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Stream drift as a consequence of disturbance by invertebrate predators

Field and laboratory experiments

B. Malmgqyist and P. Sjostrom

Department of Ecology, Animal Ecology, University of Lund, Ecology Building, S-223 62 Lund, Sweden

Summary. We carried out an experimental field study in
a Swedish stream in order to determine whether mobile
predators enhance the drift of stream insects. We increased
the density of nymphs of the predaceous perlid stonefly,
Dinocras cephalotes, in an experimental section of a stream
up to densities in another more densely populated part of
the same stream. The drift of several benthic species in-
creased significantly compared to a control section where
D. cephalotes were rare. Experiments carried out in Sep-
tember showed a strongly elevated drift response in nymphs
of the mayfly Baetis rhodani only, whereas May experiments
resulted in increased drift in B. rhodani as well as the amphi-
pod Gammarus pulex, the stonefly Leuctra fusca, chirono-
mids, and the total number of drifting animals. In Sep-
tember, we found that the drift response of Baetis rhodani
to predator disturbance was dependent on the size of mayfly
nymphs; small nymphs appeared in greater numbers in the
drift nets than did large nymphs. A subsequent laboratory
analysis of drift lengths of B. rhodani nymphs supported
the hypothesis that small nymphs travel in the drift for
longer than do large nymphs, particularly in darkness. We
suggest that morphological constraints in vision or swim-
ming performance, or both, cause small nymphs to drift
longer. In May, size-dependent drift was less obvious, prob-
ably because the size of the nymphs was considerably
greater than in September.
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The phenomenon of drift has been extensively studied over
the last 30 years. During that time different schools have
advocated that drift is either a consequence of active entry
of the organisms to the water column (e.g. Chaston 1972),
or a passive phenomenon linked to the eroding powers of
the moving water (Elliott 1967). This controversy is still
unsolved (e.g., Allan et al. 1986). It is clear, however, that
the drift of animals always includes a behavioural compo-
nent (Wiley and Kohler 1984), and that a number of fac-
tors elicit drift; Statzner etal. (1984) list 16 different
factors governing drift. For example, when resources be-
come limiting in populations of growing larvae, drift may
act as a means for dispersal (Waters 1972; Miiller 1974).
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Only rarely have such hypotheses been tested experimen-
tally.

The idea that predators may cause benthic invertebrates
to drift downstream is not new (e.g. Corkum and Clifford
1980; Walton 1980), and several experimental approaches
have been implemented. However, these have been con-
ducted either under extremely high predator densities (Wal-
ton 1980) or with species that have a low propensity to
drift (Keller 1975; Walton 1978). There is presently little
realistic experimental evidence that predators can cause
drift. Corkum and Clifford (1980) noted that large, in con-
trast to small, Baetis tricaudatus Dodds nymphs increased
their drift rate in the presence of the predatory stonefly
Isogenoides elongatus (Hagen) in a simple aquarium system.
Corkum and Pointing (1979) found increased drift of Baetis
vagans McDunnough when the nymphs were exposed to
the stonefly predator Paragnetina media (Walker), and
Malmgqvist (1986) obtained similar results using two species
of Baetis and stonefly predators. Wiley and Kohler (1981),
using a time-lapse cinematographic technique in a field
study, observed that Rhyacophila caused blackfly larvae to
enter the drift. Peckarsky (1980) found that stonefly con-
tacts with baetids, in particular, resulted in evasive behav-
iour, including primarily swimming and drifting. To our
knowledge, the latter two studies are the only ones examin-
ing predator-caused drift in natural or seminatural environ-
ments.

If individuals benefit from adopting a drift behaviour,
the advantage may differ among e.g. size-classes within a
species. Allan (1978, 1984) hypothesized that large insects
should avoid drifting in daytime since they then would be
easy prey for visually hunting predators, notably fish. Small
insects, however, are less in danger from fish predators that
selectively prefer large invertebrate prey (Allan 1978;
Ringler 1979). Consequently, one would expect that selec-
tion for nocturnal drifting behaviour will be greater in large
animals. However, we believe similar effects may also arise
because of morphological constraints associated with body
size, i.e., due to the less well-developed swimming ability
and/or vision of small species, and of young stages.

