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S U M M A R Y

1. Enclosures were installed in a fishless stream and divided transversely into upstream
and downstream sections. Downstream sections were further divided longitudinally, and
one of the downstream sections in each enclosure was stocked with juvenile coho
salmon (Oncorhynchus kisutch), and the other side was left as a fishless control. Densities
of juvenile coho were then manipulated in upper sections of enclosures to determine the
effect of upstream predation intensity on fish predation effects in downstream sections.
2. Significantly fewer mayflies (primarily Ameletus sp.) were observed grazing on
unglazed ceramic tiles in lower enclosure sections with fish present. There was no
detectable effect of fish density in upstream enclosure sections on the number of
mayflies observed grazing on ceramic tiles in lower sections of the enclosures.
3. There was a significant positive effect of both fish presence and upstream density on
chlorophyll a concentrations on ceramic tiles in lower enclosure sections, but not on
chlorophyll a on natural gravel substratum.
4. Behavioural experiments with mayflies and coho in streamside troughs suggest that
Ameletus sp. responds primarily to mechanical rather than chemical cues from coho parr.

Introduction

One of the distinguishing features of flowing waters movement of organisms between patches (Townsend
& Hildrew, 1976; Townsend, 1989), which is facilitatedis the patchy or heterogeneous nature of the stream

habitat (Pringle et al., 1988; Hildrew & Giller, 1994). by the ability of many aquatic invertebrates to drift in
the water column (Waters, 1972; Kohler, 1985). ThePatches are areas with relatively homogeneous internal

conditions, but different conditions from adjacent areas rate of exchange of individuals between patches may
have a large influence on community structureor patches, leading to discontinuity in habitat at a

hierarchy of spatial scales (Frissel et al., 1986; Statzner, (Townsend, 1989; Frid & Townsend, 1989; Lancaster,
Hildrew & Townsend, 1991), and the outcome ofGore & Resh, 1988; Hawkins et al., 1993). The stream

channel typically consists of discrete patches such as biological processes within a patch may be strongly
influenced by biological process in adjoining patchespools and riffles with different hydraulic and sub-

stratum conditions (Statzner et al., 1988; Church, 1992; when immigration rates are large (Pulliam, 1988;
Cooper, Walde & Peckarsky, 1990).Hawkins et al., 1993). Because aquatic organisms often

have specific habitat preferences or requirements In a review of predation experiments in streams,
Cooper et al. (1990) found that experiments using small(Hynes, 1970), the discontinuous distribution of phys-

ical conditions leads to a discontinuous distribution mesh sizes on predator enclosures were more likely to
reveal predation effects, presumably because smallerof biological conditions and processes. For instance, a

patchy distribution of fish (e.g. presence of fish in pools mesh artificially reduced movement rates of prey into
and out of enclosures. The influence of prey exchangebut not riffles) may also create a patchy distribution of

predation risk for aquatic invertebrates (e.g. Bowlby & (dispersal between patches) on predation effects was
further demonstrated by experimentally manipulatingRoff, 1986). In addition to a high degree of patchiness,

streams are characterized by extremely high rates of mesh size in enclosures (Cooper et al., 1990). Sih &
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Wooster (1994) have subsequently modelled predation responses in mayflies was evaluated in separate experi-
ments in Plexiglas bankside troughs.and exchange rates between stream patches. They

confirmed that high exchange rates can ‘swamp out’
local predation effects, whereas low exchange rates

Materials and methods
intensify them, unless prey alter their dispersal rate
in the presence of predators (e.g. drift out of predator Study site
patches).

Experiments were carried out in Mayfly Creek, aAlthough the source of variation in immigration rate
moderately oligotrophic second-order stream in theconsidered by Cooper et al. (1990) was an experimental
Coastal Western Hemlock biogeoclimatic zone ofartefact of mesh size, it is probable that immigration
British Columbia, Canada. Mayfly Creek is locatedrate between patches varies in the natural stream
60 km north-east of the city of Vancouver in theenvironment, where they might similarly influence
University of British Columbia Malcolm Knappthe expression of predation effects on the benthos.
Research Forest (49°1894099, 122°3294099) at an elevation

