout
Drift densities

Our results support the first prediction of the predator
avoidance hypothesis, that prey should be more noctur-
nal in the presence of predators than in their absence. Al-
most all drifting by B. coelestis occurred at night in stre-
ams containing trout (mean percentage of daily drift oc-
curring at night=85%, +7.5% SE, n=5) (Fig. 3), whereas
drift was fairly evenly split between night and day in
streams lacking trout (mean percentage of daily drift oc-
curring at night=50%, £19% SE, n=7) (Fig. 3). This shift
in periodicity was highly significant (¢-test on arcsine
square root transformed data, r=3.89, df=10, one-tailed
P=0.0015). Despite the striking difference in drift peri-
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odicity between streams containing versus lacking trout,
there was no obvious relationship between trout biomass
and the ratio of night to total drift density in streams
where trout were present (Fig. 3).

The slope of the relationship between nighttime and
daytime drift density was similar for streams with and
without trout (ANCOVA, F,=0.004, P=0.95). The ele-
vation of the regression lines was significantly different
(ANCOVA, F1’8=16.1, P=0.004), however, because at a
given level of nighttime drift, daytime drift density was
lower in the streams containing trout than in the streams
lacking these predators (Fig. 4). This provides tentative
support for the second prediction of the predator avoid-
ance hypothesis, that prey should reduce daytime activity
in habitats occupied by predators.

Size distributions

Kolmogorov-Smirnov tests for each stream indicated that
daytime and nighttime size distributions of drifting B.
coelestis were not significantly different in any of the
streams without trout, except Rattlesnake Creek
(P=0.001) (P for other streams all > 0.14, mean P=0.64).
When the test results for individual streams were pooled,
the null hypothesis that daytime and nighttime size dis-
tributions were similar in troutless streams could not be
rejected (¥*=19.8, df=14, P=>0.25). In contrast, the
probabilities of day and night size distributions being
different were consistently low in trout streams (Kol-
mogorov—Smirnov tests, all P<0.16, mean P=0.085).
Combining the test results for the four trout streams sug-
gests that, overall, size distributions of B. coelestis in
trout streams differed between day and night (y*=28.9,
df=8, P=<0.001).

To assess how size-distributions of B. coelestis dif-
fered between streams with and without trout we as-
signed mayflies to one of five equally spaced head-width
classes between 0 and 1 mm. We calculated the propor-
tion of mayflies in each size class to generate a relative
size frequency distribution for each stream and time of
day (Fig. 5). Size distributions under different predation
regimes and times of day appear similar, except that lar-
ge size classes of B. coelestis were underrepresented in
trout streams during the day.

This pattern is confirmed by inspection of a plot of
the difference between day and night in the proportion of
B. coelestis occupying each size class (Fig. 6). There is
littte change between day and night in the size distribu-
tion of B. coelestis drifting in streams without trout. In
trout streams, however, the relative frequency of large
nymphs (0.4-0.6 mm) was lower during the day than at
night, whereas the relative frequency of small nymphs
(0.2-0.4 mm) was higher during daylight than after dark
(Fig. 6). These results support the third prediction of the
predator avoidance hypothesis that large, more vulnera-
ble, nymphs should be more nocturnal than small
nymphs.
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Fig. 5 Size distributions of drifting B. coelestis in streams with
(n=4) and without (n=7) rainbow trout during the day and at night.
Size distributions were generated for each stream at each time of
day. Plotted are mean relative frequencies, with SEs, using streams
as replicates
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Fig. 6 Differences between day and night in the proportion of
drifting B. coelestis occupying different size classes. Plotted are
means and standard errors using streams as replicates



Rates of predation by trout

Mean daytime drift rates of B. coelestis were 1.4 mg per
hour (1.0 SE, #=5) in streams with trout and 5.5 mg per
hour (2.9 SE, n=7) in troutless streams. The mean esti-
mated predation rate on B. coelestis by trout occupying
the 20 m directly upstream of the drift nets was 0.8 mg
per hour (£0.3 SE, n=5). In order to account for the ob-
served difference in drift rate the trout upstream of the
drift net would have to consume on average 4.1 mg B.
coelestis per hour. Our estimates, which were deliberate-
ly biased to be overestimates, suggest that direct preda-
tion by trout could account for only 17% of the reduction
in drift rate in the presence of trout. The difference in
drift periodicity between streams with and without trout
is not, therefore, due simply to consumption of drifting
B. coelestis during the day.