In this study we observed the response of a natural
benthic community to the experimental addition of a preda-
ceous perlid stonefly, Dinocras cephalotes (Curtis), whose
feeding and behaviour have been documented previously
in field and laboratory investigations (Malmqvist and Sjos-
trém 1980, 1984; Sjostrom 1985a, 1985b). We monitored
changes in drift rates in a control and an experimental sec-



tion of a South Swedish stream both during the day and
the night, and at two different scasons. We paid special
attention to the influence of the predators on the size distri-
bution of drifting Baetis rhodani Pictet, the dominant spe-
cies of mayfly nymph. In order to better understand mecha-
nisms underlying the observed drift patterns of this species
we designed a laboratory experiment to study how the drift
distances of a size-range of B. rhodani nymphs varied fol-
lowing disturbance by the predaceous stonefly.

Materials and methods
i. The field experiment

We conducted the field experiment in a fairly homogeneous
riffle section of the stream Klovabédcken in southern Sweden
(55°08'N, 13°08"E).

We subdivided the experimental area into two parallel
sections, each 2 m wide and 6 m long, using sheet-metal
that was pressed approximately 10 cm into the substrate
and reaching above the water surface. Four weeks prior
to the start of the first experiment, we took quantitative
samples [modified Neill sampler, area: 0.05 m2, N =10] im-
mediately upstream from the experimental sections to ascer-
tain the approximate natural density of Dinocras cephaloies.
The mean density (+S.D.) of D. cephalotes was estimated
as 4.0+8.4 ind/m>. On this occasion we set up the two
drift sampling units (without attaching drift nets); one in
each of the parallel sections’ downstream part. Each unit
consists of an “organ” of 12 tubes (diam. 115 mm) onto
which drift nets are easily attached.

Experiments were run on 23-26 September 1985 and
13-16 May 1986. On each occasion, drift was sampled in
the experimental and control sections for two nights and
two days prior to predator introduction, and again the day
and night after the introduction. In both seasons we trans-
ferred 500 D. cephalotes (size range: 15-23 mm, September;
15-29 mm, May) from an area 2.5 km upstream where the
stonefly densities had been estimated as 57465 ind/m?
(mean +S.D., Neill sampler, 0.05 m?, N=47; Malmqvist
and Sjostrém, unpubl.) on an earlier occasion. We intro-
duced the stonefly nymphs to the experimental section in
the early afternoon of the third day using a mixed implanta-
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tion strategy: some were dropped into the stream upstream
and in the experimental section, others were allowed to
move freely from the stream margin to deeper water, others
again were introduced via coarse-meshed nets held on the
stream bed. We observed that single stoneflies drifted
through the whole section during the introduction. In both
September and May the experimental and control sections
were sampled (Neill sampler, 0.05 m?, N=10) in the morn-
ing following the predator introduction to evaluate the ef-
fectiveness of the introduction.

Each drift net was 50 cm deep and had a mesh width
of 0.20 mm. The drift nets always operated for 60 min. We
measured the current speed in the centre of the aperture
of each net at the beginning and the end of the exposure
time; the mean was used for calculation of the water volume
passing through the individual nets. We collected day drift
between 16°°-17°° h (September), 17°°-18°° h (May), and
night drift between 20°°-21°° h (September, sunset 19°° h),
22302330 h (May, sunset 21°° h) (all times daylight saving
times). Drift tends to peak shortly after nightfall (Allan
and Russek 1985) and we consequently performed our night
drift measurements in the early night. The drift samples
were preserved in 70% alcohol in the field. We sorted the
samples in the laboratory, taking special care not to miss
any of the very small animals. Identification was made to
species level, except for the limnephilids, chironomids, and
oligochaetes. We measured the head width of Baetis rhodani
nymphs to the nearest 0.1 mm using a dissecting microscope
and an ocular micrometer.

