
Effects of fish patchiness at a small scale: The influence of upstream fish predation on 
fish effects in downstream patches 

One of the distinguishuig features of Aowing waters is the patchy or 

heterogeneous nature of the stream habitat (Pringle et al., 1988, Hildrew and Giller 

1994). Patches are areas with relatively hornogenous intemal conditions that differ from 

adjacent areas or patches, leading to discontinuity in habitat at a hierarchy of spatial 

scales (Frisse1 et al. 1986, Statzner et al. 1988, Hawkins et al. 1993). In addition to a high 

degree of patchineçs, strearns are characterized by extremely high rates of movement of 

organisms between patches ( T o m e n d  and Hildrew 1976, Townsend 1989), which is 

facilitated by the ability of many aquatic invertebrates to drift in the water column 

(Waters 1972, Kohler 1985). The rate of exchange of individuah between patches may 

have a large influence on cornmunity structure ( T o m e n d  1989, Frid and Townsend 

1989, Lancaster et al. 1991), and the outcome of biological processes within a patch may 

be strongly ùitluenced by biological process in adjoinuig patches when immigration 

rates are large (Pulliarn 1988, Cooper et al. 1990). 



In a review of predation experiments in streams, Cooper et al. (1990) found 

predator enclosures made of small mesh were more iikely to reveal predation effects, 

presumably because smailer mesh artifiaally reduced movement rates of prey into and 

out of enclosures. The influence of prey exchange (dispersal between patches) on 

predation effectç was h t h e r  demonstrated by experirnentaily manipulating mesh size 

in enclosures (Cooper et al. 1990). Sih and Wooster (1994) subsequently modeiled 

predation and exchange rates between Stream patches. They confirmed that high 

exchange rates can "swamp out" local predation effects, whereas Iow exchange rates 

intensify them, unless prey alter their dispersal rate in the presence of predators (e-g. 

drift out of predator patches). 

Although the source of variation in immigration rate cowidered by Cooper et al. 

(1990) was an experimental artefact of mesh size, it is probable that immigration rate 

between patches varies in the natural strearn environment, and might similarly 

influence the expression of predation effects on the benthos. Fish predation or foraging 

activity is one natural factor that may m o d e  exchange rates between patches (Forrester 

1994b). Predation on drifthg or benthic invertebrates may reduce the immigration rate 

of invertebrates into downstream patches by direct mortality. Alternatively, foraging 

by fish may generate visual, tactile or diemical mes that cause invertebrates to drift 

(Culp et al. 1991, Dodson et al. 1994, Scrimgeour et al. 1994a Scrimgeour et al. 1994b), 

effectively increasing immigration rates into downstream patches. Increased drift of 

aquatic invertebrates as a response to foraging by fish has been demonstrated for a 



variety of lotic invertebrates (Kohler and McPeek 1989, Suimgeour et al. 1994a), 

particularly highly mobile mayfly taxa sudi as Baetis spp. (Forrester 1994a). In either 

case, alteration of immigration rates of invertebrates as a consequence of fish predation 

in upstream patches may influence the expression of predation effects on the benthos 

downstream. 

The experiments descrïbed in this chapter had two objectives. The first was to 

test whether the abundance of fish in upstream patches (at the pool-riffle or Channel 

width scale) couid influence the strength of fish predation effects on the benthos 

downstream. This was evaluated by manipulating the density of coho sahnon fry 

(Oncorhynchns kisutch Walbaum) in the upper sections of endosures used in the first 

experiment (Chapter 21, and monitoring the abundance of grazing rnayfies and their 

algal resource on artificial substrata dowwtream. The second objective was to 

investigate the mechanisms whereby fish affect grazing rnayflies in the study Stream 

(e.g. direct predation vs. induced behavioural changes from mechanical or chemical 

cues), so as to interpret the generaliiy of the obsewed fkh effects. The relative 

sigruficance of mechanical vs. chemical cues in induchg behavioural responses in 

mayflies was evaluated in jeparate experiments in plexiglas bankside troughs. 

STUDY SITE 

Refer to site description in Chapter 2. 



METHODS 

Experimental and sampling design 

Fish predation experiment 

The experiment was performed in the three riffle enclosures used in the first 

experiment (Chapter 2). Most detaiis of the experimental methodology were identical 

to those described in Chapter 2, and only rnethods that differ fiom those previously 

described are included below. 

The upper sections of enclosures were in pools and the lower sections were in 

slow riffles where m e n t  velocity averaged 11.3 + 3.1 cm 5' (range 4-22 cm s"), 

sufficient to prevent deposition of fine particdate organic matter on upper substratum 

surfaces. Eight 15 x 15 cm unglazed ceramic tiles were placed in each lower enclosure 

section as artificial substrata for colonization by algae and invertebrates (Fig. 19). Six 

clusters of five pieces of natural stream grave1 (3-4 cm diameter) were also placed in 

each lower section for colonization by algae. One of the lower sections of each 

enclosure was randomly chosen, and coho Parr (mean length 53.3 + 5 mm SD, mean 

weight 1.68 + 0.46 g SD) were stodced at an ambient density of 2 m-', and the other 

lower section remained unstocked as a fishless control. The upper section of each 

enclosure section was stocked with coho at one of three randomly assigned densities: no 

fish, arnbient fish density (2 coho m"), and high fish density (5.25 coho m'2). Coho 



Direction of flow 

Upstream Patch 

0, 2, or 5.25 fish m-2 

(0, 16 or 42 fish) 

(4 fish) 

- - - - -  
no fish 

Fig. 19 Design of experimental endosures used for the fiçh 
predation experiment. Squares represent tiles, and broken 
lines denote permeable mesh. 



used during the experiment were collected from the nearby Mouette River by 

electrofïshing or baited minnow traps. 

To repiîcate the upstream density treatments, two sequential trials were run in 

the three riffle enclosures between early June and early September 1994, with three 

treatments in each trial. At the end of the first trial, eight weeks after fish were stocked, 

tile and gravel substrates were removed for invertebrate sampling and chlorophyll 

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 trançferred as a group to the upper section of a 

different enclosure. Fish in lower enclosure sections were not exchanged between nuis. 

Tile and gravel substrates were then resampled for chlurophyll and invertebraies at the 

end of the second trial. 

Visual counts of mayflies on tiles were made at two to three day intervals 

throughout the experiment. Enclosures were carefully approached su as to muiimize 

disturbance 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 midnight and 04:OO on five nights during each sequential trial of the 

experiment. Mayflies were obsemed using a narrow beam flashlight with a red filter. 

Some mayflies (c 10%) were observed to react to red Lght during night observations. 

Although exposure to red light may influence the subsequent short-term behaviour of 



mayflies (Heise, 1992), it probably had little effect on their initial detection during night 

CO-, and potential biases were similar across treatments. 

Tiles were sampled at the end of eadi trial by carefdy lifting them off the strearn 

bottom into a 150 p rnesh net held immediately downstream. Periphyton and 

invertebrates were rinsed off tiles into a beaker using a wash bottle. The upper tile 

surface was then scmbbed with a brush to remove attached algae. The volume of the 

resultant slurry was recorded and two replicate 0.8 ml samples were removed for 

chlorophyll a analysis using a 1 ml syringe, added to 7.2 ml of 100% acetone to adueve a 

final concentration of 90°/0 acetone, and placed on ice in the dark. Chlorophyll a 

concentrations were measured the next day using a Turner Designs mode1 10-005 R 

fluororneter. After sarnpling for chlorophyll, the remauiing slurry was passed through 

a 150 pm screen. Invertebrates and detritus retained on the screen were preserved in 

5% formalin. hvertebrate samples were later sorted in the laboratory, identified to 

genus using Merrïtt and Cummins (1984), with the exception of diironomids which 

were identified to subfamily, and then counted and measured using a digitizing system 

(Roff and Hopcroft 1986). Chlorophyll a on grave1 substrate was measured by 

extracting chlorophyll from individual pieces of grave1 in a known volume of 90% 

acetone in a 250 ml glass jar. Storage and measurement for dilorophyll on grave1 then 

followed the same protocol as for dorophyll  on tiles. Chlorophyll concentrations were 

calculated using formulae described in Striddand and Parsons (1972). 



Mayfly behaviour experimentç 

Amelehis sp. was the most abundant grazing mayfly in the upper reach of Mayfly 

Creek, although Baetis sp. was also common. Experiments were performed with coho 

Parr and Ameletus to distinguish between the effects of chernical and mechanical cues in 

modifying Amelehis behaviour. Four 2 m long, 20 cm wide, 10 cm deep plexiglass 

troughs were mounted on the çtreambank and fed with water from a header box to 

stabilize flow. Channels were divided transversely into three 40 an long sectiow using 

0.475 mm mesh screen to prevent movement of iate instar mayflies. Discharge in the 

channels was approximately 1 1 s", and m e n t  velocity was maintained in the range of 

4-7 cm s-l. 

For the chernical cue experiment, four 7.5 x 15 c m  unglazed ceramic tiles were 

placed in the upper and lower sections of each channel, and a short piece of PVC pipe 

was placed in the centre section to provide cover for fish. Eleven Ameletus nyrnphs were 

placed in each of the upper and lower Channel sectiow, and a single coho parr was 

introduced into each centre section. Numbers of mayflies on exposed upper surfaces of 

tiles in sections above and below fish were recorded three times over a 24 h interval 

prior to and after fish introduction. 

To test for the additional effects of medianical cues from coho juveniles, the same 

experimental setup was used, except that fish were directly introduced into lower 

channel sections containhg mayfly nyrnphs. Small(4 x 8 cm) canopies were placed in 



lower sections to provide cover for fish. Coho remained under these shelters swimming 

slowly to hold position, and occasionally moving beyond them to explore the Channel. 

Fish were introduced into charnels in the late moming, and mayfly abundance on 

exposed tile surfaces in upper control and treated sections was monitored at roughly 2 

h intervals for 12 h following fish introduction. 

Data analysis 

Data were analyzed using PC SAS (SAS h t i tu t e  Inc., 1989). There was no 

significant effect of trial on dilorophyll n or invertebrate abundance, nor was there an 

interaction between trial and either fish presence or upstream demity treatments. Trials 

were therefore treated as replicates in all analysis. Effects of fish presence and upstream 

density on visual counts of mayfly abundance on tiles during the day and night from 

the first experiment were analyzed using repeated measures ANOVA, with upstream 

fish density as a covariate (continuous variable). The significance of fish presence and 

upstream density were evaluated using the fish presence*upstream density interaction 

mean square as the error term.. Count data were d(x+0.5) transformed to equalize 

variance (Sokal and Rohlf, 1997). Effects of fish presence and upstream demity on 

dilorophyll a on tile and grave1 were analyzed using ANCOVA with upstream density 

as the covariate. Nurnbers of rnayflies on tiles at final sarnpling were non-normally 

distributed, and were analyzed using a Wilcoxon two-sample test with normal 



approximation. Fish effectç front the chernical and hydrodynamic cue experiments 

were analysed using a repeated measures ANOVA. 

Because invertebrate densities on tiles were much lower than in the first 

predation experiment (Chapter 2), invertebrates were divided into two size dasses 

(small, < 5 mm, and large, > 5mm) rather than three. Preliminary analysis with 

invertebrates in three size dasses resulted in much lower numbers per size dass, 

severely h i t ing  statistical power. 

RESULTS 

Fish predation experiment 

Average fish weight in upper and lower enclosure sections inaeased by 68% at 

ambient densities and 35% at high densities (upper sections only) over the course of the 

experiment; growth rates were consistently higher in upper enclosure sections. 

Although the presence of fish in lower enclosure sectiow significantly reduced the 

number of mayflies observed on tiles (repeated measures ANOVA, Table 5; see Fig. 20), 

there was no sigruficant effect of upstream fish density on mayfly numbers observed on 

tiles. However, there was also a sigruficant interaction between fish presence and time 

of day (day vs. night); reduction in mayfly abundance on tiles was much greater during 

the day than at night (Fig. 20). 