Fish predation or foraging activity is one natural factor
of 350 m in the Coast Range mountains. The stream

that may modify exchange rates between patches
flows through second-growth forest with a partially

(Forrester, 1994). Predation on drifting or benthic
open canopy dominated by western red cedar (Thuja

invertebrates may reduce the immigration rate of
plicata Linnaeus), western hemlock (Tsuga heterophylla

invertebrates into downstream areas by direct mortal-
Sargent) and douglas fir (Pseudotsuga menziesii Britton),

ity. Alternatively, foraging by fish may generate visual,
with red alder (Alnus rubra Bongard) and salmonberry

tactile or chemical cues that cause invertebrates to (Rubus spectabilis Pursch) common in the riparian zone.
drift (Culp, Glozier, & Scrimgeour, 1991; Dodson et al., Experiments were performed in the upper fishless
1994; Scrimgeour, Culp & Cash, 1994a; Scrimgeour, reach of Mayfly Creek above a series of cascades
Culp & Wrona, 1994b), effectively increasing immigra- which provide a barrier to fish migration. Experiments
tion rates into downstream patches. Increased drift of were performed during summer baseflow, when min-
aquatic invertebrates as a response to foraging by imum discharge can be as low as 30 l s–1, and wetted
fish has been demonstrated for a variety of lotic width is between 2 and 5 m. The stream gradient
invertebrates (Kohler & McPeek, 1989; Scrimgeour in this reach averages 1%, and the substratum is
et al., 1994a), particularly highly mobile mayfly taxa dominated by gravel, cobble and sand. The stream is
such as Baetis spp. (Forrester, 1994). In either case, cool and rarely exceeds 17.5 °C (Richardson, 1992).
alteration of immigration rates of invertebrates as a
consequence of fish predation in upstream patches

Experimental and sampling designmay influence the expression of predation effects on
the benthos downstream. Fish predation experiment. Three enclosures placed in

This study had two objectives. The first was to test separate reaches were used for the fish predation
whether the abundance of fish upstream (at the pool– experiment. Enclosures were constructed of a wooden
riffle or channel width scale) can influence the strength frame supported by 19 mm diameter concrete reinfor-
of fish predation effects on the benthos downstream. cing rods (iron rebar), with plywood sides embedded
This was evaluated by manipulating the density of in the stream channel and 6.5 mm galvanized steel
coho salmon fry (Oncorhynchus kisutch Walbaum) in mesh across the upstream and downstream ends
experimental enclosures, and monitoring the abund- (Fig. 1). The 6.5 mm mesh opening was large enough
ance of grazing mayflies and their algal resource on to permit free movement of most stream invertebrates,
artificial substrata downstream. The second objective but small enough to retain underyearling coho. Enclos-
was to investigate the mechanisms whereby fish affect ures were 6 m long, 2 m wide and 1 m high, and were
grazing mayflies in the study stream (e.g. direct pre- divided internally into a larger upstream section (the
dation v induced behavioural changes from mechan- upstream patch) and two lower sections (the down-
ical or chemical cues), so as to interpret the generality stream patches; Fig. 1). The upper sections of enclos-
of the observed fish effects. The relative significance ures were in pools and the lower sections were in

slow riffles where current velocity averagedof mechanical v chemical cues in inducing behavioural
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the experiment were collected from the nearby
Allouette River by electrofishing or baited minnow
traps.

To replicate the upstream density treatments, two
sequential trials were run between early June and
early September 1994, with three (unreplicated) treat-
ments in each trial. At the end of the first trial, 8
weeks after fish were stocked, tile and gravel substrata
were removed for invertebrate sampling and chloro-
phyll analysis, and then replaced in enclosures. Upper
fish density treatments were then reassigned to a
different enclosure for the second trial, and fish were
removed from the upper section of each enclosure and
transferred as a group to the upper section of a
different enclosure. Fish in lower enclosure sections
were not exchanged between runs. Tile and gravel
substrata were then resampled for chlorophyll and
invertebrates at the end of the second trial.

