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Introduction 

Since Charles Darwin’s last scientific book on the functional significance of 

earthworms in soils, an overarching question in ecology has been the extent to which and 

how biota influence community- and ecosystem-level properties (Ehrlich and Ehrlich 

1981, Schulze and Mooney 1994, Loreau et al. 2002). Early biodiversity conservation 

concerns have been echoed by emergent theories, such as R. Paine’s “keystone 

hypothesis” or B. Walker’s “driver and passager hypothesis”, all stating that a few 

species dominate the biotic control over ecosystem functioning (Walker 1992, Power et 

al. 1996). Even though several lines of evidence now indicate that within-trophic level 

diversity can lead to emergent ecosystem properties (Loreau et al. 2002), overall data 

from recent biodiversity research confirm the overriding importance of the dominant 

species’ traits in governing critical ecosystem functions such as primary production and 

decomposition (Garnier et al. 2004, Cardinale et al. 2006, Lecerf and Richardson 2009). 

Functionally dominant (or key) species can be defined as a those which have a large 

influence on ecosystem properties such as biomass stocks, rates of material processing, 

and stability against environmental fluctuations. In the view of the rapid rate of species 

extinction worldwide, the conservation of such key species is therefore a top priority in 

order to maintain the integrity of ecosystem functions and Nature’s services supplied to 

humans (Ellison et al. 2005, Power et al. 1996, Dobson et al. 2006). 

Because all trophic levels potentially embed functionally dominant species 

(Power et al. 1996, Ellison et al. 2005, Taylor et al. 2006, Pringle et al. 2007), functional 

dominance is not simply determined by taxonomic and trophic traits. The identification 

of putative key species may, however, be improved following recent progress made in 
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understanding how body size influences an organism’s metabolism, species’ life history 

traits and food web structure and properties are relevant to (Brown et al. 2004, 

Woodward et al. 2005a, Hildrew et al. 2007). Metabolic scaling theory and empirical 

testing indicate that body size correlates positively with 1) the total biomass achieved by 

a species and 2) individual metabolic rate and, thus, interaction strength or material 

processing efficiency (Brown et al. 2004, Solan et al. 2004, Larsen et al. 2005, 

Woodward et al. 2005b, Berlow et al. 2009). Assuming that the product of biomass and 

metabolic rate scales with species’ functional importance (Garnier et al. 2004, Solan et 

al. 2004, Statzner and Moss 2004), it can be reasonably assumed that large species 

dominate the biotic control over ecosystems. 

Field surveys and enclosure/enclosure experiments conducted in streams have 

advanced our understanding of how conspicuous animals affect aquatic biodiversity and 

ecosystem functions (e.g., Power 1990, Woodward et al. 2005b). By controlling the 

biomass of small invertebrate consumers, invertivorous fishes or predatory crayfishes 

have been shown to indirectly affect the biomass of benthic algae or benthic detritus 

through trophic cascades (e.g., Power 1990, Greig and McIntosh 2006, Schofield et al. 

2004, Woodward et al. 2008). It has been evident from stream studies that consumptive 

interactions are not instrumental in mediating strong trophic cascades which can also 

arise from predator effects on fitness and behavioral traits of consumers (Walde and 

Davies 1984, Malmqvist 1993, Englund 2005, Peckarsky et al. 2008). A variety of biotic 

and abiotic factors has been reported to modulate the strength of trophic cascades in 

streams (Power 1992, Cheever and Simon 2005, Borer et al. 2005). Large consumers, 

too, exert strong top-down forces in stream food webs (Rosemond et al. 2001, Zhang et 
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al. 2004, Taylor et al. 2006, Connelly et al. 2008). Rapid resource depletion by large 

consumers may in turn affect the abundance of smaller competing species relying on 

algae and detritus as food and habitat (Rosemond et al. 2001, Zhang et al. 2004). In 

addition to trophic influences, conspicuous animals, irrespective of their trophic position, 

have been reported to play roles of physical ecosystem engineer; for instance, sediment 

deposition on a stream bed can be dramatically reduced by the bioturbation caused by the 

activity of large animals (e.g., Pringle et al. 1993, Zanatelle & Peckarsky 1996, Usio and 

Townsend 2004, Zhang et al. 2004, Connelly et al. 2008). 