Log (x) or log (1 4+ x) transformed data of the drift den-
sities were used in all statistical analyses.

ii. The laboratory experiments

We conducted the experiments in a small circular, white
plastic aquarium (outer diam 120 mm, inner diam 40 mm),
provided with a translucent pebble substratum. Current was
created by compressed air blown from two tubes at opposite
sides of the aquarium. Current speed was approximately
20 cm/s at the outer margin where the speed was highest.
We immersed the aquarium in an outer, transparent water
bath for temperature control (12 4+ 1°) and mounted an infra-
red sensitive video camera vertically over the aquarium and

Table 1. The benthic densities of invertebrates (No. m~?2) in the experimental and control sections on
the day following predator introduction in the two seasons. In all cases N =10 samples each of 0.05 m?

area
Taxon September 1985 May 1986

Control Experiment Control Experiment

b SD x SD b SD x SD
Gammarus pulex 1755 1719 440 399 188 106 154 20
Baetis rhodani 1299 565 579 266 586 446 538 286
Trichoptera 392 162 319 215 180 58 306 220
Dinocras 3 7 19 24 6 10 8 10
Other Plecoptera 120 94 52 34 480 461 757 432
Coleoptera 465 357 133 118 140 76 155 90
Diptera 977 961 384 294 1700 868 988 578
Mollusca 73 210 33 35 7 10 9 14
Others 77 94 34 30 531 335 504 514
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Table 2. Mean drift densities (No. 100 m~3, N=12 for each mean) of some important taxa in the two sections in September 1985.
Day 1 and 2 are prior to, and day 3 follows predator introduction to the experimental section

Taxa Experiment Control

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

x SD X SD x SD % SD X SD x SD
G. pulex 10.3 9.9 8.2 9.0 140 117 13.6 106 12.5 161 177 214
Simuliidae 32 6.1 5.5 6.1 5.7 6.4 83 124 10.7 163 33 53
Chironomidae 166.8 952 1149 585 1123 389 1774 1102 1140 624 127.3 507
L. hippopus 52 153 2.5 5.0 1.4 33 2.0 6.9 0 0 0.7 2.3
Baetis rhodani 2.4 5.8 2.7 52 82 129 103 127 58 105 11.8 169
Others 203 159 157 135 243 219 313 224 16.5 143 176 13.8

Night 1 Night 2 Night 3 Night 1 Night 2 Night 3
G. pulex 503 357 528 394 62.3 380 478 552 644 372 62.3 269
Simuliidae 18.8  16.7 157 149 274 167 355 226 16.5  23.6 192 169
Chironomidae 971.1 431.6 712.0 229.6 792.0 2207 12183 607.3 810.8 2433 755.3 268.6
L. hippopus 51.2 355 234 213 358 313 494 291 354 213 289 208
Baetis rhodani 618 372 433 396 1104 448 633 3841 349 216 458 313
Others 68.1 344 851 398 73.6  359.0 952  68.0 593 394 68.8  40.1

Table 3. Mean drift densities (No. 100 m™3, N=12 for each mean) of some important taxa in the two sections in May 1986. Day
1 and 2 are prior to, and day 3 follows predator introduction to the experimental section

Taxa Experiment Control

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

X SD x SD x SD X SDh x SD % SD
G. pulex 18.7 159 17.8 124 173 149 11.5 53 154 110 8.6 10.7
Baetis rhodani 3.0 7.6 0 0 4.3 7.2 44 438 3.6 4.5 8.3 8.7
Brachyptera risi 0 0 0 0 0 0 0 0 0 0 0 0
Leuctra fusca 2.3 5.5 6.8 7.8 3.9 5.0 7.3 8.5 3.3 6.3 39 7.8
Simuliidae 2.5 5.9 21 3.8 0.6 20 0 0 0.8 2.9 0.9 3.2
Chironomidae 102.5 3741 86.5 359 121.8  46.7 87.6 325 1357 420 1593 69.2
Others 8.7 9.8 39 9.1 5.8 5.5 8.1 17.6 7.4 8.4 4.5 6.8

Night 1 Night 2 Night 3 Night 1 Night 2 Night 3
G. pulex 158 139 142 109 457 178 234 248 224 140 386 299
Baetis rhodani 43 6.2 4.2 5.9 353 251 151 15.3 235 170 38.6 351
Brachyptera risi 11 2.5 2.6 5.1 6.6 7.2 1.7 3.9 6.0 7.0 54 9.2
Leuctra fusca 9.9 8.7 9.7 7.9 326 210 11.7 116 125 1041 213 163
Simuliidae 33 43 4.8 7.2 58 9.7 2.3 41 7.1 8.2 2.8 6.6
Chironomidae 86.9 307 923 38.1 2264 1233 204.8 105.9 186.3  81.0 248.7 164.7
Others 144 128 7.3 59 16.5 160 242 164 132 143 103 150
an infrared light source under the aquarium. Two differ-  Results