Source d f SS MS F P 

Fish presence 1 23.4 

Upstream 
density 

Upstream density I 
* fish presence 

Time of day 1 4.3 

Fish presence 1 
+ time of day 

Table 5. Results of repeated measures analysiç of variance of the numbers of 
mayflies (all species combined) observed grazing on upper tile surfaces (+ indicates 
signihcance at the 0.05 level, ** indicates significance at the 0.01 level). The fîsh 
presence*upstream fish density interaction is used as the error term to test for fish 
presence and upstream density effects. 



DAY 

O Fish - 
Fish + 

Time of day 

Fig. 20 Mean dençity (+ 1 SD) of mayfies (number m-2 for all 
species combined) obsewed foraging on tiles in lower 
endosure sections during the day and night in the presence 
(fish +) and absence (fish -) of kh. 



Densities of large (>5 mm) nymphs of both Ameletus sp. and Baetis sp. on tiles at 

h a 1  sampling were signihcantly lower in the presence of fish than in fishless controls 

(Wilcoxon 2-sample test; Table 6),  but there was no difference between treatments for 

srnalier (<5mm) mayflies. There was no signihcant effed of upsbeam fish dençity on 

the abundance of either size dass or speaes of mayfly. 

There was no detectable effect of either upstream fish density or fish presence on 

dilorophyll a on grave1 substrate (ANCOVA, Table 7; see Fig. 21a). In contrast, 

dilorophyll a on tiles was significantly higher in the presence of fish, and increased with 

increasing fish density in upstream enclosure sections (ANCOVA, Table 7; Fig. 21b). 

There was no significant effect of upstream fish density (ANCOVA, F, = 0.7, p = 0.6) or 

fish presence in lower enclosure sections (ANCOVA, F,5 = 4.7, p = 0.08) on abundance 

of chironomids on tiles, although average chironomid abundance was higher in the 

lower fish treatments (mean density 1350 + 1100 m-' SD) than in the conh-01 sections 

(mean density 570 + 170 m" SD). 

Mayfly behaviour experiments 

There was no detectable difference in the number of mayfiies foraging on 

exposed tile surfaces above and below channel sections containing coho (repeated 

measures ANOVA, F,, = 0.01, p= 0.92), although mayflies tended to be slightly less 

abundant in the lower treament sections following fish addition (Fig. 22). In the second 

behavioural experiment where fish were present in the same comparhnent as mayfiies, 



Fish Fis h P 
Present Absent 

Amelefus 

Large ( > 5mm ) 3.1 + 7.1 21.8 + 8.0 O.OOT* 

SmalI(c5mm) 38.7 20.9 41.3 53.3 0.87 

Baetis 

Large ( > 5mm ) O 19.6 + 20.4 0.001** 

Srnall(c5mm) 16.4 + 6.7 35.1 + 28.4 0.18 

Table 6.  Densities (number m-' + 1 SD) of large (> 5mm) and small (drnm) Ameletus sp. 
and Baefis sp. on unglazed ceramic tiles at finai sampling of lower enclosure sections (n=6 
for both trials combined). 



- - 

Substrate Source df SS MS F P 

Gravel 

0.78 

0.79 

Fish presence 1 

Upstreamfish 1 0.07 0.07 0.07 
density 

Error 9 8.75 0.97 

Tile 
Fish presence 1 

Upstreamfish 1 3.32 3.32 9.6 
densi ty 

Table 7. Results of analysis of covariance of the effect of upstrearn fïsh density and 
fish presence on chlorophyll a on tile and grave1 substratum for both trials 
combined (n=12; * indicates significance at the 0.05 level, ** indicates sigrufïcance at 
the 0.01 level). 



1 A) GRAVEL a FISH + 
0 FlSH - 

Number of fish 

a FlSH + 
0 FlSH - 

O l 1 I I I 

O 10 20 30 40 C - 
Number of fish 

Fig. 21 ChlorophylI a (mg + 1 SD) on grave1 (a) and tile 
substrate (b) in lower enclosure sections with (fish +) and 
without (fish -) fish (n=6) as a fundion of the number of fïsh 
in upstream patches. Where error bars are absent they are 
contained within the point. 



DAY NlGHT 
12 0 - 

0 Fish - 
Fish + 

T 

O I 1 I I I I 1 1 

O 10 20 30 40 
fish added 

Time (hrs) 

Fig. 22 Number of mayflies (k 1 SD) grazing on exposed tile 
surfaces in plexiglass channel sections over t h e  in 
experimental treatments exposed to diemical cues below 
coho parr (fish +, n=4), and control treatments above coho 
parr (fish -, n=4). 



numbers of mayaes on exposed tile surfaces were sigmficantly lower relative to khless 

control sections (repeated measures ANOVA F,, = 102.9, p= 0.01, Fig. 23). There was no 

significant difference in total mayfly abundance between fish treatments and controls at 

the end of the second experiment, indicatirtg that fish were not directly consuming 

mayflies during the experiment. 

DISCUSSION 

Although the enclosure experiment demonstrated a strong effect of fish presence 

on mayfly activity and density, especially for larger size classes, there was no detectable 

effect of upstream fish density on mayfly abundance. The only signihcant effect of 

upstream fish density was on algal biomass on tiles. This suggests that algal biomass 

may be a more sensitive indicator of mayfly grazing activity than more variable short- 

term behavioural observations or density estimates, possibly because algal biomass 

integrates grazing activity over tirne. 

The increase in algal biomass on tiles with increasing fish density upstream 

suggests that reduced grazing pressure in downstrearn patches is associated with 

increased fish abundance in upstream patches. This effect may be due to direct 

predation by fish in upstream patches, which can potentially reduce the colonization of 

domtream patches by decreasing immigration rates. Altematively, high densities of 

k h  may induce elevated drift rates of mayflies, which cause them to leave the upstream 



DAY NlGHT 

Fish - 
Fish + 

fish 
added Time (hrs) 

Fig. 23 Number of mayflies (+ 1 SD) grazing on exposed tile 
surfaces in plexiglass channels sections over time in the 
presence (fish i, n=4) and absence (fish -, n=4) of fish. 



patch (eg. Forrester 1994b), and potentially drift out of the downstxeam patch. In this 

case, downstrem effects of upstream predation may be related to the scale of the 

downstream patch and how far mayflies drift after encountering a predator. Mayflies 

drifting out of high dewity upstrearn patches, however, should still eventudy 

accumulate in predator-free patdieç downstrearn and reduce algal biomass. The 

presence of mayflies in the guts of coho (Rosenfeld, unpublished data) suggests that 

direct predation is an important mechanism, but does not exdude the ~ossibility of 

increased emigration from high density treatments. Drift from enclosures was not 

measured in this experiment, so the potential role of increased drift from fish endosures 

cannot be evaluated. 

Increased cycling and excretion of nutrients is an alternative mechanism for 

higher algal biomass in the presence of fish. However, decreased algal biomass in 

fiçhless controk is correlated with increased mayfly abundance on tiles, which is 

consistent with a mechankm of indirect fish effects on algal biomass through a trophic 

cascade (Carpenter et al. 1985) rather than increased nutrient cyding. Grazing 

experiments using Ameletus in Mayfly Creek (Rosenfeld 1997b, Chapter 3) and 

elsewhere (Hill and Knight 1987) have also demonstrated that Arneletzis cm greatly 

reduce algal biomass. Thus a mechanism involving fish effects on mayfly grazing 

appears to be a sufficient (but not exclusive) explmation for the obsewed increase in 

algal biomass in the presence of b h .  



The la& of an effect of either fish presence or upstream densiv on gravel 

chlorophyll demonstrates the effectiveness of artifiaal tile substrata in reducing spatial 

variation in benthic effects (i.e. variation between 3-4 an diameter gravel pieces). 

However, it also indicates that the obsewed indirect effedç of fish predation on dgae 

are comparatively minor relative to s m d  scale spatial variation in algal biomass on 

natural substrata within an enclosure. Similarly, the lack of a downstream effect of 

upstrearn predation on chhonomid abundance suggests a minor impact on the 

expression of predation effects in downstream patches. However, indirect effects of fish 

predation on chironornid abundance within lower enclosure sections were small 

relative to the first experiment (Chapter 2), suggesting weaker general effects of fish 

predation. This was probably partly due to the absence of sculpin from the predator 

treatments; this mechanisrn is discussed in greater detail in Appendix 1. 

Demities of fish used in this experiment (2 - 5.25 coho m") were low relative to 

many previous fish predation experiments (e-g. Culp 1986,O-48 coho m-'; Bechara et al. 

1992,6.6 fish rn-'; Power 1990,lO fish mm'). The appropriate dençity of fish to use in a 

predation experirnent is difficult to determine; strong effects can usually be generated if 

hi& enough densities of predators are used, but the resdts may not be ecologically 

meaningful. In general, positive fish growth is one indication that fish density is not 

excessive relative to hvertebrate production. Positive growth of juveniles over a short 

time frame, however, does not guarantee survival and reproduction of adults, and 



growth rates rnay also have been enhanced in this parücular experiment by the naiveté 

of the invertebrate community in a fisHess Stream. 

The observed effects of fish predation in Mayfly Creek rnay have been 

exaggerated because the invertebrate cornmunity was not behaviourally adapted to the 

presence of fish. The behavioural experiments were intended to eluadate the 

mechanisms whereby fish affect mayfly activity, so as to evaluate the relevance of the 

observed predation effects in Mayfly Creek to fish predation effects in other streams. 

The chemical cue experiment shows that chemical cues from coho fry are not in 

themselves sufficient to induce a change in Ameletus grazing behaviour. This is 

supported by the la& of a detectable effect of fish presence in upstream patches on the 

number of Amelehis foraging in dowmtream conhols, although there are more subtle 

aspects of foraging behaviour (eg. rate of movement between and within patches) that 

may not be captured by simple counts of exposed mayflies. The mechanical cue 

experiment demonstrates that hydrodynamic or visual cues from coho, in addition to or 

independent of chernical mes, cause Ameletus nymphs to hide. Increased grazing of 

mayflies on upper tile surfaces during the night in the presence of fish also suggests a 

flexible behavioural response in Amelehis to hydrodynamic cues from fkh. Similar 

flexible behavioural responses to the presence of fish have been observed for mayflies 

from both fishless streams and streams with fish present (Cowan and Peckarsky 1994, 

Douglas et al. 1994, Mdntosh and Townsend 1994). 



Sensitivity of mayfly nymphs to both chernical and mechanical cues has been 

demonstrated for a variety of mayfly spe& (Peckarsky 1980, Peckarsky and Penton 

1989, Culp et al. 1991). Prey responses, and the combination of chemical and 

mechanical stimuli required to initiate them, tend to be extremely taxon-specific. For 

instance, Scrimgeour et al. (1994a) found that Ephernerelln and Paraleptophlebia nymphs 

responded to chemical stimuli from longnose dace (Rhinichthys cataractae Valenciennes), 

whereas Baetis nymphs required mechanical stimuli in addition to chemical mes. While 

chemical cues do not always appear to induce behavioural responses in terms of drift 

and presence on exposed surfaces (eg. Cowan and Peckarsky 1994), hydrodynamic 

stimuli consiçtently appear to stimulate some form of anti-predator response (e.g. 

Scrimgeour et al. 1994a). Thus the observed requirernent of Amelehts for hydrodynamic 

stimuli is similar to the response of some speues of mayfly nymphs from streams with 

fish. This suggests that similar effects of upstream fish density on predation effects 

downstream may also occur in streams where the prey community is adapted to fish 

predation. 

This study demonstrates that the intemity of fish predation in upstream patches 

appears to have indirect effects on the abundance of algae in downstream patches, 

although there were no detectable effects on the abundance of mayflies. The ability of 

Arnelehs to alter their behaviour in the presence of fish suggest that the results are not 

sirnply an artefact of predation on a maladapted prey cornmunity; nevertheless, the 

influence of upstream predation on the expression of predation effects in downstream 



patches needs to be M e r  evaluated in streams where the invertebraie community is 

adapted to fish 



Effects of fish patchiness at a large scale: conhasting effects of fish predation in a 
fishless and fish-bearing strearn 

INTRODUCTION 

The effectç of fish predation on invertebrate community and trophic strudure may 

be apparent at two spatial scales - both within a fish-bearing stream or lake, and between 

lakes or streams with and without fish. At the larger spatial scale, fish predation will 

operate to select for differences in invertebrate cornmunity structure between khless and 

fish-bearing waterbodies (Zaret 1980, Neill 1994). In fish-bearing streamç, predation will 

eliminate the most vulnerable invertebrate speaes, and there will be selection for taxa 

with either fked or flexible adaptations to fish; if there is a cost to these adaptations, then 

these taxa will be at a cornpetitive diçadvantage in streams without fish, where they wiil 

be reduced or absent. At the smaller spatial scale within a fish-bearing stream 

invertebrates may aiso differ in their vulnerability to fish predation, and invertebrate 

comrnunity structure should differ between patches with high and low predation risk. 