How a functionally dominant species influences its ecosystems is therefore 

largely dependent upon its trophic position as well as functional traits mediated non-

trophic effects. In addition large animals from adjacent trophic levels may alter each 

other’s roles through non-trophic interactions (facilitation and interference), making it 

difficult to predict the effects of a complex of key species. On the one hand, selective 

predation on small consumers is expected to increase resource availability to large 

consumers. On the other hand, due to their relative invulnerability, large consumers may 

dampen a trophic cascade by compensating for the reduction of consumption rate by 

small consumers. However, such cumulative effects of top predators and large consumers 

may be altered by interference competition or facilitation. This is poorly known since 

previous studies generally focus on single key species whereas those focusing on 

complexes of key species did not address putative interactive effects of adjacent trophic 

levels, a notable exception being the study of Zhang et al. (2004). Furthermore, current 

ecological theory emphasizes the notion that multiple trophic level interactions are 

controlled by body size differences (Brose et al. 2006, Berlow et al. 2009). 
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Invertebrates dominate the biotic control over ecosystem functioning in many 

headwater streams whereas the small size and harshness of such habitats prevent durable 

establishment of vertebrate populations (Richardson & Danehy 2007). Terrestrial plant 

litter and benthic algae are the main basal resources to the food webs of these small 

streams (Richardson 1991, Hall et al. 2000, McNeely et al. 2007). The large invertebrate 

species often are generalist predators or large-particulate detritivores. We examined 

experimentally their dependent and independent effects on the structure of invertebrate 

community, on the dynamics of benthic algae and leaf litter and on ecosystem stability 

against a human perturbation. We manipulated the presence/absence of large predators 

and large detritivores in open stream mesocosms located in the coast range of the Pacific 

rainforest in British Columbia, Canada (Plate 1). Streams in this region are subject to 

disturbance from forest harvesting though increased mobilization of particulates from 

forest soils and banks, increased light and primary production, and from shifts in forest 

canopy from low quality (coniferous) to high quality (angiosperm) leaf litter inputs 

(Kiffney et al. 2003, Richardson & Danehy 2007). We hypothesized that the large 

predators exert powerful trophic cascades on both algal biomass and litter decomposition, 

and the large detritivores reliably sustain high rates of litter decomposition. Since litter 

standing stock is naturally diverse, we used two dominant litter species exposed in 

isolation and in mixture to assess litter decomposition rate with the mesh bag method. At 

the end of the experiment we simulated a short pulse of fine inorganic sediment in order 

to examine whether its ecological consequences is altered by the large invertebrates. We 

specifically predicted that their bioturbation would reduce the rate of sediment 
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deposition, thereby potentially moderating the ecological effects of the simulated pulse 

perturbation. 

Methods 

Mesocosms features 

A battery of 14 outdoor, once-through flow stream channels has been established 

in the University of British Columbia’s Malcolm Knapp Research Forest and 

continuously fed by water diverted from Mayfly Creek, a small, permanent stream (Plate 

1; Richardson 1991). The mesocosms are each 15 m long and 30 cm width. They are 

constructed from cinder blocks that are placed on top of a plywood frame and lined with 

impermeable plastic. The bottoms of the channels are made of a 10-cm layer of natural 

substrates (coarse sand, gravel, pebble, cobble, and organic detritus), water depth range 

from 1 to 10 cm, average slope of channels is 3%, and water flow is on average 1 L/s. For 

our experiment, channels were covered by a 10-mm mesh plastic net to provide some 

shade and to control amount of litter input. We added leaf litter throughout the course of 

the experiment to sustain benthic organic matter standing stock (1 g AFDM / m2) at 

levels comparable to that of Mayfly Creek. We used the first 10 meters of the 

mesocosms, with the downstream limit consisting of a two millimeter mesh metal screen 

set up across the whole channel section to confine the large species we added. 

Water, organic matter, microorganisms, and invertebrates arrived via an intake 

pipe in Mayfly Creek. These materials pass through a headbox before entering the 

channels via plastic pipes, with valves controlling water flow. In order to prevent large 

species entering the mesocosms by themselves, we set up a strainer-like device made of a 

rubber box perforated with 1.5 mm holes every 2 cm and a 20*20 cm square opening 
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filled with 1 mm fiberglass mesh placed at the head of each channel right below the 

inflow pipe. Organic matter and other small invertebrate species accumulating in these 

additional boxes were released into their respective channel twice per week. 