ently sized Baeteis rhodani individuals were acclimatized
in the aguarium for 30 min before each trial. We followed
the drift behaviour of the mayfly nymphs on video tape
recordings after the addition of a single Dinocras nymph.
We measured the time in drift, from entry to exiting, with
a stop watch for 5-15 min of observation, yielding approxi-
mately 20 estimates of drift time for each mayfly. We as-
sume that there is a positive relationship between time and
distance drifted. Also, we classified whether or not drift
entry was a result of contact with the predator. In total,
we performed 10 trials in total darkness and 8 trials in
light (250 lux).

The initial survey of the area immediately upstream from
the experimental section that was subsequently used in the
experiments was carried out on 28 August 1985. This survey
revealed that the densities of D. cephalotes were low in this
part of the stream (8 ind/m? and 0 ind/m? immediately up-
stream the control and experimental sections, respectively),
possibly because the substratum was finer and differently
packed from that of the densely populated parts further
upstream.

If all of the introduced stonefly nymphs were to have
stayed within the experimental section, and if we assume



BAETIS RHODANI

120 7 [l DAY/CONTROL
DAY/EXPERIMENT
NIGHT/CONTROL

NIGHT/EXPERIMENT

ul

1

100

00
o
\

NUMBER/100 M®
B8 (o]
O (@]
L j

N
o
1

DAY

Fig. 1. The drift of Baetis rhodani in the two sections during the
September experiment. Day 1 and 2 represent the drift before the
experimental addition of stonefly nymphs (arrow). The vertical
bars indicate one standard error
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Fig. 2. The night drift rate of various taxa, as well as that of all
drifting invertebrates combined in relation to drift on the first
night. First night densities in both control and experimental sec-
tions were set=1. Open dots represent the control section and
filled dots the experimental section, arrows indicate predator intro-
duction. ns=non-significant (P>0.05), *=P<0.05, **=P<0.01,
*#¥% = P<0.001. Comparisons of nights 2 and 3 vs night 1 were
made using t-tests, and the significance levels for these comparisons
are denoted in the graph between night 1 and 2, and 2 and 3,
respectively
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Fig. 3. The day drift rate of various taxa and all drifting inverte-
brates combined in relation to drift on the first day. Symbols as
in Fig. 2

that the quantitative sampling gives an absolute estimate
of density, we would expect to find 40 D. cephalotes nymphs
per m? at the end of the experiment. The densities per m?
that we did find were 19 (September) and eight (May), re-
spectively (Table 1). While these densities may seem low,
we consider these results acceptable since we observed some
losses during the process of introduction, and since emigra-
tions is likely to have occurred during the many hours of
darkness after the night drift was sampled.

The drift rate in general was considerably higher at night
than during the day for most taxa and this tendency was
stronger in the autumn than in the spring (Tables 2 and
3).

Nighttime drift expressed as numbers 100 m~? did not
show significant differences between the control and experi-
mental sections before the introduction of predators in the
September experiment, except for limnephilids (higher in
control, two-way Anova, F; 4,.=35.99, P<0.05). Following
predator introduction the night drift of Baetis rhodani in-
creased more than twofold compared with the control (re-
peated one-way Anova Fy ,,=17.82, P<0.001; Fig. 1).
There was no significant increase in all taxa combined nor
of any other individual taxon. Daytime drift was not signifi-
cantly different for any taxa between the experimental and
control sections.

In the May experiment the conditions (substrate, cur-
rent speed, etc.) had apparently changed to such a degree
that the drift rates in the experimental part deviated signifi-
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Fig. 4A, B. Head width of drifting Baetis rhodani in the field experi-
ment, before and after predator introduction in the control and
experimental sections in September (A), and May (B)