Experimental addition of trout
B. coelestis drifting during the night showed no obvious

responses following the addition of trout to troutless stre-
ams (Fig. 7). The difference in drift density between

——— = during maniputation

teenen = before and after manipulation

50 , Daytime:

Nighttime

% difference in drift density (control - trout addition)

Day

Fig. 7 Responses of B. coelestis to the addition of trout in previ-
ously troutless streams. Plotted are differences in the drift density
of B. coelestis between experimental (trout added—located down-
stream) and control (no trout added-located upstream) areas in
each of three streams. Mean differences, with SEs, are plotted for
tl(lie day before (1), 3 days during (2, 3, 4) and 1 day after (5) trout
addition
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control and trout addition areas was similar on the days
before, during and after the trout were present (paired ¢-
test, 1=0.23, df=2, two-tailed P=0.84). In contrast, day-
time drift densities were slightly, but consistently, de-
pressed below trout addition cages compared to control
cages on the three days when trout were present (mean
depression over all 3 days=28%). This depression of
daytime drift density was not apparent on the day imme-
diately before the trout were added or the day after they
were removed (Fig. 7). The extent to which daytime drift
was reduced below trout addition cages differed signifi-
cantly between days when trout were present to the days
before and after the manipulation (paired #-test, 1=4.53,
df=2, two-tailed P=0.045).

Discussion

Our estimates of potential trout feeding rates allow us to
exclude the possibility that differences in drift periodici-
ty between streams were due to consumption by trout of
B. coelestis drifting during the day. Differences in drift
periodicity between the two sets of streams must, there-
fore, reflect changes in drifting behaviour.

Our results confirmed the first prediction of the pred-
ator avoidance hypothesis, because drifting was more
nocturnal in streams containing fish that feed visually in
the water column than in streams lacking these preda-
tors. Two previous studies testing this prediction report-
ed similar results. Malmgqvist (1988) found predominant-
Iy nocturnal drift of Baetis rhodani in a Madeiran water-
way occupied by trout, whereas the same mayfly drifted
aperiodically in a nearby troutless waterway. This com-
parison was, however, unreplicated making it difficult to
confirm that predator presence caused the difference be-
tween the two sites. Flecker (1992) compared the
night:day drift ratios of several mayfly taxa in eight neo-
tropical streams in the Venezuelan Andes. Drift-feeding
fish were absent from two of the streams at high eleva-
tion, but the biomass and species richness of fish pro-
gressively increased with decreasing altitude in six other
streams. The ratio of night:day drift density of mayflies
increased as predator biomass and richness increased.
Unfortunately, the gradient of predator density among
the streams covaried with a gradient of physical and
chemical conditions (e.g. elevation, temperature), which
raises the possibility that patterns of drift periodicity we-
re caused by other factors covarying with the predation
gradient. The presence and absence of trout in the stre-
ams we surveyed covaried to some extent with the stre-
am’s susceptibility to drying, again raising the possibility
that the patterns we observed were caused by a factor co-
varying with predator presence. We suggest, as did
Flecker (1992), that the differences in physical condi-
tions among the streams are unlikely to affect diel peri-
odicity of drifting. More importantly though, we argue
that the chance of there being a spurious correlation be-
tween drift periodicity and predator presence in all three
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systems is very low. Although the three studies have
weaknesses individually, considered together they pro-
vide convincing support for the predator avoidance hy-
pothesis.

The predator avoidance hypothesis also predicts that
daytime drift should be reduced in the presence of trout,
because trout predation should select against daytime
drifting rather than for nighttime drifting. Our survey
suggested that daytime drift was reduced in streams con-
taining trout because, at a give level of nighttime drift,
daytime drift was lower in trout streams than in streams
lacking trout. This conclusion is made cautiously, how-
ever, because we did not measure benthic densities of B.
coelestis in the streams, and so cannot be certain that the
probability of drifting during the day was different for
mayflies under different predation regimes. Large B. co-
elestis apparently reduced their daytime drifting to a
greater extent than small B. coelestis, providing support
for a third prediction of the predator avoidance hypothe-
sis, that larger, more vulnerable nymphs should show
stronger avoidance of trout. Overall, therefore, our sur-
vey data provide good evidence that drifting primarily at
night is an avoidance response to visual predators in the
water column.

The second issue we sought to address was whether
this avoidance was the result of fixed or phenotypically
plastic behaviours. Demonstration of plastic responses is
relatively simple because prey should respond rapidly to
experimental manipulation of predator presence. For this
reason, most studied examples of predator avoidance re-
sponses are of this type. Fixed responses are difficult to
demonstrate experimentally, because prey do not respond
to the short-term manipulation of predator presence (Sih
1987). Surveys documenting differences in prey behavi-
our under different predation regimes, coupled with lack
of plastic responses to predator manipulation, however,
constitute reasonable evidence for a fixed avoidance re-
sponse (Endler 1986).