Visual counts of mayflies on tiles were made at 2–
3 day intervals throughout the experiment. Enclosures
were carefully approached so as to minimize disturb-
ance of grazing mayflies, and the number of mayflies
observed on tiles in lower enclosure sections with and
without fish was recorded. Night counts were also
made between 00.00 and 04.00 h on five nights during
each sequential trial of the experiment. Mayflies were
observed using a narrow beam torch (flashlight) withFig. 1 Design of experimental enclosures used for the fish

predation experiment (‘clusters’ of gravel not shown). a red light filter. Some mayflies (, 10%) were observed
to react to red light during night observations.
Although exposure to red light may influence the11.3 6 3.1 cm s–1 (range 4–22 cm s–1), sufficient to pre-

vent deposition of fine particulate organic matter on short-term behaviour of mayflies (Heise, 1992), it
probably had little effect on their initial detectionthe substratum. Eight 15 3 15 cm unglazed ceramic

tiles were placed in each lower enclosure section during night counts, and potential biases were similar
across replicates.as artificial substrata for colonization by algae and

invertebrates. Six clusters of five pieces of natural Tiles were sampled at the end of each trial by
carefully lifting them off the stream bottom into astream gravel (3–4 cm diameter) were also placed in

each lower section for colonization by algae. 150 µm mesh net held immediately downstream. Per-
iphyton and invertebrates were rinsed off tiles into aOne of the lower sections of each enclosure was

randomly chosen, and coho parr (mean length 6 SD beaker using a wash bottle. The upper tile surface was
then scrubbed with a brush to remove attached algae.53.3 6 5 mm, mean weight 6 SD 1.68 6 0.46 g) were

stocked at an ambient density of 2 m–2; the other lower The volume of the resultant slurry was recorded
and two replicate 0.8 ml samples were removed forsection remained unstocked as a fishless control. The

upper section of each enclosure section was stocked chlorophyll a analysis using a 1 ml syringe, added to
7.2 ml of 100% acetone to achieve a final concentrationwith coho at one of three randomly assigned densities:

no fish, ambient fish density (2 m–2), and high fish of 90% acetone, and placed on ice in the dark. Chloro-
phyll a concentrations were measured the next daydensity (5.25 m–2). The appropriate ambient fish den-

sity of 2 m–2 was determined by electrofishing reaches using a Turner Designs model 10–005 R fluorometer.
After sampling for chlorophyll, the remaining slurryin nearby streams of similar size and water chemistry

(J.S. Rosenfeld, unpublished data). Coho used during was passed through a 150 µm screen. Invertebrates
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Table 1 Densities (no. m–2) of large (. 5 mm) and small section. Numbers of mayflies on exposed upper sur-
(, 5 mm) Ameletus sp. and Baetis sp. on unglazed ceramic tiles faces of tiles in sections above and below fish were
at final sampling of lower enclosure sections. **Significant at

recorded three times over a 24 h interval before andthe 0.01 level
after fish introduction.

Fish present Fish absent P To test for the effects of mechanical cues from coho
juveniles, the same experimental set-up was used,

Ameletus
except that fish were directly introduced into lower—Large (. 5 mm) 3.1 6 7.1 21.8 6 8.0 0.007**

—Small (, 5 mm) 38.7 6 20.9 41.3 6 53.3 0.87 channel sections containing mayfly nymphs. Small
Baetis (4 3 8 cm) floating canopies were placed in lower
—Large (. 5 mm) 0 19.6 6 20.4 0.001** sections to provide cover for fish. Coho remained
—Small (, 5 mm) 16.4 6 6.7 35.1 6 28.4 0.18

under these shelters swimming slowly to hold posi-
tion, and occasionally moving beyond them to explore
the channel. Fish were introduced into channels in theand detritus retained on the screen were preserved in

5% formalin. Invertebrate samples were later sorted late morning, and mayfly abundance on exposed tile
surfaces in upper control and treated sections wasin the laboratory, identified to genus using Merritt &

Cummins (1984), with the exception of chironomids monitored at roughly 2 h intervals for 12 h following
fish introduction.which were identified to subfamily, and then counted

and measured using a digitizing system (Roff &
Hopcroft, 1986). Chlorophyll a on gravel substrata was