cantly from those in the control section before the experi-
mental introduction. This was the case for B. rhodani (two-
way Anova, Fj 4,=14.98, P<0.001), chironomids (F=
34.51, P<0.001), and all taxa combined (F=37.25, P<
0.001) by night, and for B. rhodani (F=8.47, P<0.01) by
day (Table 3). There were, however, no significant differ-
ences among the different days in the control section or
between the two days preceding introduction in the experi-
mental section. Therefore, it was possible to use data from
the days prior to the introduction in the experimental sec-
tion as controls. Also, we compared control and experimen-
tal sections by setting the drift densities on Day 1 equal
to one and then regarding the relative changes the following
days. On this occasion several taxa [Chironomidae (1=4.24,
P <0.001), Baetis rhodani (t=4.63, P<0.001), Leuctra fusca
L. (t=2.66, P=0.014), Gammarus pulex L. (t=3.85, P=
0.001)], and all taxa combined (¢+=5.11, P<0.001) showed
significantly higher drift in the experimental section at night
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Fig. 5. A The duration of individual drift bouts of Baetis rhodani
nymphs after encounters with Dinocras cephalotes nymphs in light
conditions. The relationship is not significant (N=16, r= —0.46,
P>0.05). B The duration of individual drift bouts of Baetis rhodani
nymphs after encounters with Dinocras cephalotes nymphs in dark-
ness. There is a significant correlation between duration and body
lfength (N=20, r=—0.60, P <0.05)

(Fig. 2). Also in May, the drift rate during the day of the
predator addition did not increase (Fig. 3). The somewhat
irregular patterns of relative drift rates during daytime are
probably an artifact due to low numbers of drifting animals
(Table 3).

In September, the mean ratio between the numbers-
100 m ™3 of Baetis rhodani captured in the drift nets during
the night vs. during the day prior to predator introduction
was 9.51, while this ratio was 4.44 in May (ratios calculated
as the mean ratio of all night drift densities to all day drift
densities, excluding the experimental section on Day 3).
The mean size of B.rhodani (head width +S.D.) was
0.46 mm at night (+0.16) and 0.35 mm (40.11) during the
day in September. In May, the mean head width of the
drifting B. rhodani was larger than in September, and the
difference between day and night was less obvious and re-
versed, viz 1.01 mm (40.22, night) and 1.05 mm (40.21,
day).

Benthic sampling on the morning following the experi-
ment showed that benthic densities differed to some extent
between the control and experimental sections (Table 1).
More important, the densities of Dinocras showed that a
reasonable number had been present during the experimen-
tal period in September. In May, however, few Dinocras
remained in the experimental section when sampling was
performed the following morning.

In the September experiments the addition of predators
resulted in increased drift of small B. rhodani in particular,



while larger nymphs did not increase their drift rate
(Fig. 4A, G-test corrected for continuity; G,4;=29.7, P<
0.001). In May, when small nymphs were rare, the drift
rate increases were unrelated to size in this species (Fig. 4B,
G,q;=2.80, P>0.05).

The laboratory experiments showed that in darkness
small Baetis nymphs drifted longer, on average, than did
larger nymphs in the presence of Dinocras (Fig. 5B). The
same tendency, although not significant, was observed in
the experiments carried out in daylight (Fig. SA). In light
conditions, 80.2% of the observed drift responses (N=177)
took place upon physical contact with the predator and
19.8% were before contact. In darkness, 98.0% of all regis-
tered drift (N =267) was upon contact. The observed differ-
ence between light and dark conditions was highly signifi-
cant (X7, =64.68, P<0.001). Not all of the observed reac-
tions in B. rhodani were expressed as drift behaviour. In
20% of the evasive responses (light: 19.7%, darkness:
20.1%) the mayfly nymphs did not drift but moved locally
only, either by some rapid steps to the side or, more rarely,
by a small jump. The relative frequency of local movements
was unrelated to the size of the mayflies.

Discussion

In relation to other factors that influence drift entry preda-
tor disturbance may have been underestimated previously
(cf. Peckarsky 1980). Laboratory experiments have shown
that up to 72% of the drift of Baetis rhodani may be caused
by hunting Dinocras cephalotes (Malmqvist 1986) and we
observed approximately 60-90% increases in drift rate in
the present field experiment.

There are inherent difficulties in replicating field experi-
ments (Hurlbert 1984), which are applicable also to our
approach. Field experiments are costly to carry out, and
identical conditions are never met in different samples, nei-
ther in time nor space. Despite these constraints the results
of our field and laboratory experiments are consistent with
the hypothesis that predator-induced drift is a real and im-
portant phenomenon for certain prey taxa.