Experimental design and community assembly 

Channels were dried up for a week to remove invertebrates prior the beginning of 

the experiment. Re-colonization arose from rapid dispersal of small organisms through 

drift and large species addition. There is evidence from previous studies that 

experimental communities in such stream channels reach a degree of structural 

complexity fairly similar to natural communities occurring in the donor stream within a 

short colonization period (Richardson 1991, Harris et al. 2007). Individuals of the focus 

large species captured from Mayfly Creek and its tributary were added to mesocosms 

within a week starting the day of flow restoration (=day 0). Determination of individual 

body length allowed us to estimate the biomass of the large predators and large 

detritivores added into each channel. Densities of each group were maintained at initial 

values by replacing dead or emerged individuals. For that matter, we examined 

periodically the metal screens at the downstream end of the experimental channel section 

for the presence of dead individuals, empty cases of Psychoglypha or exuvia of emerged 

stonefly nymphs. 

The large predators consisted of the stoneflies Doroneuria baumanni and 

Hesperoperla pacifica (Perlidae) and the large detritivores were the stonefly Pteronarcys 

californica (Pteronarcyidae) and the case-bearing caddisfly Psychoglypha sp. 

(Limnephilidae). Individual body mass was on average 34.0 mg (SE = 2.4) in 

Doroneuria, 20.3 mg (SE = 1.95) in Hesperoperla, 150.8 mg (SE = 10.1) in Pteronarcys 
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and 7.7 mg (SE = 0.52) in Psychoglypha. The population densities established in the 

stream channels were based on average density in nearby streams (Doroneuria = 2.66 m-

2, Hesperoperla = 2.66 m-2, Pteronarcys = 1 m-2, Psychoglypha = 2 m-2). This resulted in 

fairly similar biomass loads of large predators (144 mg/m2, SE = 3.7) and large 

detritivores (166 mg/m2, SE = 7.6). 

We assigned randomly the 14 experimental stream channels to four invertebrate 

community treatments: an intact community with both the large predators and large 

detritivores (n = 3), communities with either the large predators (n = 3) or the large 

detritivores (n = 3), and a community without large invertebrates (n = 3). We set up two 

additional channels containing the intact large predator-large detritivore community or 

the community without the large invertebrates, which were used as sediment perturbation 

controls. 

Pulse of fine inorganic sediment 

At day 68 we simulated a short pulse of fine inorganic sediment input in all 

channels with the exception of the two controls. Although a full evaluation of the 

ecological effects of fine sediments would have required a better replication of the 

controls, our primary objective to focus on the interaction between community treatments 

and sediment pulse required use of as many channels as possible for the impact 

treatments. The rate and duration of sediment injection were set to mimic short pulses of 

fine sediment in headwater streams from catchments affected by landuse (Shaw & 

Richardson 2001). A concentrated suspension of kaolin clay in stream water was added 

by siphon for 6 hours into the upstream end of the impacted channels. Concentration of 

total suspended sediments in mesocosms was increased from a baseline of 1.7 mg L-1 (SE 
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= 0.2) to an average of 325.0 mg L-1 (SE = 9.5) throughout the injection period. Sediment 

concentration returned to close to normal 24 hours after the end of the injection (mean = 

3.6 mg L-1, SE = 1.4).  

Response variables 

Benthic invertebrates 

Three 0.023 m2 benthic samples were collected at the upper, middle and lower 

section of each channel using a Surber sampler at day 50. A pooled sample by channels 

was then analyzed for invertebrates which were identified at the family or genus level and 

counted. Biomass was determined by published length-mass relationships (Appendix A) 

and measurement of all individuals under a dissecting microscope using a graduated 

eyepiece. Literature was used to assign small invertebrates to the following functional 

feeding groups:  predators, large-particulate detritivores, algivores, filterers (feeding of 

all kinds of drifting materials) and gatherers (either fine particulate or generalist 

consumers). Total invertebrate biomass density in mesocosms was estimated as the sum 

of the initial biomass of the large species added and biomass of small species from the 

benthic samples. 

Mass loss of alder and cedar litter and litter diversity effect 

We determined mass loss of air-dried, abscised leaves introduced into mesocosms 

at day 30 and retrieved 30 days later. We used a deciduous (red alder, Alnus rubra) and a 

coniferous (red cedar, Thuja plicata) litter species exposed in isolation and in a mixture. 