Data analysismeasured by removing individual pieces of gravel
from the stream and extracting them in a known Data were analysed using PC SAS (SAS Institute,
volume of 90% acetone in a 250 ml glass jar. Storage 1989). Effects of fish presence and upstream density
and measurement for chlorophyll on gravel then fol- on visual counts of mayfly abundance on tiles during
lowed the same protocol as for chlorophyll on tiles. the day and night were analysed using repeated
Chlorophyll concentrations were calculated using for- measures ANOVA, with upstream fish density as a
mulae described in Strickland & Parsons (1972). covariate. Count data were (x 1 0.5) transformed to

normalize variance (Sokal & Rohlf, 1981). Effects of
Mayfly behaviour experiments. Ameletus sp. was the most fish presence and upstream density on chlorophyll a
abundant grazing mayfly in the upper reach of Mayfly on tile and gravel were analysed using ANCOVA
Creek, although Baetis sp. was also common (Table 1; with upstream density as the covariate. Numbers of
J.S. Rosenfeld unpublished data). Experiments were mayflies on tiles at final sampling were non-normally
performed with coho parr and Ameletus to distinguish distributed, and were analysed using a Wilcoxon two-
between the effects of chemical and mechanical cues sample test with normal approximation. Fish effects
in modifying Ameletus behaviour. Four 2 m long, 20 cm from the chemical and hydrodynamic cue experiments
wide, 10 cm deep Plexiglas troughs were mounted on were analysed using a repeated measures ANOVA.
the stream bank and fed with water from a header
box to stabilize flow. Channels were divided trans-

Resultsversely into three 40 cm long sections using 0.475 mm
mesh screen to prevent movement of late instar may- Fish predation experiment
flies. Discharge in the channels was µ 1 l s–1, and
current velocity was maintained in the range of 4– Average fish weight in upper and lower enclosure

sections increased by 68% at ambient densities and7 cm s–1.
For the chemical cue experiment, four 7.5 3 15 cm 35% at high densities (upper sections only) over the

course of the experiment; growth rates were consist-unglazed ceramic tiles were placed in the upper and
lower sections of each channel, and a short piece of ently higher in the upper section of enclosures. The

presence of fish in lower enclosure sections signific-PVC pipe was placed in the centre section to provide
cover for fish. Eleven Ameletus nymphs were placed antly reduced (P , 0.01) the number of mayflies

observed on tiles (repeated measures ANOVA; Table 2;in each of the upper and lower channel sections, and
a single coho parr was introduced into each centre see Fig. 2). There was also a significant interaction
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Table 3 Results of analysis of covariance of the effect of
upstream fish density and fish presence on chlorophyl a on tile
and gravel substratum. *Significant at the 0.05 level;
**significant at the 0.01 level

SubstratumSource df SS MS F P

Gravel Fish presence 1 0.08 0.08 0.09 0.78
Upstream fish density 1 0.07 0.07 0.07 0.79
Error 9 8.75 0.97

Tile Fish presence 1 4.96 4.96 14.3 0.004**
Upstream fish density 1 3.32 3.32 9.6 0.013*
Error 9 3.12 0.35

density in upstream sections (ANCOVA; Table 3;
Fig. 3b).

Fig. 2 Mean density (6 1 SD) of mayflies (no. m–2 for all
species combined) observed foraging on tiles in lower Mayfly behaviour experiments
enclosure sections during the day and night in the presence
(fish 1) and absence (fish –) of fish. There was no detectable difference in the number of

mayflies foraging on exposed tile surfaces above and
Table 2 Results of repeated measures analysis of variance of below channel sections containing coho (repeated
the numbers of mayflies (all species combined) observed

measures ANOVA, F1,4 5 0.01, P 5 0.92), althoughgrazing on upper tile surfaces. **Significant at the 0.01 level
mayflies tended to be slightly less abundant in the

Source df SS MS F P lower treatment sections following fish addition
(Fig. 4). In the second behavioural experiment where

Fish presence 1 14.6 14.6 10.6 0.004**
fish were present in the same compartment as mayflies,Upstream density 1 4.3 4.3 3.2 0.09

Time of day 1 0.4 0.4 0.3 0.61 numbers of mayflies on exposed tile surfaces were
Fish presence 3 time of day 1 52.7 52.7 38.4 0.0001** significantly lower relative to fishless control sections
Error 19 26.0 1.4 (repeated measures ANOVA F1,3 5 102.9, P 5 0.01,