The relative magnitude of predator impacts at these two spatial scales is undear, 

primarily due to a lads of comparative studies of fish predation between streams with and 

without fish (with several notable exceptions, e-g. Harvey 1993, Crowl et al. 1997). If 

invertebrates in fish-bearing streams are indeed better adapted to fish predation than 



invertebrates in fishless streams, then predator impacts in ecological t h e  shodd be 

greatest on a naive uivertebrate community following introduction of predators to a 

fishless strearn. 

Fish predation has been observed to have three general effeds on invertebrate 

community and trophic structure in north temperate streams. The fkst is a reduction in 

abundance of Iarger-bodied invertebrates (Flecker and Man 1984, Bechara et al. 1992, 

Harvey 1993, Chapters 2 and 4), whi& typically are most vulnerable to fish predation 

because they are preferentially selected as prey items (Allan 1981,19&2, Bannon and 

Ringler 1986, Saimgeour et al. l994a). These larger-bodied inverteb rates commonl y 

indude grazers of algae, which either decrease in abundance (Bechara et al. 1992, 

Rosenfeld 1997a, Chapter 2 and 4) or reduce their foraging activity (Saimgeour et al. 

1994bf Rosenfeld 1997a, Chapter 4) when fish are present. The second common (but less 

consistent) effect of fish predation is an increase in abundance of smaller epibenthic 

invertebrates, prirnarily chironornids, in the presence of fish (Bechara et al. 1992, 

Rosenfeld 1997b, Chapter 3); this a direct consequence of reduced grazing activity by 

larger, competitively dominant grazers (Crowder and Cooper 1982, Gilinsky 1984, 

Bechara et al 1992, Rosenfeld 199%). The third frequently observed effect is an increase in 

the abundance of algae in the presence of fish (Bechara et al. 1992, Fledcer and Townsend 

1994, Mclntosh and Townsend 1996, Rosenfeld 1997a, Chapters 2 and 4), again as a 

consequence of reduced grazing activity by larger herbivores. 



This chapter describes the results of an experiment designed to compare the effect 

of fiçh predation in a fish-bearing stream to the effects of fish in a nearby khless system 

(Mayfly Creek, desaibed in Chapter 2). Since previous studies have dearly demonstrated 

that fish presence exerts a strong influence on invertebrate community stnichue (e-g. 

Zaret 1980, Harvey 1993), it is assumed that differences in comrnunity structure between 

the streams were at least partly due to fish predation. This assunption is supported by 

the observation that Amelehis, which was far more abundant in fishless Mayfly Creek, 

appears to be poorly adapted to fish predation (pers. obs., Chapter 2 pp. 48), and that 

mayfly grazing activity on upper rock surfaces during daylight was much higher in 

Mayfly Creek than in the kh-bearing stream (pers. obs.). The objectives of the 

experiment were i) to determine whether the mechanisms of fish predation were similar 

in a fishless and a fkh-bearing stream, which is necessary to validate extrapolation of 

predatior effects in fishless Mayfly Creek to fish-bearing streams, and ii) to determine 

whether the effects of fish predation on invertebrate community structure in ecological 

üme within a fish-bearing system were similar to the effects of fish predation at a larger 

spatial scale befween a fishless and a fish-bearing stream. Predictions were i) that the 

reduction in large grazer abundance and corresponding increase in algae and smaller 

invertebrates in the presence of fish would be greater in the hiçhless system, and ii) that 

the fish-bearing stream would have lower average abundance of large grazers, and higher 

abundance of small grazers and algae. 



STUDY SITE 

Experiments were conduded in the upper fishless reaches of Mayfly Creek, and 

fish-bearing Jacobs Creek 300 m above its confluence with the North Mouette River. 

Mayfly Creek iç a second order strearn with a minimum summer wetted width of 2-5 m 

and baçeflow of 30 1 s". Jacobs Creek is a somewhat larger third-order stream, with a 

minimum summer width of 3-8 m and baseflow approximately five times Mayfly Creek 

discharge. Reach gradients where enclosures were inçtalled average 1% in both streams, 

and substrate is dominated by gravel, cobble, and sand. Both streamç are cool enough to 

support salrnonids, although Jacobs Creek tends to be warmer during the summer. 

Refer to Chapter 1 for a more detailed site description. 

METHODS 

Experimental design 

Five enclosures were installed in the upper fishless reaches of Mayfly Creek during 

the summer of 1993; the results of this study have been described in detail in Chapter 2, 

and only selected aspects will be considered here for cornparison with fish effects in 

Jacobs Creek. Two identical enclosures were subsequently installed the following year 

(1994) in Jacobs Creek, a fish-bearing stream with both stream-resident cutthroat trout 

and Iake-resident juvenile cutthroat rearing in the stream during the summer months. 

Experiments were conducted from May to Auguçt during summer Iow flow conditions in 



Mayfly Creek in 1993 and Jacobs Creek in 1994. Although endosures were placed in both 

pools and riffles in fishless Mayfly Creek, endosures in Jacobs Creek were placed in riffies 

or slow nuis because of limited site avdability. To control for the effect of habitat on fkh 

predation, cornparisons of fish effectç between streamç are between riffle/nin habitat 

only. Becaw most details of the experimental methodology were identical to those 

described in Chapter 2, only methods that differ are induded below. 

The upper sections of enclosures were in pools or runs and the lower sections were 

in slow riffles or m, where m e n t  velocity averaged 16 2 2 an s-' (range 11-22 cm s-') in 

Mayfly Creek and 9 + 2 cm s-' (range 3-14 a n  s-') in Jacobs Creek, suffiCient to prevent 

deposition of fine particdate organic matter on upper substratum surfaces. Four 15 x 15 

cm unglazed ceramic tiles were placed in each lower enclosure section as artificïal 

substrats for colonization by algae and invertebrates. Clusters of five pieces of natural 

stream grave1 (3-4 cm diameter) were &O placed in each lower section for colonization by 

algae. 

One lower section of each enclosure was stocked with coho (Onchorhynchus lasutch) 

pan (mean length 52 mm, mean weight 1.6 g) and priddy sculpin (Cothis a s p c  mean 

length 73 mm, mean weight 4.3 g) at a density of 2 and 1 fish per m', respectively, and the 

other lower section was left as a fishless control. Each upper enclosure section was 

stocked with fïsh at the sarne density, although final density of coho in upper sections 

averaged between 2 and 3 fish m' becaw of partial restocking following fish escapes in 

both Mayfly and Jacobs Creek. 



Average coho and sculpin weight increased by 95% and 13%, respectively, in 

Mûyfly Creek, and 129% and 40% in Jacobs Creek during the course of the experiment, 

with a range in final weight of 1.2 - 9.8 g for coho and 2.6 - 9.3 g for sculpin. Positive 

growth suggests that fish densities were not excessive for the productivity of either 

system. The appropriate arnbient density of fish was determined by electrofishing reaches 

in nearby streams of sirnilar size and water chemiçtry (Rosenfeld, unpublished data). 

Coho and sculpin used during the experiment were collected from the Mouette River 

downstream in the same drainage by electrofishing or baited minnow traps. 

Fîsh were stocked in Mayfly Creek during May 18-20,1993, one week after 

substrates were placed in enclosures. Fish were stocked in Jacobs Creek from June 4 5  

1994. Experiments were terrninated at the end of August in both years. Tileç were 

sampled as described in Chapter 2, lengths of invertebrates were later measured in the 

laboratory using a digitking system (Roff & Hopcroft, 1986). 

Chlorophyll n in both Mayfly and Jacobs Creek was measured only on grave1 

substrate, as desaibed in Chapter 2. 

Data analysis 

To test for differences in predation effects as a function of prey size and to allow 

cornparison with the Mayfly Creek predation experiment (Chapter 21, invertebrates were 

divided into small(<3mrn), medium &3mm,c6m) and large (L6mm) size classes based 

on to ta1 length. 



Data analyçiç was performed using PC SAS version 6.03 (SAS Knstitute, 1989). 

Invertebrate abundance data were log transformed to normalize distributions and 

equalize variance. All fish effects were analyzed as a nested M O V A  of tile means per 

endosure side using a combined data set from both streams (total n=10, n=6 From Mayfly 

Creek, n=4 fiom Jacobs Creek), h-eating enclosures as blocks nested within streams. 

Predation effects were analyzed for total invertebrate abundance, and for four 

representative taxa common to both streams. Two-tailed tests were used for testing fish 

effects in Mayfly Creek, and one-tailed tests were used for testing hypothesis in Jacobs 

Creek, where there were directional expectations based on the experirnents in Mayfly 

Creek the previous year. The prediction of greater impact of fish predation in fishless 

Mayfly Creek was evaluated by testing for interaction between fish and stream effects 

(ANOVA) using a combined data set from both creeks; one-tailed tests were also used for 

testing interactions because of directional p redictions. 

Predator impact indices were used to evaluate the relative magnitude of predation 

effects for the three size classes of invertebrates, as described in Chapter 2. 

RESULTS 

The effects of fish predation were generally larger in the fishless stream than the 

kh-bearhg one. Both the mean and variance in chlorophyll a increased in the presence 

of fish in fïshless Mayfly Creek (paired t-test, f = 4.41, p = 0.05 for means, t= 6.1, p=0.03 

for variance), but there was no significant effect of fish on chlorophyll in Jacobs Creek 



(Fig. 24). As predicted, there was a significant interadion between stream and fish effects 

on chiorophyll (F,, = 6.95, p = 0.04), and average chbrophyll concentrations were higher 

in the fish-bearing sheam. 

As expected, smaller invertebrates (all taxa combined) increased in abundance in 

the presence of fish (positive Predator Impact) in both Mayfly and Jacobs Creek, with ~ h e  

relative increase in abundance being largest in Mayfly Creek (Fig. 25 and 26; s i w c a n t  

interaction between stream and srnail invertebrate density F,, = 8.2, p = 0.03 ). There was 

no apparent effect of fish predation on intermediate-sked (%mm) invertebrates in Jacobs 

Creek, although intermediate-sized invertebrates tended to be more abundant in fish 

treatments in Mayfly Creek. Larger invertebrates (all taxa combined) tended to be less 

abundant (negative Predator Impact) in the presence of fish in both s t r e m ,  but the fish 

effed was not sigruficant (F,, = 3.1, p = 0.09), and there was no signihcant interaction 

between fish effects and stream (F,, = 0.05, p = 0.42). While predator impact indices 

tended to be higher in fishless Mayfly Creek for small and intermediate size classes, 

predator impact for larger size classes was similar in both streams (Fig. 26). 

Average absolute density of smaller invertebrates was greater in Jacobs Creek 

(4220 individuals m-2) than in Mayfly Creek (1830 individuals m", F,, = 28.3, p = 0.006; Fig. 

25). In contrat, average dençity of larger invertebrates tended to be slightly lower in 

Jacobs Creek (45 individuals rne2 vs. 74 individuals m** in Mayfly Creek), although the 

difference was not signihcant. The overall size distribution of invertebrates in Jacobs 

Creek appears to be skewed towards smaller size dasses than in Mayfly Creek (Fig. 27). 
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Mayf ly Ck. Jacobs Ck. 

Fig. 24 Chlorophyll a concentration (mg nY2, + ISD) on grave1 substrate in 
individual enclosures in the presence and absence of fish in Mayfly and 
Jacobs Creek. 



Mayfly C k  Jacobs Ck. 