Predators may cause either an increase or a decrease
in prey activity depending upon whether the contact be-
tween the predator and prey is direct or indirect. For exam-
ple, a lowered rate of movement can be viewed as a second-
ary defence (sensu Edmunds 1974) against predation, lower-
ing the likelihood of encountering a predator (Stein and
Magnuson 1976; Sih 1984; Andersson et al. 1986; Malm-
qvist, unpublished work). In addition, low prey mobility
will draw less attention from visual predators. Dinocras ce-
phalotes is a strictly nocturnal predator, inactive by day,
relying predominantly on tactile cues for prey detection
(Sjostrom 1985b). The behavioural data reported here sug-
gest that prey drift following direct predator-prey contacts
were the mechanism underlying the observed pattern of
nocturnal drift increase with predator addition. These data
further suggest that nocturnal drift reflects an increased
feeding activity of Dinocras. None of the different prey taxa
showed reduced drift activity in this study, supporting that
drift was the major response. We do not believe that indirect
contacts, for example chemical cues caused the observed
increase of the nighttime drift. In a laboratory study,
Malmgqvist (1986) found an increased nighttime drift of
B. rhodani when exposed to free D. cephalotes, whereas con-
strained predators had no significant influence on the drift
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of the mayfly. This is in accordance with the results of
the present laboratory study, in which we found that almost
all (98%) of the drift entries of B. rhodani were elicited
upon direct contact.

Agile species, that escape by swimming, such as baetid
mayflies and Gammarus pulex, would be expected to redis-
tribute at a high rate, while prey species that run on the
substrate (e.g. heptageniid mayflies, Peckarsky 1982), spe-
cies that are protected by cases (e.g. caddis larvae, Otto
Svensson 1980), or those that are in some other way safe
from hunting stonefly nymphs (e.g. beetles, Malmqvist and
Sjéstrom 1984) would be comparatively rarer in the drift.
This prediction was largely confirmed. We did, however,
expect blackfly larvae to drift in response to the increased
number of hunting predators. It is possible that the simuliid
density was too low to detect a pattern (Tables 2 and 3).
Alternatively, the blackflies might drift but use their anchor
threads to return to their original site instead of drifting
into the nets (D.D. Hart, unpublished work, cf. Wotton
1986).

Allan (1978, 1984) suggested that small insects face less
risk of being preyed upon by fish than do large insects.
This relative risk should be reflected in their drift rates,
so that small insects would drift at any time of the day,
while large ones would occur in the drift mainly at night.
Support for this contention has been given by Newman
and Waters (1984), Skinner (1985), and Andersson et al.
(1986). When analysing the diel size composition of drifting
Baetis rhodani nymphs before the introduction of Dinocras
cephalotes, we found that the size distribution in September
was in agreement with Allan’s hypothesis, in that large
nymphs dominated in the night drift. However, upon intro- -
duction of D. cephalotes, the small B. rhodani nymphs in-
creased their drift far more than did large ones (Fig. 4),
suggesting either size-selective encounters by the predator,
or size-dependent escape behaviour by the prey. Our labora-
tory experiment suggested yet another explanation, namely
that small Baetis rhodani experience longer drift bouts be-
cause they have less advanced swimming abilities than large
nymphs. They also have less developed eyes, resulting in
decreased resolution and light sensitivity (Sherk 1978; Sjos-
trom 1985), because of a positive relationship between the
number of ommatidia and body size in hemimetabolous
insects (Sherk 1977; Cloarc 1984, Sjostrom 1985). We ex-
pect such ontogenetic constraints to cause small nymphs
to be relatively less able to detect and settle on suitable
places on the stream bed. Thus, the increase in drift of
small Baetis with Dinocras addition may reflect elevated
drift net catches due to longer drift distances, rather than
increased initiation of drift by contact with stoneflies.