Fig. 5).
between fish presence and time of day (day v night);
mayflies were more abundant on tiles in fish exclosures

Discussion
than enclosures during the day, but there was no
difference in mayfly abundance during the night. Although the enclosure experiment demonstrated a

strong effect of fish presence on mayfly activity andThere was no significant effect of upstream fish density
on number of mayflies observed on tiles. density, especially for larger size classes, there was no

detectable effect of upstream fish density on mayflyDensities of large (. 5 mm) nymphs of both
Ameletus sp. and Baetis sp. on tiles at final sampling abundance. The only significant effect of upstream

fish density was on algal biomass on tiles. This sug-were significantly lower in the presence of fish than
in fishless controls (Wilcoxon two-sample test; Table 1), gests that algal biomass may be a more sensitive

indicator of mayfly grazing activity than short-termbut there was no difference between treatments for
smaller (, 5 mm) mayflies. There was no significant behavioural observations or density estimates, pos-

sibly because algal biomass integrates grazing activityeffect of upstream fish density on the abundance of
either size class or species of mayfly. over time.

The increase in algal biomass on tiles with increasingThere was no detectable effect of either upstream
fish density or fish presence on chlorophyll a on gravel fish density upstream suggests that reduced grazing

pressure in downstream patches is associated withsubstrata (ANCOVA; Table 3; Fig. 3a). In contrast,
chlorophyll a on tiles was significantly higher in the increased fish abundance in upstream patches. This

effect may be due to direct predation by fish inpresence of fish, and increased with increasing fish
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Fig. 4 Number of mayflies (6 1 SD) grazing on exposed tile
surfaces in Plexiglas channel sections over time in
experimental treatments exposed to chemical cues below coho
parr (fish 1, n 5 4), and control treatments above coho parr
(fish –, n 5 4).

Fig. 5 Number of mayflies (6 1 SD) grazing on exposed tileFig. 3 (a) Chlorophyll a (mg m–2; 6 1 SD) on gravel substrate
surfaces in Plexiglas channels sections over time in the presencein lower enclosure sections with (fish 1) and without (fish –)
(fish 1, n 5 4) and absence (fish –, n 5 4) of fish.fish (n 5 6) as a function of the number of fish in upstream

patches. (b) Chlorophyll a (mg m–2; 6 1 SD) on tile substrate in
lower enclosure sections with (fish 1) and without (fish –) fish stream patch and how far mayflies drift after encoun-
(n 5 6) as a function of the number of fish in upstream tering a predator. Mayflies drifting out of high densitypatches. Where error bars are absent, they are contained

upstream patches, however, should still eventuallywithin the point.
accumulate in predator-free patches downstream and
reduce algal biomass. The presence of mayflies inupstream patches, which can potentially reduce the

colonization of downstream patches by decreasing the guts of coho (J.S. Rosenfeld, unpublished data)
suggests that direct predation is an important mechan-immigration rates. Alternatively, high densities of fish

may induce elevated drift rates of mayflies, which ism, but does not exclude the possibility of increased
emigration from high density treatments. Drift fromcause them to leave the upstream patch (e.g. Forrester,

1994), and potentially drift out of the downstream enclosures was not measured in this experiment, so
the potential role of increased drift from fish enclosurespatch. In this case, downstream effects of upstream

predation may be related to the scale of the down- cannot be evaluated.
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Increased cycling and excretion of nutrients is an detectable effect of fish presence in upstream patches
on the number of Ameletus foraging in downstreamalternative mechanism for higher algal biomass in the

presence of fish. However, decreased algal biomass in controls, although there are more subtle aspects of
foraging behaviour (e.g. rate of movement betweenfishless controls is correlated with increased mayfly

abundance on tiles, which is consistent with a mechan- and within patches) that may not be captured by
simple counts of exposed mayflies. The mechanicalism of indirect fish effects on algal biomass through a

trophic cascade (Carpenter, Kitchell & Hodgson, 1985) cue experiment demonstrates that hydrodynamic or
visual cues from coho, in addition to or independentrather than increased nutrient cycling. Grazing experi-