Fig. 25 Total invertebrate abundance (per x f 2 ,  + 1SD) for all taxa 
combined, in 3 size classes (small < 3mm, 3mm > medium < 6mm, large > 
6mm) in the presence and absence of fish in Mayfly (n=3) and Jacobs Creek 
(n=2). 
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Fig. 26 Predator impact index (+ 1 SD) on total invertebrate abundance in 
3 size classes (small c 3mm, 3rnm > medium c 6mm, large > 6mm) in 
Mayfly and Jacobs Creek. 
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Fig. 27 Proportional abundance of invertebraies in different size 
classes (small c 3mmf 3mm > medium c 6rnrnf large > 6mm) in 
May fly and Jacobs Creek. 



Higher absolute and relative densities of smder  invertebrates and lower densities of 

larger taxa in Jacobs Creek is consistent with the hypothesis that predator effects are 

similar both between and within streams.Predation effects on individual taxa indicate 

that the direct effect of b h  predation on larger grazing invertebrates is similar between 

the two streams, as is the indirect inaease in abundance of small herbivores in the 

presence of k h .  For simpücity, only taxa common to both streams are considered: the 

mayflies Ameletus sp., Bnetis sp., and Paraleptophlebia sp., and chironomids in the subfamily 

Orthocladiinae. These taxa (with the exception of Paraleptophlebia) represent the most 

abundant invertebrates comrnon to both streams that are likely to Eunction as herbivores 

(Memtt and Cummins 1984), and collectively account for 75% and 81% of a l l  individuals 

collected in Jacobs and Mayfly Creek, respectively. 

Although Amelehis was the most abundant mayfly on tiles in Mayfly Creek, they 

were rare in Jacobs Creek, where Bnetiç was the dominant mayfly grazer (Fig 28). Ameletus 

density was significantly reduced in the presence of fish in both steams (F, = 12.1, 

p=0.04), and there was a significant interaction between Stream and fish effects on total 

Ameletus abundance (ail size classes combined; FI, = 32.0, p=0.005). Baetis were also 

significantly reduced in the presence of fish (F,, = 48.2, p=0.006) for both streams 

combined (Fig. 28), but there was no interaction between fish effects and strearn ( F,, = 

0.16, p=0.35). Although Pnrnaleptophlebia were less abundant in both streams in the 

presence of fish, the reduction was not significant (F,, = 5.8, p=0.01). Orthodadiinae 

chironomids were significantly more abundant in the presence of fish in both streams (F,, 
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Fig. 28 Densities (+ 1SD) Ameletus ç p  ., Baetis sp ., Paraleptophlebia sp ., and 
Orthocladiinae chironomids in the presence and absence of fish in Mayfly (n=3) 
and Jacobs Creek (n=2). 



= 435, p = 0.0002), with fish effects being most pronounced in the smallest size d w  (Fig. 

28), and the effedç of fiçh predation being greatest in fïsishless Mayfly Creek (significant 

Stream by fish interaction, F,, = 127, p=0.001). 

DISCUSSION 

Fish predation in ecological time affected the naive invertebrate comuni ty  in a 

hhless and tïsh-bearing strearn in very similar ways. Ln both cases there appears to be a 

general deaease in the abundance of larger invertebrate taxa, parctidarly grazers, in the 

presence of fish. There is a pronounced reduction in the abundance of larger grazers, 

prirnarily Amelefrrs mayflies in fïshless Mayfly Creek and Baetis in Jacobs Creek. There is a 

corresponding increase in abundance of smaller uivertebrates (primarily orthoclad 

chironomids) in the presence of fish in both streamç, presumably as a result of reduced 

abundance and grazing activity by Iarger grazers (Rosenfeld 1997b, Chapter 3). 

One of the hypotheses tested in this final experiment was that fish effects in 

ecological tirne would be more pronounced on the naive invertebrate comrnunity in a 

fishless stream than on the adapted community in a fish-bearing stream. The relative 

increase in smaller invertebrates was indeed more pronounced in fishless Mayfly Creek. 

There was &O no strong effect of fish presence on chlorophyll in Jacobs Creek, indicatùig 

a weaker cascade of predation effectç to lower trophic levelç in the hh-bearing stTeam. 

Grazers at a watershed scde in fkh-bearing Jacobs Creek may already be at lower 



densities or have lower grazing activity, so that the proportional reduction in grazing in 

the preçence of fish is less than in Mayfly Creek. However, relative predator impacts on 

larger taxa within each stream appear to be similar, suggesting that larger taxa may be 

equdy vulnerable to fish predation in both streams. Although the advent of fish 

predation in a previously kiçhless strearn represents an ecologicdy rare event associated 

with fish colonkation or introductions of exotics by humans (Neill 1994), the greater 

impact of fish predation in a fïshless stream supports the hypothesis that differential 

adaptation to fish predation takes place at a large spatial scale. 

The effects of fish predation at a larger spatial scale (i.e. between drainages with 

and without fish) appears to be similar to the effect of fkh predation in ecological time 

within a single strearn. Algal biomass is higher in the fish-bearing drainage (Jacobs 

Creek), the absolute density of small epibenthic invertebrates is higher, the density of 

larger invertebrates is lower, and there is a general shift in the relative size-distribution 

towards smaller size dasses (Fig. 27). Although the similarity of fish predation effectç at 

the within-and between-drainage basin scales is supported by the Mayfly Creek - Jacobs 

Creek cornparison, it is also dearly an unreplicated experiment. However, a similar 

pattern has been observed in one of the feu. studies to explicitly compare invertebratc 

communify structure in multiple fishless and f k h - b e a ~ g  streams (Harvey 1993). Harvey 

(1993) found that densities of larger invertebrates were also generally higher in the 

fishless streams, whereas densities of smaller epibenthic chironomids and elmid beetle 

larvae tended to be higher in the fkh-bearing streams. This suggests that the sarne 



medianisms underly fish predation effects at both within and between stream spatial 

scales - size-selective predation on larger invertebrates, induding grazers, thereby 

releasing srnder epibenthic herbivores and algae, leading to a general SM towards a 

srnaller size-class distribution. 

One of the basic predictions of trophic-level models (Hairston et al. 1960, FretweU 

1977) is that ecosystems with a predator trophic level wiU have reduced herbivore 

populations, resulting in increased plant biomass, whereas system without predators 

will be dominated by herbivores and plant biomass will be depressed. While these 

processes have been demonstrated fairiy convincirCgly within a single stream (e-g. Power 

1990a, 1992b, Bechara et al. 1992), clear differences in trophic structure (Le. grazer and 

primary producer biomass) have not been demonstrated between streams with and 

without fish. Detection of differences in trophic structure between fishless and fish- 

bearing streams is complicated by the fact that nuhient s ta tu  and presence of fish are 

often confounded. Fishless streams are typically higher gradient lower-order systemç 

where falls present barriers to fïsh colonization, and are also typically nutrient-poor, and 

might be expected to have lower algal biomass irrespective of fkh presence. 

It remains unclear to what degree the lower dilorophyll levels in fishless Mayfly 

Creek are a result of heavy gazing by herbivores versus lower nutrient levelç. 

Conversely, it is &O undear to what extent the higher dilorophyll levels in f%h-bearing 

Jacobs Creek are the result of reduced grazing pressure versus increased nutrients, or 

growth of unpalatable filmentous algae dong a trophic gradient (Leibold 1989). In an 



exhaustive synthesis of fish effects in freshwater pelagic lake communities, Mazurnder 

(1994) compared al@ biomass in functionally "fisishless" lakes (2-link systems, sensu 

Fretwell(1987)) with low fish density, and fish-bearing lakes (3-Link systerns) with high 

fish density. His analysis provided strong evidence for both nutrient (bottom-up) and 

predator (top-dom) control of phytoplankton biomass along a trophic gradient. A 

carefully planned survey of invertebrate community structure and algal biomass dong a 

trophic gradient in a set of fishless and fish-bearing streams rnight simüarly help resolve 

the relative roles of nutrients, grazers, and predators in controlling algal biomass in 

streams. It would also permit testing of some of the basic predictions of food-diain 

theory (Fretwell1977,1988, Oksanen 1980, Mazumder 1994) as applied to streams, e.g. 

that primary producer biomass is on average lower and herbivore biomass higher in 

fishless streams. 



CHAMER 6 

General Discussion 

Two central themes have been emphasized throughout this thesis. The firçt is the 

strong relationship between habitat structure and the effects of fish predation. This 

permits the development of a general model, presented below, for the effects of fish 

predation in north temperate streams based on habitat-specific effects observed in 

Mayfly and Jacobs Creek. This is followed by a consideration of the generality of this 

model, particularly its relevance to the effects of fish predation in streams dominated by 

functional g d d s  of fish other than insectivores. The second theme involves the 

spatially hierarchic nature of habitat and predation effects, ranguig from the 

microhabitat scale within fish-bearing streams to a larger-scde contrast between 

streams with and without fish. The partitionhg of the effects of fish predation at the 

within- and between-streams scales is considered in the last section of the following 

discussion. 

A model for the effects of fish predation in north temperate streams 

The experiments descnbed in this thesis demonstrate that both resource 

distribution and the effects of fish predation are strongly linked to habitat, at both pool- 

riffle and microhabitat (substrate) scales. The abundance of organic detritus is higher in 

depositional habitats such as pools and gravel interstices, whereas the abundance of 



grazers (and presumably their algal resource) is higher in rMes and on tile substrate 

(Chapter 2). Predation effects are also similarly related to habitat, and are most 

pronounced in riffles and on tile substrate (erosional habitats). Thuç the strength of 

predation effects appear to be dosely linked to the distribution of autodithonous and 

ailochthonous carbon, which is in turn controlled by Stream habitat structure. The 

spatial arrangement of patches suitable for fish cm also influence the strength of fish 

effects, since fish density in upstream patches c m  have a measurable effect on predator 

impact immediately downstream (Chapter 4). However, the carbon base of the food 

diain had a much stronger influence on the magnitude of predator impact than changes 

in immigration rates associated with predation in adjacent patches. Given the apparent 

influence of the carbon base on fish effects, it is useful to consider predation impacts in 

terms of detrital-based and algal-based food chahs (Heal and McLean 1975). 

Predator impacts and hophic interactions are likely to be stronger in algal-based 

food chahs (Fig. 29) for several reasons. Both the direct and indirect effects of fish 

predation on invertebrates should be more pronounced because of the greater 

vulnerability of herbivores constrained to foraging on the upper surfaces of rocks 

(relative to detritivores foraging in interstitial refuges). Feedbadc between invertebrate 

consumers and their periphyton resource should also be stronger in algal-based food 

chahs, because grazers have the potential to reduce both the biomass (e-g. Hill and 

Knight 1987) and rate of production of the primary producer trophic level (Lamberti 

and Moore 1984). Detritivorous food-chains, however, are donor-controlled. 
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Detritivores have the potential to reduce the biomass of their detrital resource, but they 

can have no effect on its rate of production, which is deterrnined by allochthonous 

inputs from the riparian zone or detrital production from algal-based food chains. 

Algal and detrital-based food chahs, and the assoaated strengths of predator 

impact, also occur at a hierarchy of scales in streamç (Fig. 30). At the microhabitat scale, 

al@-based food c h a h  occur on the upper surfaces of rocks, and detrital-based food 

diains are associated with organic accumulations in substrate interstices. At the pool- 

riffle scale, riffies tend to be more algal-based than pools. At the drainage basin scale, 

forested headwater streams tend to be more detrital-based, and the proportional 

contribution of algal carbon increases downstream as a stream increases in width and 

canopy cover decreases (Vannote et al 1980). A model of predation effects in 

hierarchically nested algal and detrital food c h a d  (Fig. 31) predicts that fish effects on 

the invertebrate community should be greatest in algal-based food c h a h  at all of these 

scales. 

Most experimental studies of predation effects on invertebrate community 

structure in north temperate streams are consistent with this model (e-g. Allm 1982, 

Reice 1983, Flecker and Allan 19&2a, 1984b, Reice and Edwards 1986, Schofield et al. 