Tube-shaped litter bags made of 1.5 mm PVC mesh with 12 mm circular holes cut into 

the net on the upstream third of litter bags were designed to confine small pieces of cedar 

leaves without preventing the access of the largest invertebrates. Litter bags were filled 
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with 2 g of alder litter, 4 g of cedar litter or a mixture of 1 g of alder and 2 g of cedar, so 

that total litter area was consistent across litter bags and species. Three litter bags, one of 

each of the species combination, were introduced in each mesocosm at its upper, middle 

and lower section, and the longitudinal sequence of species combinations within 

mesocosms was randomized. Litter remaining of each species was washed, dried at 60°C, 

weighed, ashed and reweighed to determine ash-free dry mass (AFDM). Percent mass 

loss of cedar and alder litter by mesocosm was determined as the average of values 

determined from single species bags and the mixed-species bag. Interactive effect of 

cedar and alder litter on decomposition was quantified as the Relative Yield Total 

(Hector 1998) defined here as PMLmix(cedar) / PMLmono(cedar) + PMLmix(alder) / 

PMLmono(alder) where PML = percent mass loss. 

Standing biomass of benthic algae and sediment deposition on stone biofilm 

Biomass of benthic algae was determined at day 50 and 69 from 10 randomly 

collected stones along each channel. Algal biomass was assessed as the chlorophyll-a 

content of the biofilm scraped from the stones and quantified using a fluorometer 

correcting for pheo-pigment (Kiffney et al. 2003). We averaged the biomasses of benthic 

algae determined at the 2 occasions since no time-by-treatment interaction was found (2-

way repeated measure ANOVA: F3,10 < 0.1, P = 0.98). The ash mass of the fine 

particulate matter brushed from stones collected at day 69 (the day after sediment 

injection) was used as an indicator of the amount of deposited inorganic sediment on the 

stream bottom. We estimated algal biomass and deposited sediment by unit of stone 

surface assuming that only the upper surface (50%) was exposed to algal colonization 

and sedimentation. 

11 



 

Stability of litter decomposition rate and sediment deposition on litter 

 The coefficient of variation (CV) was used as a measure of temporal stability of 

percent litter mass loss. We determined the mass loss of alder litter over a 14 day period 

at three consecutive occasions. The first trial ended the day before sediment injection, 

and the second and third ones began, respectively, the same day and 15 days after 

sediment injection. Each trial consisted of two alder bags placed in the upper and lower 

section of mesocosms. The ash mass of the fine particulate matter brushed from alder 

litter at the second trial was used as an indicator of the amount of inorganic sediment 

deposited on litter (by mass). 

Drift rate before and after a short pulse of fine sediment 

We determined the rate of invertebrate emigration through drift right before and 

during the day of sediment injection. Drift nets were set up at the downstream end of the 

experimental section of mesocosms to capture its entire flow for 24 hours. Extra nets 

placed at the inflow pipes ensured that we measured the movement of settled 

invertebrates. Drift rate was corrected for discharge measured at the downstream end of 

the channels at the time of net retrieval. 

Statistics 

We used 2-way factorial ANOVA to assess the effects of the large predators, the 

large detritivores and their interaction on each community-level and ecosystem-level 

response variable. Specific hypotheses were tested using unplanned contrasts, linear 

regressions, and two sample t-tests. Although the multiplication of statistical inferences 

increases the possibility of erroneously declaring significant treatment effects (type I 

error), there is no simple solution to deal with this issue. In ecological studies, methods to 
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correct for testing of multiple hypotheses can falsely lead to an excessive rate of rejection 

of true significant (type II error) effects (Moran 2003; Brosi & Biber,2009). Thus, we did 

not adjust P-values for multiple tests to protect against excessive type II error rate. To 

protect against type I error rate, we restricted the interpretation of ANOVAs to the factors 

which were significant according to an a priori multivariate test (see below) and those 

which accounted for a high percent of the total sum of squares (%SS) of ANOVA (Lecerf 

et al. 2007). 

We conducted two MANOVAs of variables depicting community-level and 

ecosystem-level responses to identify significant factors (P < 0.05). MANOVAs were 

conducted on the scores of the three first principal components extracted for each dataset 

because of serious problem of collinearity among variables. The NIPALS algorithm 

ensured us to including in the principal component analyses the two control mesocosms 

for which no data on sediment effects were available. Since the interaction between the 

large predators and large detritivores was not significant in the MANOVA of invertebrate 

variables, we subsequently assessed only the main effects in ANOVAs (Table 1). The 

MANOVA of ecosystem variables indicated that all effects needed to be examined. 