ments using Ameletus in Mayfly Creek (J.S. Rosenfeld, of chemical cues, cause Ameletus nymphs to hide.
Increased grazing of mayflies on upper tile surfacesunpublished data) and elsewhere (Hill & Knight, 1987)

have also demonstrated that Ameletus can greatly during the night in the presence of fish also suggests
a flexible behavioural response in Ameletus to hydro-reduce algal biomass. Thus a mechanism involving

fish effects on mayfly grazing appears to be a sufficient dynamic cues from fish. Similar flexible behavioural
responses to the presence of fish have been observed(but not exclusive) explanation for the observed

increase in algal biomass in the presence of fish. for mayflies from both fishless streams and streams
with fish present (Cowan & Peckarsky, 1994; Douglas,The lack of an effect of either fish presence or

upstream density on gravel chlorophyll demonstrates Forrester & Cooper, 1994; McIntosh & Townsend,
1994).the effectiveness of artificial tile substrata in reducing

spatial variation in benthic effects (i.e. between 3 The sensitivity of mayfly nymphs to both chemical
and mechanical cues has been demonstrated for aand 4 cm diameter gravel pieces). However, it also

indicates that the observed indirect effects of fish variety of mayfly species (Peckarsky, 1980; Peckarsky
& Penton, 1989; Culp et al., 1991). Prey responses, andpredation on algae are comparatively minor relative

to small-scale spatial variation in algal biomass on the combination of chemical and mechanical stimuli
required to initiate them, tend to be extremely taxonnatural substrata within an enclosure.

Densities of fish used in this experiment (2– specific. For instance, Scrimgeour et al. (1994a) found
that Ephemerella and Paraleptophlebia nymphs5.25 ind. m–2) were low relative to many previous fish

predation experiments (e.g. Culp, 1986: 0–48 ind. m–2; responded to chemical stimuli from longnose dace
(Rhinichthys cataracte Valenciennes), whereas BaetisBechara, Moreau & Planas, 1992: 6.6 ind. m–2; Power,

1990: 10 fish m–2). The appropriate density of fish to nymphs required mechanical stimuli in addition to
chemical cues. While chemical cues do not alwaysuse in a predation experiment is difficult to determine;

strong effects can usually be generated if high enough appear to induce behavioural responses in terms of
drift and presence on exposed surfaces (e.g. Cowandensities of predators are used, but the results may

not be ecologically meaningful. In general, positive & Peckarsky, 1994), hydrodynamic stimuli appear
consistently to stimulate some form of anti-predatorfish growth is one indication that fish density is not

excessive relative to invertebrate production. Positive response (e.g. Scrimgeour et al., 1994a). Thus the
observed requirement of Ameletus for hydrodynamicgrowth of juveniles over a short time frame, however,

does not guarantee survival and reproduction of stimuli is similar to the response of some species of
mayfly nymphs from streams with fish. This suggestsadults, and growth rates may also have been enhanced

in this particular experiment because the stream is that similar effects of upstream fish density on pre-
dation effects downstream may also occur in streamsnaturally fishless and the invertebrates therefore not

accustomed to fish predation. where the prey community is adapted to fish pre-
dation.The behavioural experiments were intended to elu-

cidate the mechanisms whereby fish affect mayfly This study demonstrates that the intensity of fish
predation in upstream patches appears to have indirectactivity, so as to evaluate the relevance of the observed

predation effects in Mayfly Creek to fish predation effects on the abundance of algae in downstream
patches, although there were no detectable effects oneffects in other streams. The chemical cue experiment

shows that chemical cues from coho fry are not in the abundance of mayflies. The ability of Ameletus to
alter their behaviour in the presence of fish suggeststhemselves sufficient to induce a change in Ameletus

grazing behaviour. This is supported by the lack of a that the results are not simply an artefact of predation
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freshwater benthos: an overview. Journal of the Northon a maladapted prey community; nevertheless, the
American Benthological Society, 13, 268–282.influence of upstream predation on the expression of

Douglas P.L., Forrester G.E. & Cooper S.D. (1994) Effectspredation effects in downstream patches needs to be
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drift dispersal and local density of stream insects.
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