1988, Bechara 1992, Power 1990a, 1992b). The majority of studies that have documented 

strong effects of fish predation on invertebrate community structure have been in 

unshaded streams where the primary carbon base is algae, or in algal-based food chahs 

in. streams with rnixed carbon sources. The strong effects of fish in the Eel river, 
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Fig. 31 Schematic illustrating the relationship between sheam habitat type, 
carbon source, and the predicted strength of trophic interactions. 
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California (Power 1990a, 1992b), were associated with filamentous algae, and were 

considerably more pronounced on simple boulder substrate than on gravel, although 

this was largely attributed to the availability of refuges rather than the available carbon 

base. Bediara (1992) also observed marked effects of fiçh predation on prirnarily 

algivorous species. The very strong indirect effects of grazing fish observed by Gelwick 

and Matthews (1992) and Flecker (1992; discussed below) were also assoaated with 

al@-based food hains.  In contrast, most of the studies that observed no (Allan 1982, 

Reice 1983, Reice and Edwards 1986) or weak effects of fish predation (Flecker and 

Man 1984a, 1984b, Schofield et al. 1988) were associated with primarily detrital-based 

food chains in systems with a largely allochthonous carbon base. The obse~at ion  of 

strong predation effects in pools in the Eel river (curent velouty < 5 cm sVL; Power 

1990a) further demonstrates that the dichotomy in carbon base between riffle and pool 

habitats decreases as the forest canopy opens in larger streams, and primary production 

becomes the dominant carbon source in both habitats. 

Studies of predation effects in algal-based food diain. have consistently observed 

either decreased density (Bechara et al. 1992, Flecker and Towwend 1994, Rosenfeld 

1987b, Chapters 2 and 4) or grazing activity (Power 1992, Mdntosh and Townsend 

1996) of large-bodied herbivorous uivertebrates. An indirect increase in chironomid 

density resulting frorn reduced adivity of larger grazers, identical to that documented 

in this study (Chapter 3), was also observed by Bechara et al. (1992); Power (1992b) 

observed a similar increase in the density of chironomid tubes on upper cobble surfaces 



in the presence of fish. Indirect increases in chironomid abundance in lakes have also 

been attributed to reduced grazing by larger invertebrates in the presence of fish 

(Crowder and Cooper 1982, Gilinsky 1984). Although indirect increases in smalI 

herbivore abundance under fish predation appear to be common, direct effects may 

ovemde indirect effects if predation risk is high enough, and chironomid abundance 

rnay dedine in the presence of fish (e.g. Hershey 1985, Flecker and Alan 1984b). 

Trophic cascades Ieading to an increase in periphyton in the presence of 

insectivorous fish are &O cornmonly observed in temperate streams (Bechara et al. 

1992, Necker and T o m e n d  1994, McIntosh and Townçend 1996, Rosenfeld 1997a, 

Chapters 2 and 4). The exception was an observed decrease in algal biornass in the 

presence of fish by Power (1990a, 1992b), which was due to the presence of a four-link 

food chain (fish-invertebrate predators-herbivorous duronomids-algae) based on 

filamentous algal turfs rather than a three-link food diain (sensu Fretwell1977,1987) 

based on non-filamentous periphyton 

The effects of carbon base and substrate-assouated refuges are to some degree 

confounded, since complex substrats typicdy accumulate more interstitial detritus, 

while at the same time providing greater refugia from fish predation. Regardless of 

substrate type, the expectation of greater predator impact in algal-based food chains 

remains because of the necessary cowhaint that algae grow on upper substrate surfaces 

exposed to fish. Availability of refuges associated with different substrate types is 



nevertheless a pervasive factor affecthg prey vulnerability, and for a fixed carbon base 

predation effects should be most pronounced in simplified habitats. 

Although experiments in strearns generally demonstrate stronger effects of fish 

predation on herbivorous invertebrates, detritivores can in some instances be 

signhcantiy affected by fish predation. In partidar, freshwater gammarids (Friberg et 

al. 1994, Andersen et al. 1993, Williams and Moore 1982,1985) and isopods (Holomuzki 

and Hatchett 1994) appear to be both vulnerable to fish predation and have the 

potential to measurably affect detrital abundance (Short and Holomuzki 1992). 

Consequently, their presence may significantly alter overall fish-invertebrate-resource 

d ynamics. 

The proposed model for fish predation effects in north temperate streams is 

based on experiments in a fishless stream, where the impact of fish predation is Likely to 

be exaggerated because of the potential naiveté of the invertebrate cornmunity. 

Nevertheless, the observed effects are remarkably consistent with reported predator 

impacts in fish-bearhg streams, as described above. The application of the model to 

fish-bearing streams is further validated by the observation of most of the predicted 

effects in Jacobs Creek (Chapter 5). 



Predation effects and the functional role of fish 

The simple mode1 for the effects of fish predation presented above is dearly 

constrained to north temperate streams, which are dominated by generalist insectivores 

(such as salmonids or sculpins) rather than herbivores or detritivores. However, 

Kisectivorous fish dominate the fish fauna of only a subset of streams worldwide. An 

evaluation of the effects of fish predation on invertebrate community structure in 

general wodd be distorted if it focuçed solely on the effectç of inçectivorous fish. It is 

therefore worth considering how differences in functional roles and habitat preference 

by different speaes may alter the strength and distribution of the effects of fish 

predation. 

Predation by inçectivorous fish will have direct effects on larger invertebrate taxa 

or instars (Chapters 2 and 3, Allan 1981), and indirect effects on smaller taxa (Chapters 2 

and 3, Bechara et al. 1992). Grazing and detritivorous fish, on the other hand, function 

more as competitors than predators, and cm have strong effects on the invertebrate 

community either through interference competition, exploitative competition for 

reçources, or incidental ingestion (Flecker 1992a). In general, the effects of herbivorous 

and detritivorous fish tend to be larger than the effects of insectivores, since herbivores 

and detritivores can have pervasive effects on resource availability (Power 1990b, 

Flecker 1992a, Flecker 1996). In south temperate and tropical streams, which support a 

higher diversity of taxa and hinctional guilds, the effects of fish on the invertebrate 



community will be a more complex outcome of direct predation and cornpetition for 

shared algal and detrital resources (Flecker 1992a, 1996,1997). 

The habitat preferences of predators will also influence the spatial distribution of 

fish effects in streams. Benthidy foraging insectivores appear to have a larger impact 

than fish that position themselves in the water-column and feed primarily on drift 

(Appendix 1, Dahl and Greenberg 1996). This is attributed to benthic insectivores 

feeding exdusively on aquatic prey (Dahl and Greenberg 1996), and foraging more 

effectively in substrate interstices that would otheMrise provide a refuge from drift- 

feeding predators. If the fish species present in a stream prefer pools to riffles, as is 

typically the case for species that forage in the water-column, then predator impacts 

will be greatest in pools simply due to the absence of fish from riMe habitat. For 

instance, Sdosser and Ebel(1989) found that predation on invertebrates by creek chub 

(Semotilus afromnczi~ahis) in experimental streams was greatest in pools, and least 

pronounced in the shallow (4-6 an) fast-flowing experirnental riffle habitats that creek 

chub did not use. In this case, riffles constitute a hydraulic refuge from fish predation, 

because the energetic costs of foraging in riffles are often excessive for non-benthic 

species (Facey and Grossman 1990). If, however, the fish community contains species 

capable of foraging in riffles (eg. longnose dace; Scott and Crossman 1973, Culp 1989), 

then contrasting predator impacts in pool and riffle habitats may occur, as described in 

this study . 



Fish effects within vs. between drainages 

Thorpe (1986) and later Neill (1994) have emphasized the spatiauy hierarchic 

nature of predation risk in aquatic systems, and that both the magnitude and nature of 

the responses of the invertebrate cornmunity may be scale dependent. Risk of fish 

predation varies at two discrete scales, within a stream or lake system containing fish, 

and between streamç or lakes with and without predators. Within a single system fish 

predation c m  operate to limit or regulate prey density in ecological time, while at a 

larger (biogeographic) spatial scale fish predation can create differences in invertebrate 

community structure between systems by extirpation of prey speaes ladllng 

evolutionary adaptations to predation (Zaret 1980, Neill 1994). Thorpe (1986) a r p e d  

that fish may have a weak regdatory role in lakes and streams with fhh, implying that 

there iç little effective variation in predation risk with varying fish density in fish- 

bearing waters, and that most of the variation in risk of predation (and therefore fish 

impact on prey) will be between systems with and without fish. 

The enclosure experiments in Jacobs Creek and the literature review above 

clearly indicate that fish can have a considerable impact on invertebrate community 

structure in fish-bearing streams. This implies that risk of predation varies considerably 

within a stream, and invertebrates have been shown to exhibit adaptive responses to 

predation at the within-stream scale (e.g. Forrester 1994a, 1994b). Differences in 

invertebrate community structure between fishless and fish-bearing streams (Chapter 5, 

Harvey 1993) and the greater impact of fish predation in fishless Mayfly Creek indicate 



that differences in predation risk at the larger scde also result in differences in 

comrnunity structure. The pattern of fish impact on the invertebrate community at the 

larger scale between streams with and without fish also appears to be similar to the 

effects of fish w i t h  a single stream (Chapter 5), supporting the conclusion that the 

nature (if not the magnitude) of the effects of fish predation on invertebrate community 

structure are similar at the within and between streams spatial scales. 

The experiments desaibed in this thesis support a general mode1 for the effects 

of fish predation in north temperate streams, and demonstrate its application at both 

the within- and between-stream scales. However, the effects of predation by 

insectivorous fi& need to be integrated into a more general mode1 incorporating the 

effects of a suite of functional guilds of fish. Fish effects in streams also need to be 

tested systematically at a hierarchy of spatial scales of variation in predation risk (e-g. 

Crowl et al. 1997). Specifically, by examining: i) spatial changes in invertebrate 

community structure assoaated with variation in predation risk within a single stream 

ii) changes in community structure over space associated with variation in predation 

risk between different streams (e.g. Bowlby and Roff 1986), and iii) differences in prey 

community structure between streams with and without fish. 

The focus in community ecology has shifted from sirnply demonstrating that 

predation and cornpetition are important in structuring cornmunities, to more dearly 

defining the conditions under which biological interactions play a significant role. 

Future research needs to focus on understanding the specific circumstances and spatial 



scales at which predators structure prey cornmunities, and to incorporate habitat 

structure as a critical factor constraining the outcorne of biological processes. 



WTERATURE CITED 

Man, J.D. 1978. Trout predation and the size composition of stream drift. Limnology and 

Oceanography 231231-1237. 

Allan, J.D. 1981. Determinants of diet of brook hout (Salvelinus fontindis) in a mountain 

stream. Canadian Journal of Fisheries and Aquatic Sciences 38:184-192. 

Man, J.D. 1982. The effects of reduction in trout density on the invertebrate community in 

a mountain strearn. Ecology 6314441455. 

Man, J.D. 1983. Predator-prey relationships in streams. Pages 191-229 in J.R. Barnes and 

G.W. Minshall, editors. Stream ecology: application and testing of general ecological 

theory. Plenum Press, New York. 

Man, J.D. 1984. The size composition of invertebrate drift in a Rocky Mountain sbearn. 

Oikos 4268-76. 

Man, J.D. 1995. Stream ecology: structure and function of running waters. Chapman and 

Hall, New York, NY. 



Andersen, NH., and K.W. Cummiw. 1979. Influence of diet on the life histories of aquatic 

insects. Journal of the Fisheries Research Board of Canada 361335342. 

Andersen, T-H., N. Friberg, H.O. Hansen, T.M. Iversen, D. Jacobsen, and L. Krojgaard. 

1993. The effects of introduction of brown trout (Sdmo butta L.) on Gammanis pulex L. 

drift and density in two fishless Daniçh streams. Archives fur Hydrobiologie 126:361-371. 

Angermeier, EL., and J.R. Karr. 1983. Fish communities dong environmental gradients in 

a system of tropical streams. Environmental Biology of Fishes 9:117-135. 

Angradi, T.R. 1996. Inter-habitat variation in benthic comrnunity structure, function, and 

organic matter storage in 3,4ppalachian headwater streams. Journal of the North 

American Benthological Society 15A2-63. 

Ashenden, J.E. 1986. Available energy, energy inventories and relations hips be tween 

energy and secondary production in headwater streamç in southem Ontario. MSc. thesis. 

University of Guelph, Guelph, Canada. 

Bannon, E., and N.H. Ringler. 1986. Optimal prey size for stream resident brown trout 

(Salmo butta): tests of predictive models. Canadian Journal of Zoology 64704713. 