Statzner and Mogel (1985) observed a discrepancy be-
tween the size distribution of Baetis buceratus Eaton indi-
viduals leaving artificial substrates in the field, and that
of individuals caught in drift nets. They presented age-re-
lated differences in drift behaviour, especially disonentation
in darkness, as one likely explanation, another being size~
dependent stress by water current causing greater dislodge-
ment of large larvae. Our laboratory experiments in infrared
light do not support a disorientation hypothesis since the
B. rhodani nymphs did not show any obvious size-depen-
dent differences in behaviour, apart from greater drift
lengths in comparison with light conditions. Due to shallow
depth in the experimental aquarium (1-2 cm), compared
to a natural stream, where the swimming distance needed
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for a drifting animal to resettle might be substantially
greater, the importance of swimming capacity in relation
to vision is likely to have been underestimated.

An investigation by Campbell (1985) showed that the
sinking time of Baetis rhodani was greater for small nymphs
than for large ones, as a result of both physical (dead
nymphs) and behavioural (live nymphs) causes. Among
small nymphs, upward swimming and ‘parachuting’ re-
sulted in long drift bouts. However, Campbell’s observa-
tions were made on animals added to the water surface,
while in our investigation, they were allowed to enter the
drift ‘naturally’. Nevertheless, the same size-dependent
mechanisms might have been operational also in the present
study illustrating the complexity of the drift-settling pro-
cess.

In the laboratory experiments Baetis drifted before con-
tact with the predator in about 20% of the cases in daylight,
while virtually no drift before contact was registered in in-
frared light. Thereby we conclude that vision may play an
important part in the predator detection by Baetis and that
the sight of an approaching predator may cause the mayflies
to drift. Moving an object over the water surface elicited
extensive drift of B.rhodani in a shallow, fast-flowing
stream (Malmqvist, unpublished work). Sjostrém (1985b)
also presented evidence for visual detection of hunting Din-
ocras cephalotes by Baetis rhodani.

In conclusion, the field experiment demonstrated clear
differences in drift activity between the experimental and
control sections following predator introduction. As it was
impossible to make true replicates we cannot statistically
ascribe these differences to the introduction of Dinocras.
However, because the results from the two field experiments
and the laboratory experiment are all consistent we feel
confident in our conclusion that the downstream drift of
benthic invertebrates in streams is, to some extent, governed
by the disturbance caused by hunting stonefly nymphs.
Some species that comprise agile components of the ben-
thos, e.g. Baetis rhodani, are especially prone to drift away
under such circumstances. From this study, it is clear that
the patterns of drift are further complicated by different
responses among instars and their seasonal occurrence. The
reasons for drift are certainly numerous, and the mechanism
proposed here is only one possible cause of drift, distur-
bance by predator is probably important wherever perlid
stoneflies, or other similarly mobile predators, e.g. perlodid
stoneflies, are relatively abundant.

Acknowledgements. We thank David Allan, David Hart, Lee Anne
Martinez, and Barbara Peckarsky for constructive criticism on an
earlier version of the manuscript, Steffi Douwes and Eva Karlsson
for making the illustrations, and the Swedish Natural Science Re-
search Council for financial support.

References

Allan JD (1978) Trout predation and the size composition of
stream drift. Limnol Oceanogr 23:1231-1237

Allan JD (1984) The size composition of invertebrate drift in a
Rocky Mountain stream. Oikos 43:68-76

Allan JD, Russek E (1985) The quantification of stream drift. Can
J Fish Aquatic Sci 42:210-215

Allan JD, Flecker AS, McClintock NL (1986) Diel epibenthic activ-
ity in mayfly nymphs, and its noncordance with behavioral
drift. Limnol Oceanogr 31:1057-1065

Andersson KA, Bronmark C, Herrmann J, Malmgvist B, Otto
C, Sjostrom P (1986) Presence of sculpins (Cottus gobio) reduces

drift and activity of Gammarus pulex (Amphipoda). Hydrobio-
logia 133:209-215

Campbell RNB (1985) Comparison of the drift of live and dead
Baetis nymphs in a weakening water current. Hydrobiologia
126:229-236

Chaston 1 (1972) Non-catastrophic invertebrate drift in lotic sys-
tems. In: Clarke I, Wootton RJ (eds) Essays in hydrobiology.
Univ Exeter Press, pp 33-51

Cloarec A (1984) Development of the compound eyes of the water
stick insect, Ranatra linearis. Physiol Entomol 9:253-262

Corkum LD, Clifford HF (1980) The importance of species associ-
ations and substrate types to behavioural drift. In: Flannagan
JE, Marshall KE (eds) Advances in Ephemeroptera Biology.
Plenum, New York, pp 331-341