Linear regression was conducted to specifically assess whether small consumers 

(algivores and detritivores) controlled resource dynamics (algal biomass and litter 

decomposition) in the channels. t-tests were performed to assess differences between 

channels impacted by a sediment pulse and control channels.  

NIPALS PCAs were performed using SIMCA-P (version 9; Umetric AB, Umeå, 

Sweden). The general linear model procedure in Statistica 6 (StatSoft Inc., Tulsa OK, 
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USA) was used to perform MANOVAs, ANOVAs, contrasts, linear regressions, and t-

test. 

Results 

Invertebrate community 

Body size and community assembly 

Stoneflies (Doroneuria baumanni, Hesperoperla pacifica, and Pteronarcys 

californica) acclimated well in mesocosms since only a few individuals had to be 

replaced over the whole course of the experiment. The caddisfly Psychoglypha sp. was 

comparatively more prone to accidental drift and emergence, yet animals were observed 

to actively colonize and to feed on litter. Most Psychoglypha individuals emerged within 

a few days after fine sediment injection, and they could not have been replaced because 

of their paucity in natural streams at the end of the experiment. 

As expected, the large invertebrates were by far the largest taxa of the realized 

invertebrate community in the stream channels (Fig. 1). The ratio of body mass of the 

large to small invertebrates ranged from 6 to 720. Specifically, the large predators were 

97 to 163 fold larger than the small invertebrates. Consistent with the negative 

relationship between body mass and population density (r = -0.40, P < 0.0097; Fig. 1), 

the large invertebrates were also among the less abundant taxa. There were up to three 

orders of magnitude differences in abundance between the most and least abundant taxa 

(Fig. 1). 

Of the 36 small taxa of invertebrates which had colonized the stream channels 

after a 50 day colonization period, chironomids were numerically dominant with three 

gatherer taxa (Tanytarsini, Corynoneura and some Orthocladiinae) recorded at density 
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higher than 1,000 individuals per m2. Tanypodinae (Chironomidae) was the most 

abundant predacious taxon (503.1 ind.m-2) followed by water mites (221.5 ind.m-2), and 

Brillia (Chironomidae) was the second (375.8 ind.m-2) most abundant detritivore after the 

stonefly Zapada (789.9 ind.m-2). The mayfly Baetis (gatherer) was the second most 

abundant non-chironomid taxa (589.9 ind.m-2). The group of algivores was dominated by 

mayflies (Heptageniidae, Diphetor, and Ameletus), with taxa density ranging from 43.5 to 

92.1 ind.m-2. 

Biomass distribution in invertebrate community 

The large invertebrates made up of 58% of total invertebrate biomass in the 

channels with the intact community. The percent biomasses of the large detritivores in 

channels with (32%) and without (45%) the large predators were slightly higher than that 

values for the large predators with (27%) and without (36%) the large detritivores. 

Although the small invertebrates tended to reach higher biomass in absence of large 

species (Fig. 2A), such difference was not statistically significant (Table 1; P > 0.10). 

There is a one third difference in total invertebrate biomass between the intact 

community and treatments without any of the large invertebrates (Fig. 1A), indicating 

that biomass compensation by the small invertebrates was not fully effective. 

The large invertebrates affected biomass distribution of the small invertebrates 

across feeding groups (Fig. 2B,C; Table 1). The large detritivores had a small 

antagonistic effect on the small predators (Fig. 2B; P = 0.05). The biomass of filterers 

which was equally affected by the large predators and large detritivores (Table 1: %SSLP 

= 21.6 and %SSLD = 25.2) was tenfold higher in the absence of these large invertebrates 

than in their presence (Fig. 2C; contrast LP-LD + LP + LD versus 0: t = 5.1, P < 0.01). 
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The net-spinning caddisfly Parapsyche primarily accounted for this striking effect. By 

contrast, there was no significant treatment effect on the biomasses of detritivores, 

algivores, and gatherers (Table 1). 

 

Invertebrate drift 

Together adult Diptera larva and pupa of chironomids made up three quarters of 

the total number of invertebrates captured in the drift nets at two sampling occasions. 

Baetis, Zapada and mites were the most abundant non-dipteran invertebrates in the drift. 