Barlocher, F., and B. Kendrick. 1975. Assimilation efficiency of Gammarus pseudolimnaeus 

(Amphipoda) feeding on fungal mycelium or autumn-shed leaves. Oikos 26~55-59. 

Bechara, JA., G. Moreau, and D. Planas. 1992. Top-down effebç of brook bout (Salvelinus 

fonfinalis) in a boreal forest stream. Canadian Journal of Fisheries and Aquatic Sciences 

49:2093-2103. 

Behmer, D.J., and C.P. Hawkins. 1986. Effects of overhead canopy on macroinvertebrate 

production in a Utah stream. Freshwater Biology 16:287-300. 

Benke, A.C., C.A.S. Hall, C.P. Hawkins, R.H. Lowe-McConneU, J.A. Stanford, K. 

Suberkropp, and J.V. Ward. 1988. Bioenergetic considerations in the analysis of stream 

ecosystems. Journal of the North Amencan Benthological Society 7:480-502. 

Bird, G.A., and N.K. Kaushik. 1984. Survival and growth of early-instx nympphs of 

Ephemuelln subvaria fed various diets. Hydrobiologia 119:227-233. 

Bowlby, J.N., and J.C. Roff. 1986. Trophic structure in southem Ontario streams. Ecology 

67:1670-1679. 



Brooks, J.L., and S. Dodson. 1965. Predation, body size, and cornpetition of plankton. 

Science 150:28-35. 

Brusven, M.A., and S.T. Rose. 1981. Influence of substrate composition and suspended 

sediment on insect predation by the torrent sculpin, Cotfus rhotheus. Canadian Journal of 

Fisheries and Aqua tic Sciences 38: 1444-1448. 

Carpenter, S.R., J.F. KitcheU, and J.R. Hodgson. 1985. Cascading trophic interactions and 

lake productivity. Bioscience 35634-639- 

Carpenter, SR., J.F. KitdieIl, J.R. Hodgson, P.A. Cochran, J.J. Elser, M.M. Elser, D.M. 

Lodge, D. Kretchmer, X. He, and C.N. von Ende. 1987. Regdation of lake primary 

productivity by food web stnicture. Ecology 68:1863-1873. 

Connell, J.H. 1975. Some medianisms producing structure in naturd co~lununities: a 

mode1 and evidence from field experiments. Pages 460-490 in M.L. Cody and J.M. 

Diamond, editors. Ecology and Evolution of Communities. Belknap, Cambridge, MA. 

Cooper, S.D. 1984. Prey preferences and interactiow of predators from stream pools. 

Verhandlungen der Intemationalen Vereinigung fur Theoretische 221853-1857- 



Cooper, S.D., L. Bamuta, O. Sarnelle, K. Kratz, and S. Diehl. 1997. Quanûfying spatial 

heterogeneity in strearns. Journal of the North Amencan Benthological Soaety 16: 174-188. 

Cooper, S.D., S.J. Walde, and B.L. Peckarsky. 1990. Prey exchange rates and the impact of 

predators on prey populations in streamç. Ecology 71:1503-1514. 

Cowan C.A. and Peckarsky B.L. 1994. Diel feeding and positioning penodiuty of a 

grazuig mayfly in a trout stream and a fisHess Stream. Canadian Journal of Fisheries and 

Aquatic Saences, 51:450459. 

Cowan, C.A., and B.L. Peckarsky. 1994. Die1 feeding and positioning periodiaty of a 

grazuig mayfly in a trout stream and a fisishless stream. Canadian Journal of Fisheries and 

Aquatic Suences 51:450-459. 

Crowder, L.B., and W.E. Cooper. 1982. Habitat structural complexity and the interaction 

between bluegills and their prey. Ecology 63:894-908. 

Crowl, T.A., C.R. Townsend, N. Bouwes, and H. Thomas. 1997. Scales and causes of 

patchiness in stream invertebrate assemblages: top-down predator effects? Journal of the 

North American Benthological Soaety 16:277-285. 



Culp, J.M., Glozier N.E. and Çcrimgeour G.J. 1991. Reduction of predation risk under the 

cover of darkness: avoidance responseç of mayfly larvae to a benthic fish. Gecologia, 85, 

163-169. 

Culp, J.M. 1986. Experimental evidence that stream maaoinvertebrate community 

structure is unaffected by different dençities of coho salmon fsr. Journal of the North 

Arnerican Benthological Soaety 5: 140-149. 

Cdp, J.M. 1989. Nocturnally cowtrained foraging of a lotic minnow (Rhinichthys 

cataractae). Canadian Journal of Zoology 622008-2012. 

Culp, J.M. and Gd. Scrimgeour. 1993. Size-dependent diel foraging periodicïty of a mayfly 

grazer in streams with and without fish. Oikos 68:242-250. 

Culp, J.M., S.J. Walde, and R.W. Davies. 1983. Relative importance of substrate partide 

size and detritus to stream benthic macroinvertebrate microdistribution. Canadian 

Journal of Fisheries and Aquatic Sciences 40: 1568-1574. 

Cumminç, K.W. 1974. Structure and fundion of stream ecosystems. Bioscience 24:631-641. 



C e ,  K.W., and M.J. Klug. 1979. Feeding ecology of stream invertebrates. Annual 

Review of Ecology and Systematics 10:147-172. 

Dahl, D., and L. Greenberg. 1996. Impact on stream benthic prey by benthic vs drift 

feeding predators: a meta-analysis. Oikos 77177-181. 

Diehl, S. 1988. Foraging efficiency of three freshwater fish: effects of structural complexity 

and Light. Oikos 53:207-214. 

Dodson, S.I., TA. Crowl, B.L. Pedcarsky, L.B. Ka&, A.P. Covich, and J.M. Culp. 1994. 

Non-visual communication in freshwater benthos: an overview. Journal of the North 

Amencan Benthological Society 13:268-282. 

Douglas, P.L., G.E. Forrester, and S.D. Cooper. 1994. Effects of bout on the diel penodiaty 

of drifthg baetid mayflies. Oecologia 98:48-56. 

Downing, J.A., C. Plante, and S. Lalonde. 1990. Fish production correlated with primary 

productivity, not the morphoedaphic index. Canadian Jooumal of Fishenes and Aquatic 

Saences 47:1929-1936. 



Edmunds, G.F. Jr., S.L. Jensen, and L. Berner, 1976. The mayflies of North and Central 

America. University of Minnesota Press, Minneapolis, 330 pp . 

Eggliçhaw, H.J. 1964. The distributional relationship between the bottom fauna of and 

plant detritus in streams. Journal of Animal Ecology 33:463-476. 

Egglishaw, H.J. 1968. The quantitative relationship between bottom fauna and plant 

detritus in streams of different calcium concentration. Journal of Applied Ecology 5:731- 

740. 

Facey, D.E., and GD. Grossman. 1990. The metabolic cost of maintaining position for four 

North American stream fishes: effectç of season and velocity. Physiological Zoology 

63: 757-776. 

Feller, M.C.. 1977. Nuhient movement through western hemlock-western red cedar 

ecosystems is southwestern British Columbia. Ecology 58:1269-1283. 

Feltmate, B.W., and D.D. Williams. 1989. Influence of rainbow trout (Onchorynchus mykiss) 

on density and feeding behaviour of a perlid stonefly. Canadian Journal of Fisheries and 

Aquatic Sciences 463575-1580. 



Feminella, J.W., and C.P. Hawkins. 1994. Tailed frog tadpoles differentially alter their 

feeeeding behaviour in response to non-visual cues from four predators. Journal of the 

North American Benthological Soaety 13:310-320. 

Flecker, A.S. 1984. The effects of predation and detritus on the structure of a Stream insect 

community: a field test. Oecologia 64300-305. 

Flecker, AS.  1992a. Fish trophic gudds and the structure of a tropical stream: weak direct 

vs. strong indirect effefects. Ecology 73:927-940. 

Flecker, AS.  1992b. Fish predation and the evolution of invertebrate drift periodicïty: 

evidence from neotropical streams. Ecology 73:438-448. 

Flecker, A.S. 1996. Ecosystem engineering by a dominant detritivore in a diverse tropical 

stream. Ecology 721845-1854. 

Flecker, AS.  1997. Habitat modification by tropica 1 fishes: environmenta 1 heterogene ity 

and the varîability of interaction strength. Journal of the North Amencan Benthological 

Soaety 16:286295. 



Flecker, A.S., and C R  Townsend. 1994. Comrnunity-wide consequences of trout 

introduction in New Zealand streams. Ecologicd Applications 4:79&807. 

Fledcer, A.S., and J.D. Man. 1984. The importance of predation, substrate, and spatial 

refugia in determinhg lo tic insect distributions. Oecologia 64:306-3 13. 

Forrester, G.E. 1994a. Die1 patterns of drift by five species of mayfly at different levels of 

fish predation. Canadian Journal of Fishenes and Aquatic Saences 51:2549-2557. 

Forrester, G.E. 1994b. Influences of predatory fish on the drift dispersal and local density 

of stream insectç. Ecology 753208-1218. 

Fraser, D.F., and R.D. Cem. 1982. Experirnental evaluation of predator-prey relationships 

in a patchy environment: consequences for habitat use patterns in minnows. Ecology 

63:307-313. 

Fretwell, S.D. 1977. The regdation of plant cornrnunities by the food chains exploiting 

them. Perspectives in Biology and Medicine 20:169-185. 

Fretwell, Ç.D: 1987. Food chah  dynamics: the central theory of ecology? Oikos 50:291-301. 



Friberg, N., T.H. Andersen, H.O. Hansen, T.M. Iversen, D. Jacobsen, L. Krojgaard, and 

S.E. Larsen. 1994. The effect of brown bout (Salmo butta L.) on strearn invertebrate drift, 

with speaal reference to Gammarus pulex L. Hydrobioiogia 294:105110. 

Frid C.L.J. and Townsend C.R. (1989) An appraisal of the patch dynarnics concept in 

stream and marine benthic communities whose members are highly mobile. Oikos, 

56: 137-141, 

Frissel, C.A., W.J. Lis ,  C.E. Warren, and M.D. Hurley. 1986. A hierarchical framework for 

stream habitat classification: viewing streams in a watershed context. Environmentai 

Management 10:199-214. 

Gelwidc, F.P., and W.J. Matthews. 1992. Effects of an algivorous minnow on temperate 

stream ecosystem properties. Ecology 73:1630-1645. 

Gilinsky, E. 1984. The role of fish predation and spatial heterogeneity in determining 

benthic community structure. Ecology 65455-468. 

Gilliam, J.F., D.F. Fraser, and A.M. Sabat 1989. Strong effects of foraging minnows on a 

strearn benthic invertebrate comrnunity. Ecology 70:445-452. 



Gliwîcz, Z.M., 1990. Food thresholds and body size in dadocerans. Nature 343638440. 

Grime, J.P. 1974. Vegetation classification by reference to strategies. Nature 250:26-31. 

Hairston, N.G., F.E. Smith, and L.B. Slobodkin. 1960- Community stiuchire, population 

control and competition. American Naturalist 94:421-425. 

Hairston, N.G.J., and N.G.S. Hairston. 1993. Cause-effect relationships in energy flow, 

trophic structure, and interspeafic interactions. American Naturalist 142379-411. 

Harvey, B.C. 1993. Benthic assemblages in Utah headwater sbeams with and without 

bout. Canadian Journal of Zoology 71:896-900. 

Hawkins, C.P., J.L. Kershner, P.A. Bisson, M.D. Bryant, L.M. Dedcer, S.V. Gregory, D.A. 

McCullough, C.K. Overton, G.H. Reeves, R.J. Steedman, and M.K. Young. 1993. A 

hierarchical approadi to dassifying stream habitat features. Fisheries 18:3-12. 

Hawkins, C.P., L.J. Gottschalk, and S.S. Brown. 1988. Densities and habitat of tailed frog 

tadpoles in small sweams near Mt. St. Helens following the 1980 eruption. Journal of the 

North Amencan Benthologicd Society 7:246-252. 



Hawkins, C.P., M.L. Murphy, and N.H. Anderson. 1982. Effects of canopy, substrate 

composition, and gradient on the structure of maaoinvertebrate communîties in Cascade 

Range streams of Oregon. Ecology 631849-1856. 