Corkum LD, Pointing PJ (1979) Nymphal development of Baetis
vagans McDunnough (Ephemeroptera: Baetidae) and drift ha-
bits of large nymphs. Can J Zool 57:2348-2354

Edmunds M (1974) Defence in animals. A survey of anti-predator
defences. Longman Group Ltd, New York

Elliott JM (1967) Invertebrate drift in a Dartmoor stream. Arch
Hydrobiol 63:202-237

Hurlbert SH (1984) Pseudoreplication and the design of ecological
field experiments. Ecol Monogr 54:187-211

Keller A (1975) Die Drift und ihre 6kologische Bedeutung. Experi-
mentelle Untersuchungen an Ecdyonurus venosus (Fabr.) in
einem FlieBwassermodell. Schweiz Z Hydrol 37:295-331

Malmgqvist B (1986) Drift of mayflies in response to disturbance
by predacious stonefly nymphs. Proc 3rd Europ Congr Ento-
mology, Nederlandse Entomologische Vereiniging, Amster-
dam, pp 107-110

Malmqvist B, Sjostrém P (1980) Prey size and feeding patterns
in Dinocras cephalotes (Plecoptera). Oikos 35:311-316

Malmgqvist B, Sjéstrom P (1984) The microdistribution of some
lotic insect predators in relation to their prey and to abiotic
factors. Freshwat Biol 14:649-656

Miiller K (1974) Stream drift as a chronobiological phenomenon
in running water ecosystems. Ann Rev Ecol Syst 5:309-323

Newman RM, Waters TF (1984) Size-selective predation on Gam-
marus pseudolimnaeus by trout and sculpins. Ecology
65:1535-1545

Otto C, Svensson BS (1980) The significance of case material selec-
tion for the survival of caddis larvae. J Anim Ecol 49:855-
865

Peckarsky BL (1980) Predator-prey interactions between stoneflies
and mayflies: behavioural observations. Ecology 61:932-943

Peckarsky BL (1982) Aquatic predator-prey relations. BioScience
32:261-266

Ringler NH (1979) Selective fish predation by drift-feeding brown
trout (Salmo trutta). J Fish Res Bd Can 36:392-403

Sih A (1984) The behavioral response race between predators and
prey. Am Nat 123:143-150

Sj6strom P (1985a) Territoriality in nymphs of Dinocras cephalotes
(Plecoptera). Oikos 45:353-357

Sjostrom P (1985b) Hunting behaviour of the perlid stonefly
nymph Dinocras cephalotes (Plecoptera) under two different
light conditions. Anim Behav 33:534-540

Skinner WD (1985) Night-day drift patterns and the size of larvae
of two aquatic insects. Hydrobiologia 124:283-285

Statzner B, Mogel R (1985) An example showing that drift net
catches of stream mayflies (Baetis spp., Ephemeroptera, In-
secta) do not increase during periods of higher substrate surface
densities of the larvae. Verh Internat Verein Limnol
22:3238-3243

Statzner B, Dejoux C, Elouard J-M (1984) Field experiments on
the relationship between drift and benthic densities of aquatic
insects in tropical streams (Ivory Coast). Revue Hydrobiolique
Tropical 17:319-334

Stein RA, Magnuson JJ (1976) Behavioral response of crayfish
to a fish predator. Ecology 57:751-761

Walton EO (1978) Substrate attachment by drifting aquatic insect
larvae. Ecology 59:1023-1030



Walton EO (1980) Invertebrate drift from predator — prey associa-
tions. Ecology 61:1486-1497

Waters TF (1972) The drift of stream insects. Ann Rev Entomol
17:253-272

Wiley MJ, Kohler SL (1981) An assessment of biological interac-
tions in an epilithic stream community using time-lapse cinema-
tography. Hydrobiologia 78:183-188

Wiley MJ, Kohler SL (1984) Behavioral adaptations of aquatic

403

insects. In: Resh VH, Rosenberg DM (eds) The ecology of
aquatic insects. Praeger, New York, pp 101-133

Wotton RS (1986) The use of silk life-lines by larvae of Simulium
noelleri (Diptera). Aquatic Insects 8:255-261

Received June 15, 1987