Most previous studies testing for plastic responses to
water column predators have removed predators from
small areas in streams occupied by predators (Williams
1990; Flecker 1992; Forrester in press). In some studies,
most (Williams 1990; Forrester in press) or all (Flecker
1992) prey taxa showed no change in drift density fol-
lowing predator removal. Unfortunately these experi-
ments do not exclude the possibility that prey were re-
sponding phenotypically to chemical cues from fish up-
stream of the removal areas. Allan (1982) removed trout
from a long (1.2 km) stretch of stream thus greatly in-
creasing the chance of removing cues indicating the
presence of trout. Trout were, however, not completely
eliminated from the manipulated area (25% of the initial
biomass remained) so invertebrates could still potentially
respond to cues from predators. Flecker (1992) argued
that nocturnal peaks of drifting observed in laboratory
streams where water-column predators were absent (e.g.
Corkum et al. 1977; Ciborowski 1983; Kohler 1985), in-
dicate a fixed diel periodicity of drifting. At least one of
these studies was, however, done using stream water mi-

xed with tap water, so chemical cues from fish may have
been present (Kohler 1985).

We tested for plastic responses by adding caged trout
to troutless streams. Control areas in our troutless
streams can be assumed to be uninfluenced by predators,
so a lack of response to predator addition, coupled with
our survey data, would be good evidence for a fixed avoid-
ance response. We did, however, detect an immediate
(within 24 h) reduction in daytime drift density by B. co-
elestis following trout addition. Our observation of re-
duced daytime drifting in response to trout addition sug-
gests that at least part of the difference in drift periodici-
ty of B. coelestis among streams containing versus lack-
ing trout is caused by a phenotypically plastic response
to trout presence. Interestingly, the type of plastic re-
sponse to trout shown by Baetis in our experiment was
different from responses of Baetis and another mayfly
(Paraleptophlebia) to trout removal in a New Hampshire
stream (Forrester in press). Instead of showing lowered
daytime drift in the presence of trout, these mayflies in-
creased their rate of nighttime drift in areas containing
trout. This suggests that there is variation both within
and among taxa in plastic drift responses to water col-
umn predators. Similar variation is also apparent in the
response of mayflies to other kinds of predators, includ-
ing stoneflies (Peckarsky 1980; Corkum and Pointing
1979; Walton 1980; Malmqvist and Sjostrom 1987; Lan-
caster 1990) and benthic fish (Kohler and McPeek 1989;
Culp et al. 1991).

We suggest that the layout of our experiment (the tr-
out were caged in a small area and the drift nets were 15
m downstream of the cages; Fig. 2) isolated chemical cu-
es as the cause of reduced daytime drifting following tr-
out addition. Mean drift distances of Baetis are usually
less than 2 m (Allan and Feifarek 1989 and references
therein) so it is unlikely that trout influenced the drift net
catches by consuming Baetis, or that Baetis caught in the
drift nets were responding to other cues from trout (e.g.
visual, hydrodynamic or auditory stimuli). Gammarid
amphipods also show reduced drift activity in response
to chemical cues from fishes (Williams and Moore 1985,
1989; Andersson et al. 1986; Andersen et al. 1993).

Our detection of a plastic drift response to trout does
not exclude the possibility that there is also a fixed com-
ponent to the difference in drift periodicity between stre-
ams with and without trout. Studies in other systems
suggest the possibility that avoidance responses to preda-
tors may have both fixed and plastic components. For ex-
ample, intertidal snails from populations varying in the
density of a predatory octopus all showed flexible avoid-
ance of the predator (by moving higher up the shore
when predators were present), but superimposed on this
was a fixed pattern consistent with avoidance; snails
from shores dense with predators positioned themselves
higher on the shore than snails from shores with few oc-
topodes regardless of predator presence (Fawcett 1984).

Light cues have long been known to influence the
timing of activity and drifting in stream insects (Elliott
1965; Miiller 1966; Holt and Waters 1967; Bishop 1969;



Haney et al. 1983). These cues are likely to regulate diel
drift periodicity when nocturnal drifting is a fixed avoid-
ance response to predators. The diel vertical migrations
of zooplankton can be regulated by either light cues,
predator cues, or a combination of the two (Leibold
1990; Dawidowicz et al. 1990; O’Bryan 1991; Ringel-
berg 1991a, b; Neill 1992). Future studies will likely un-
cover a comparable mixture of regulatory mechanisms
for diel drift periodicity.
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