Heal, O.W., and S.F. McLean. 1975. Comparative productivity in ecosystems - secondary 

productivity. Pages 89-108 in W.H. van Dobben and R.H. Lowe-McComeU, editors. 

Umfymg Concepts in Ecology. Junk, The Hague. 

He& B.A. 1992. Sensitivïty of mayfly nyrnphs to red light: implications for behavioural 

ecology. Freshwater Biology, 28: 331-336. 

Hershey, A.E. 1985. Effects of predatory sculpin on the chironornid communities in an 

arctic lake. Ecology 66:1131-1138. 

Hildrew A.G. and Giiler P.S. 1994. Patchiness, speaeç interactions, and disturbance in the 

strearn benthos. Aquatic ecology : scale, pattern, and process (eds. P.S. Giller, A.G.Hildrew 

and D.G. Raffaelli), pp. 21-64. Blackwell Scientific Publications, London. 

Hill, W.R., and A.W. Knight. 1987. Experimental analysis of the p i n g  interaction 

between a mayfly and stream algae. Ecology 68:1955-1965. 



Holomuzki, JJt,  and LA. Hatchett. 1994. Predator avoidance cos& and habituation to fïsh 

chernicals by a stream isopod. Freshwater Biology 32585-592. 

Huet, M. 1959. Profiles and biology of Western European sheams as related to fish 

management. Transactions of the Amencan Fisheries Society 88:155-224. 

Huffaker, C.B. 1958. Experimental studies on predation: dispersion factors and predator- 

prey oscillations. Hilgardia 27343383. 

Hughes, N.F., and L.M. DU. 1990. Position choice by drift-feeding salmonids: mode1 and 

test for arctic grayling (Thymallus arcticus) in subarctic mountain streams, interior Alaska. 

Canadian Journal of Fisheries and Aquatic Sciences 4712039-2048. 

Hunter, M.D., and P.W. Price. 1992. Playing chutes and ladders: heterogeneity and the 

relative roles of bottom-up and top-do wn forces in na tural communities. Ecology 73:724- 

Hutchinson, G.E. 1957. Conduding Remarks. Cold Spring Harbour Symposium on 

Quantitative Biology 22415427. 



Hynes H.B.N. 1970. The ecology of running waters. The University of Toronto Press, 

Toronto. 

Jackson, DA.  1993. Multivariate analysis of benthic invertebrate cornmunities: the 

implication of choosing partidar data standardizations, measures of association, and 

ordination methods. Hydrobiologia 268:9-26. 

Kohler S.L. 1985. Identification of stream drift mechanisms: an experïmental and 

observational approach. Ecology 66:1749- 1761. 

Kohler, S.L., and M.A. McPeek. 1989. Predation risk and the foraging behaviour of 

cornpethg strearn insects. Ecology 70: 181 1-1825. 

Lamberti, G.A., and J.W. Moore. 1984. Aquatic insectç as primary cowumers. Pages 162- 

195 in V.H. Resh and D.M. Rosenberg, editorç. The ecology of aquatic insects. Prager 

Science, New York. 

Lamberti, G.A., S.V. Gregory, C.P. Hawkins, R.C. Wildman, L.R. Ashkenas, and D.M. 

Denicola. 1992. Plant-herbivore interactions in streams near Mount St. Helens. Freshwater 

Biology 27237-247. 



Lancaster J., Hildrew A.G. and Townsend C.R. 1991. invertebrate predation on patchy 

and mobile prey in streams. Journal of Animal Ecology 60:625-641. 

Leibold, MA. 1989. Resource edibility and the effects of predators and productivity on 

the outcome of trophic interactions. American Naturalist 134922-949. 

Levin, S.A. 1992. The problem of pattern and çcde in ecology. Ecology 73:1943-1967. 

Malmqvist, B., and P. Sjostrom. 1987. Stream drift as a consequence of disturbance by 

invertebrate predators: field and laboratory experiments. Oecologia 74:396-403. 

Mammder, A. 1994. Patterns of algal biomass in dominant odd-vs. even-link ecosystems. 

Ec010gy 75:1141-1148. 

Mdntosh, A.R., and C.R. Townsend. 1994. Interpopulation variation in mayfly 

antipredator tactics: differential effects of contrasting predatory fish. Ecology 75:2078- 

2090. 

Mdntosh, A.R, and C.R. Townsend. 1996. Interactions between fkh, grazing 

invertebrates and algae in a New Zealand Stream: a trophic cascade mediated by fish- 

induced changes to gazer behaviour? Oecologia 108:174181. 



McQueen, D.J. 1990. Manipulating lake community structure: where do we go from here? 

Freshwater Biology 236134520. 

McQueen, D.J., J.R. Post, and E.L. Mills. 1986. Trophic relationships in freshwater pelagic 

ecosystemç. Canadian Journal of Fisheries and Aquatic Sciences 43:l57l-E8l. 

Menge, B.A., and A.M. Olson. 1990. Role of scale and environmental factors in regdation 

of community structure. Trends in Ecology and Evolution 552-57. 

Memtt, R.W., and K.W. Cummins. 1984. An introduction to the aquatic insects of North 

America. Kendail/Hunt, Dubuque. 

Morin, A., and N. Bourassa. 1992. Modeles empirique de la production annuelle et du 

rapport P/B drinvertebres benthiques d'eau courante- Canadian Journal of Fisheries and 

Aquatic Sciences 49:532-539. 

Neill, W.E. 1992. Population variation in the ontogeny of predator-induced vertical 

migration in copepods. Nature 356:5457. 



Neill, W.E. 1994. Spatial and temporal scaIing and the organization of limnetic 

communities. Pages 189-231 in P.S. Giller, A.G. Hildrew, and D.G. Raffaelli, editors. 

Aquatic Ecology: Scale, Pattern, and Process. Blackwell Saentific Publications, Oxford. 

Oksanen, L., S. Fretwell, J. Arruda, and P. Niemela. 1981. Exploitation ecosystems in 

gradients of primary productivity. American Naturaïkt 118:240-261. 

Peckarsb B.L & Fenton M.A. 1989. Early waming lowers risk of stonefly predation for a 

vulnerable mayfly. Oikos 54310-319. 

Peckarsky B.L. 1980. Predator-prey interactions between stoneflies and mayflies: 

behavioural observations. Ecology 61:932-943. 

Peckarsky, B.L., S.C. Hom, and B. Statzner. 1990. Stonefly predation dong a hydraulic 

gradient: a field test of the harsh-benign hypothesiç. Freshwater Biology 24:181-191. 

Persson, L, G. Andresson, S.F. Harnrin, and L. Johansson. 1988. Predator regdation and 

primas, production dong the production gradient of temperate lake ecosystems. Pages 

44-65 in S.R. Carpenter, editor. Complex interactions in lake communities. Springer- 

Verlag, New York, New York, USA. 



Peters, G.T., ES. Benfield, and J.R. Webster. 1989. Chernical composition and rnicrobial 

activity of seston in a southem Appalachian headwater Stream. Journal of the North 

Arnerican Benthological Society 8:74-M. 

Power, M.E. 1983. Grazing responses of tropical freshwater fishes to different scales of 

variation in their food. Environmental aliology of Fishes 9:103-115. 

Power, M.E. 1986. Depth distributions of armored catfishes: predator-induced resource 

avoidance. Ecology 65529-537. 

Power, M.E. 1990a. Effects of fish in river food webs. Science 250:811-814. 

Power, M.E. 1990b. Resource enhancement by indirect effedç of grazers: armored catfish, 

algae and sediment. Ecology 712597-904. 

Power, M.E. 1992a. Top-down and bottom-up forces in food webs: do plants have 

primacy? Ecology 73:733-746. 

Power, M.E. 199213. Habitat heterogeneity and the functional significance of fish in river 

food webs. Ecology 73:1675-1688. 



Power, M.E., T.L. Dudley, and S.D. Cooper. 1989. Grazing catfish, fishing birds, and 

attached algae in a Panamanian stream. Environmental Biology of Fishes 26:285-294. 

Power, M.E., VKJ. Matthews, and A.J. Stewart. 1985.Grazing minnows, pisavorous bass, 

and stream algae: dynamics of a strong interaction. Ecology 66:1448-1456. 

Pringle CM., Naiman J.R., Bretschko G., Karr J.R., Oswood M.W., Webster J.R., 

Welcomme R.L. & Winterbourne M.J. 1988. Patch dynamics in lotic systems: the stream as 

a mosaic. Journal of the North American Benthological Society 7:503-524. 

Pulliam H.R. 1988. Sources, sirtks, and population regdation. Amencan Naturalist 

132:G2-661. 

Rabeni, C.F., and G.W. Minçhall. 1977. Factors affecting the microdistribution of stream 

benthos. Oikos 29:33-43. 

Reice, S.R. 1983. Predation and substratum: factors in lotic community structure. Pages 

325-345 in T.D. Fontaine and S.M. Bartell, editors. Dynamics of lotic ecosystm. Ann 

Arbor Saence Publishers, Ann Arbor, MI. 



Reice, S.R., and R.L. Edwards. 1986. The effect of vertebrate predation on lotic 

macroinvertebrate cornmunities in Quebec, Canada. Canadian Joumal of Zoology 

64: 1930-1936. 

Resh, V.H., A.V. Brown, A.P. Covich, M.E. Gurtz, H.W. Li, G.W. Minçhall, S.R. Reice, A.L. 

Sheldon, J.B. Wallace, and R. Wiçsmar. 1988. The role of disturbance in stream ecology. 

Journal of the North American Benthological Society 7:433-455. 

Richardson, J.S. 1992. Food, microhabitat, or both? Macroinvertebrate use of leaf 

accumulations in a montane stream. Freshwater Biology 22169-176. 

Roff, J.C., and R.R. Hopcroft. 1986. High precision miaocomputer based measuring 

systern for ecological research. Canadian Journal of Fisheries and Aquatic Sciences 

43:îO44-2048. 

Rosenfeld, J.S. 1997a. The effed of large rnacroinvertebrate herbivores on sessile 

epibenthos in a mountain stream. Hydrobiologia 34475-79. 

Rosenfeld, J.S. 1997b. The infiuence of upstream predation on the expression of fish effectç 

in downstrearn patches. Freshwater Biology 37:535-543. 



Rosenfeld, J.S., and J-C. Roff- 1992 Examination of the carbon base in southem Ontario 

strearns using stable isotopes. Journal of the North Amencan Benthological Society 11:l- 

10. 

Rosenfeld, J.S., and J.J. Hudson. 1997. Primary production, bacterid production, and 

invertebrate biomass in pools and riMes in southem Ontario streams. Archives fur 

Hydrobiologie 139:301-316. 

SAS Institute. 1989. SAS/STAT User's guide, Version 6. SAS Institute, Carey, NC. 

Schlosser, I.J., and K.K. Ebel. 1989. Effects of flow regime and cyprinid predation on a 

headwater stream. Ecological Monographs 59~41-57. 

Schofield, K., C.R. Tomend ,  and AG. Hildrew. 1988. Predation and the prey 

cornrnunity of a headwater stream. Freshwater Biology 20:85-95. 

Scott, W.B., and E.J. Crossman. 1973. Freshwater fishes of Canada. Fisheries Research 

Board of Canada, Bulletin No. 184. 



Scrimgeour, G.J., J.M. Culp, and F.J. Wrona. 1994b. Feeding while avoiding predators: 

evidence for a size-specific trade-off by a lotic mayfly. Journal of the North Amencan 

Benthological Society 13:36&378. 

Scrimgeour, G.J., J.M. Culp, and K.J. Cash. 1994a. Anti-predator responses of mayfly 

larvae to conspedic and predator stimuli. Journal of the North American Benthological 

Soaety 13:299-309. 

Sedell, J.R., F.J. Triska, and N.S. Triska. 1975. The processing of conifer and hardwood 

leaves in two coniferous forest streams: 1. Weight loss and associated invertebrates. 

Verhandlungen der Intemationalen Vereinigung fur Theoretische 19:1617-1627. 

Short, T.M., and J.R- Holomuzki. 1992. Indirect effects of fish on foraging behaviour and 

leaf processing by the isopod Lircezrs fontinnlis. Freshwater Biology 2791-97. 