Drift rate was 1.5 higher in the presence of the large predators (Fig. 3; P < 0.02), whereas 

the large detritivores had no significant effect (Table 1; P > 0.35). The sediment pulse 

accelerated the rate of invertebrate escape from the channel with the large predators 

relative to two controls. In absence of the large predators, there was no difference 

between the controls and sediment-impacted channels (Fig. 3).  

 

Resource dynamics 

Biomass of benthic algae 

The large predators accounted for most variation (%SSLP = 61.8) of the biomass of 

benthic algae assessed using the chlorophyll-a content of stone biofilm (Table 1). Benthic 

algae were 4 times more abundant in presence than in absence of the large predators (Fig. 

4A). Filamentous algae were the dominant form developing in presence of the large 

predators, whereas encrusting algae made a thinner biofilm in their absence. Apparent 

top-down control of the large predators on algal biomass was inconsistent with both 
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density- and biomass-mediated trophic cascades since algal biomass was unrelated to 

herbivore density and biomass (Table 2). 

Litter decomposition 

Alder litter had lost 2 times more mass than cedar litter after a 30 day incubation 

period (Fig. 4B,C). The large detritivores accelerated the decomposition of either litter 

(Fig. 4B,C; Table 1, P < 0.02) whereas the large predators had a negative influence on the 

decomposition rate of alder litter only (Fig. 4C; Table 1, P = 0.04). Although the 

interaction was not significant (Table 1), the effects of large detritivores on cedar litter 

decomposition and of large predators on alter litter decomposition were dampened in the 

channels with intact community (Fig. 4B; contrast LP-LD versus LD: t = 2.8, P = 0.02) 

or large detritivores (Fig. 4C; contrast LP-LD versus LP: t = -2.5, P = 0.03), respectively. 

Percent mass loss of cedar and alder litter was unrelated to the density and biomass of 

small detritivores (Table 2), suggesting that these variables poorly accounted for the top-

down control on litter decomposition. 

A synergistic litter diversity effect occurred in the cedar-alder litter mixture as 

indicated by Relative Yield Total higher than 1 (Fig. 4D). RYT was primarily determined 

by interactive effect of the large predators and large detritivores (%SSLPxLD = 65.6) 

whereas large predators by themselves had a significant but weak influence (Table 1). 

Thus, the litter diversity effect was the strongest in the channels with the intact 

community and the weakest with either the large predators or large detritivores (contrast 

LP-LD versus LP + LD: t = 5.8, P < 0.01), whereas mesocosms without the large species 

were associated with intermediate values (Fig. 4D). 
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Effects of a pulse of fine inorganic sediment 

Stability of the rate of litter decomposition 

The co-occurrence of the large predators and large detritivores was important in 

stabilizing the rate of litter decomposition across time (Fig. 4E; Table 1). The coefficient 

of variation of alder litter decomposition rate was equally determined by the presence of 

the large detritivores (%SS = 36.1) and interaction between the large predators and large 

detritivores (%SS = 34.5). The large predators by themselves had a marginally significant 

effect (Table 1). Decomposition rate was 2 times more stable in channels with the intact 

community than in other treatments (Fig. 4E; contrast LP-LD versus LP + LD + 0: t = -

5.5, P < 0.01). The temporal variability in litter decomposition rate in channels lacking at 

least one group of the large species was partly due to the pulse of fine inorganic sediment 

because the coefficients of variation for sediment-impacted mesocosms were on average 

higher than those determined in the two untreated mesocosms (Fig. 4E; two sample t-test: 

t = 2.4, P = 0.04). 

Deposition of fine inorganic sediment 

The large predators significantly promoted sediment deposition on stone biofilm 

(Fig. 4F; Table 1; P < 0.01). There was an 8 fold difference between the controls and 

sediment-impacted channels with the large predators (Fig. 4F; two sample t-test: t = 2.9, 

P = 0.03). Deposition rate of fine inorganic sediment on stones and litter was not 

significantly affected by either the large detritivores or interactive effect of the large 

predators and large detritivores (Table 1). In addition, sediment deposition on litter was 

consistent across experimental community treatments (Table 1) even though fine 
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inorganic matter on litter biofilm was augmented by a factor of 5.1 in sediment-impacted 

mesocosms relative to the untreated mesocosms (Fig 4G). 