Sih, A., and D.E. Wooster. 1994. Prey behaviour, prey dispersal, and predator impacts on 

Stream prey. EcoIogy 75:1199-1207. 

Sih, A., P. Crowley, M. McPeek, J. Petranka, and K. Strohmeier. 1985. Predation, 

cornpetition, and prey communities: a review of field experiments. Annual Review of 

Ecology and Systematics 16:269-3 11. 



Smock, LA. 1980. Relationships between body size and biomasç of aquatic insects. 

Freshwater Biology 10:375-383. 

Snedecor, G.W., and W-G. Cochran. 1989. Statistical Methods, 8m ed. Iowa State 

University, Ames, Iowa. 

Sokal, R.R., and F.J. ROM. 1997. Biometry. Freeman and Company, New York. 

Southwood, TR.E. 1977. Habitat, the templet for ecological strategies? Journal of Animal 

Ecology 46337-365. 

Southwood, T.R.E. 1988. Tadics, strate* and templets. Oikos 523-18. 

Statzner, B., ].A. Gore, and V.A. Resh. 1988. Hydraulic stream ecology: observed patterns 

and potential applications. Journal of the North American Benthological Society 7307-360. 

Stockner, J.G., and KR. Shortreed. 1978. Enhancement of autotrophic production by 

nutrient addition in a coastal rauiforest stream on Vancouver Island. Journal of the 

Fisheries Research Board of Canada 35:28-34. 



Steel, R-G.D., and J.H. Tome. 1980. Pnnàples and procedures of statistics. 2d edition. 

McGraw-Hill, New York, New York, USA. 

Strickland, J.D.H., and T.R. Parsons. 1972. A practical handbook of seawater analysis. 

Fisheries Research Board of Canada, Ottawa. 

Strong, D.R. 1992. Are trophic cascades all wet? Differentiation and donor-control in 

speaose ecosystem. Ecology 73:747-754. 

Thorpe, J.H. 1986. Two distinct roles for predators in freshwater assemblages. Oikos 

47:75-82. 

T o m e n d ,  C.R. 1989. The patch dynamics concept of ecology. Journal of the North 

American Benthological Soaety 8%-50. 

Townsend C.R. & Kildrew A.G. 1976. Field experiments on the drifting, colonization and 

continuous redistribution of stream benthos. Journal of Animal Ecology 45:759-772. 

Triska, FJ., J.R. Sedell, and B. Buddey. 1975. The processing of conifer and hardwood 

leaves in two coniferouç forest streams: II. Biochemical and nutrient changes. 

Verhandlungen der Intemationalen Vereinigung fur Theoretische 19:162&1639. 



Vannote, R.L., G.W. Minshail, K.W. Cummins, J.R. Sedell, and C.E. Cushing. 1980. The 

River Continuum Concept. Canadian Journal of Fisheries and Aquatic Sciences 37:130- 

137. 

Wallace, J.B., and M. Gurtz. 1986. Response of Baetis rnayflies to catchment logging. 

Arnerican Midland Naturalis t 1 l5:25-41. 

Walton, J.O.E. 1980. lnvertebrate drift from predator-prey associations. Ecology 61:1486- 

1497. 

Ward, G.M., and K.W. Cummins. 1979. Effects of food quality on growth of a stream 

detritivore, Parntmdipes al bimnnrrs (Meigen) @ip tera: Chironomidae). Ecology 60:57-64. 

Waters T. F. 1972. The drift of stream insectç. Annual Review of Entemology 17253-272. 

Weigert, R.G., and D.F. Owen. 1971. Trophic structure, available resources and population 

density in terrestrial vs. aquatic systems. Journal of Theoretical Biology 30:69-81. 

Williams, D.D., and G.P. Levens. 1988. Evidence that hunger and limb loss can contribute 

to stream invertebrate drift. Journal of the North Amencan Berithological Soaety 2180- 

187. 



WiUiarns, D.D., and KA. Moore. 1982. The effect of environmental factors on the activity 

of Gammnncs psettdolimnmrs (Amphipoda) . Hydrobiologia 96: 137-147. 

Williams, D.D., and KA. Moore. 1985. The role of semiochemicals in benthic comrnunity 

relationships of the lotic amphipod Gammnrus pseudolimnnez<s: a laboratory analysis. Oikos 

44:28û-286. 

Wilzbach, M.A., K.W. Cumminç, and J.D. Hall. 1986. Influence of habitat manipulations 

on interactions between cutthroat bout and invertebraie drift. Ecology 67:89&911. 

Wooster, D. 1994. Predator impacts on strearn benthic prey. Oecologia 99:7-15. 

Zaret, T.M. 1980. Predation in Freshwater Communities. Yale University Press, New 

Haven. 



Contrasting effects of drift versus benthic feeding fi& (coho and sculpin) 

Fish in streams typicaily differ in the vertical orientation of their foraging activity . 

Some speaes have unique adaptations to a benthic Mestyle and forage exdusively on 

benthic invertebrates; sculpin (Cottnis sp.) and longnose dace (Rhinichthys catnhacte) are 

typical benthic species with reduced air bladders and enlarged pectoral fins. Other 

species swim or maintain position in the water column, and forage largely on drifting 

aquatic invertebrates or invertebrates on the water surface. Juvenile salmonids and 

resident addts are typically drift-feeders (Hughes 1990), and the freshwater stages of 

speaes such as coho are strongly surface-oriented. More generalist species, such as many 

cyprinids, forage on the stream bottom as well as at the surface and throughout the water 

column (Scott and Crossman 1973). 

A constant "redistribution" of invertebrates occurs in streams (Townsend 1989), 

largely through the process of downstream drift (Hynes 1970) where invertebrates 

deliberately enter the moving water column so as to avoid benthic predators (Walton 

1980, Malmqviçt and Sjostrom 1987, Culp et al. 1991) or seek out optimal resource patches 

(Kohler 1985). At any given tune a fraction of the benthic community is drifting in the 



water column, thereby increasing their vulnerability to drift-feeding fish while deaeasing 

their risk of benthic predation. 

Thus fish cm affect benthic invertebrates by two major pathways, by direct 

predation on the benthos, and predation on the drifting fraction of the invertebrate 

community. Because drift- and benthic-feeding fish forage in different ways, the strength 

and nahue of their effects may differ (Dahl and Greenberg 1996). Predation by benthic 

fish has direct effects on invertebrate community structure. Benthic fish also have a larger 

pool of invertebrates available to them because of their ability to forage interstitidy in 

habitats that are refuges from drift-feeding fish. Predation on drifting invertebrates has 

less dearly defined effects on invertebrate community structure. If drifting invertebrates 

are weak and senescent individuals (Williams and Levens 1988) in a saturated habitat, 

then the effects of predation on drift may be compensatory and will have Little effect on 

cornrnunity structure. If, on the other hand, dnfting invertebrates are important colonists 

of benthic habitats, then reduced drift may have strong effects on downstrem 

invertebrate communities. High drift rates in streams may tend to swarnp out the 

expression of predation effectç (the "postage starnp" effect; Cooper et al. 1990, Sih and 

Wooster 1994); benthic predation effects are more likely to be expressed if predation on 

the drift reduces immigration from upstream (Chapter 5). 

Both drift and benthic foraging fish were used in the 1993 enclosure experirnent 

(Chapter 2), which was intended to sirnulate the potential impact of a generalized fkh 

assemblage. Only coho were used in the 1994 enclosure experiment (Chapter 5), which 



was intended to examine the effect of upstream predation on downstream fish effects. 

Conhasthg the effeds of a drift-feeding fish (1994 experiment) with the combined effects 

of a drift and benthic forager (1993 experkent) can give some insight into the differential 

effectç of foraging on the drift vs. foraging on the benthos. However, there are several 

attributes of coho and priddy sculpin that complicate the simple contrast between benthic 

and drift-feeding fish. First, priddy s d p i n  are nocturnal foragers, while coho forage 

during the day. Secondly, sculpin have large gapes that enable them to consume 

Ascaphus larvae, while coho cannot. Given these qualifications, examining the contrasting 

effects of predation in the 1993 and 1994 experimentç may give insight into the functional 

roles of benthic and drift-feeding fish. 

In the 1993 experiment where both coho and x d p i n  were present there was a 

strong trophic cascade, resulting in a sipdicant increase in algae (measured on gravel) 

and smaller invertebrates in the presence of fish. In the 1994 experiment where only coho 

were present, there was a significant increase in algae in the presence of fish on tile 

substrate, but not on gravel, whidi iç the appropriate cornparison with the 1993 

experiment. There was &O no significant effect of coho on abundance of smaller 

invertebrates. Clearly the presence of sculpin was a necessary (if not exclusive) condition 

for the large effects observed in 1993. It is not dear whether the presence of coho was 

essential as well; conceivably, overall effects of predation in 1993 may have been 

substantially less if upstream predation by coho does play a significant role in reducing 

immigration rates of drifting inverteb rates (Chap ter 5). 



The presence of sculpin may have increased the effects of predation in the 1993 

experiment over the 1994 experiment by three possible mechaniSm: 1) reduction in 

numbers of mayflies by predation or induction of mayfly drift, ii) reduction in Ascnphus 

abundance by direct predation, iii) behavioural inhibition of mayfly grazing during the 

night (sculpin are noctumal foragers), or any combination of the above. Sculpin as 

benthic predators may have a larger impact on mayflies than coho (for the reasons 

discussed above), but it is &O conceivable that the per capita magnitude of sculpin and 

coho effects are sirnilar, and it is simply the increased predator density (four coho and two 

sculpin combined in 1993 versus four coho in 1994) that resulted in the stronger trophic 

cascade in the first experiment- 

Ascaphus abundance was not adequately quantified in the 1993 enclosure 

experiments, so that it is impossible to assess whether sculpin reduced Ascapkus dençity. 

Densities of mayflies grazing at night were definitely higher in the absence of sculpin in 

1994 than in 1993. However, 1 only did several cursory night observations to deterrnine 

whether mayflies were grazing on tiles during 1993; when 1 observed almost no mayflies, 

night obsenratiom were not continued in the repeated systematic fashion used the 

following year, so that there is no statiçtical basis for comparing mayfly night abundances 

between years. Nevertheless, it appears that there was a substantial decrease in mayfly 

foraging activity at night in the 1993 experiment, and that the presence of sculpin was the 

likely cause. 



Given the ambiguity of sculpin effects on Ascnphzu and the largely anecdotd 

observations on nocturnal abundance of mayaes in 1993, it is difficuit to convincingly 

discriminate between the three mechaniSm of sculpin impact on community structure 

kted  above. This is particularly true since the indirect effects of Ascaphus on algal 

biomass and s m d  invertebrates are indiçtinguishable fiorn those of Ameletus (Rosenfeld 

1997b, Chapter 3). However, mean Ascaphzis densities in control treatrnents were 4-6 m-' 

in 1994, and were probably sirnilar in 1993 (when they were not measured accurately). 

Since Lamberti et al. (1992) found no effectç of Ascqhus on either algae or invertebrates 

below densities of 8 m', it seems unlikely that the increase in algae and invertebrates in 

the presence of fish was due exclusively to sculpin predation on Ascaphus. And since 

average Amelehis abundance in the presence of fish was lower in the 1993 experiment 

with both coho and sculpin (mean density t: SD 14.2 5 6.0 m-') than in 1994 (mean density 

+ SD 41.8 + 28.0 mQ), and mayfly grazing at night was apparently lower in 1993, it is most - 

likely that greater predator impact in 1993 was primarily due to sculpin effects on mayfly 

grazers. 

The stronger effects on the invertebrate community of predation by sculpin 

relative to coho is consistent with the predictions of greater impact by benthic feeding fish 

(Dahl and Greenberg 1996). The expectation of greater effects of predation by benthic- 

feeding fish is based on the assumption that the stream bottom provides a spatial refuge 

fkom drift foragers, but not benthic foragers. However, this analysis suggests that a 

temporal refuge, where invertebrates forage nocturndy when fish are inactive, may be 



equally if not more important than a spatial one for escaping predator control. The 

elimination of the temporal refuge offered by nochunal grazing is more likely responsible 

for the enhanced effects of fish predation in the presence of sculpin than their ability to 

forage in spatial refuges fiom drift-feeding fish. 
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