 

 

Discussion 

Independent effect of the large predators and large detritivores 

Removal of large predators reduced standing stock of benthic algae and litter, 

which is consistent with a model of apparent trophic cascade with odd number of levels 

(Polis and Strong 1996, Moore et al. 2004). High resolution data for invertebrate food 

webs in streams have revealed that the largest invertebrate predators potentially feed on 

all smaller invertebrates regardless their trophic positions (Woodward et al. 2005b). The 

occurrence of trophic cascades operating simultaneously in primary producer-based and 

detritus-based food webs is probably a direct consequence of a broad predator diet and 

the equal vulnerability of algivores and small detritivores to invertebrate predation. By 

contrast, Schofield et al. (2004) and Woodward et al. (2008) reported a strong effect of 

invertivorous fishes on either benthic algae stock or litter decomposition rate, 

respectively, but not on both properties simultaneously. It is unclear, however, whether 

the discrepancy between these studies on trophic cascade highlights a genuine control of 

prey-predator interaction by predator traits, prey traits, and abiotic stream characteristics 

(Power 1992, Borer et al. 2005, Cheever and Simon 2009) or whether it is mostly due to 

difference in experimental setups. The latter issue may arise from scale-dependent 

predator effect in streams (Englund 2005), which would suggest that the results from our 
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experiment conducted in large stream channels (3 m2) are not fully comparable to the 

results of many previous studies based on small cages (e.g., 0.25 m2: Schofield et al. 

2004, 0.04 m2: Woodward et al. 2008). 

By promoting the development of algal biofilm, the large predators had an 

unexpected consequence on the rate of fine sediment deposition on the stream bottom. 

Channel roughness was enhanced by the thick algal biofilm made of filamentous algae in 

the channels with the large predators, and hence fine sediment accumulated at a much 

higher rate (Battin et al. 2003, Kiffney et al. 2003). This implies that large predators can 

transform a short pulse of fine inorganic sediments into a persistent perturbation mediated 

by deposited sediments. Unlike previous studies, there is no evidence from our data that 

bioturbation caused by large invertebrates reduced the amount of deposited fine sediment 

(Pringle et al. 1993, Zanatelle & Peckarsky 1996, Usio and Townsend 2004, Zhang et al. 

2004, Connelly et al. 2008). This indicates that the physical processes of transport and 

retention have probably prevailed over bioturbation in determining fine sediment 

dynamics in our stream mesocosms. However, as we determined the amount of deposited 

sediment shortly after sediment injection, we cannot rule out that large species have a 

significant influence on sediment export on the long term. 

The trophic cascades initiated by the large predators are consistent with a handful 

of field and laboratory observations of consumptive and non-lethal (reduced foraging 

activity and accelerated drift) effects of invertebrate predators on small preys (Walde and 

Davies 1984, Lancaster 1990, Malmqvist 1993, Peckarsky et al. 2008). In our study 

predator effects on resource dynamics were inconsistent with consumer density and 

biomass, suggesting that behavioral response of preys to predators was important in 
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mediating the trophic cascades. Behavioral-mediated trophic cascades may be as 

common and as powerful as density-mediated trophic cascades (Werner and Peacor 2004, 

Schmitz et al. 2008). In streams drift is a typical predator avoidance strategy adopted by 

invertebrates, which has been repeatedly observed in the present (Fig. 3) and previous 

studies (Wooster and Sih 1995, Englund 2005, Peckarsky et al. 2008). 

Our results highlight the functional uniqueness of the large detritivores which 

determined the magnitude and variability of the rate of litter decomposition in the stream 

channels. Small detritivores were not found to be able of biomass compensation in spite 

of the stream channels being open to immigration. Previous stream studies have 

consistently found that the exclusion of large detritivores or omnivores (fishes, 

crayfishes, shrimps) from ecosystems reduced the rate of organic matter processing 

whereas no compensatory response by small remnant taxa was noted (Crowl et al. 2001, 

Zhang et al. 2004, Taylor et al. 2006). Taken together these results may reveal a low to 

moderate niche overlap between large and small detritivores in streams, and thus 

functional redundancy among detritivore taxa may be lower than initially thought 

(Jonsson & Malmqvist 2000, Ruesink & Srivastava 2001, Ives et al. 2005, McKie et al. 

2008). Our data also legitimize the use of additive design in biodiversity experiment 

assessing the consequences of the extinction of stream detritivores on litter 

decomposition (Jolliffe 2000), which has not be done so far. 

Emergent effect of body size and trophic level diversity 

Overall data indicate that trophic interactions did not cause appreciable shift in 

biomass distribution within invertebrate community. In contrast, we suspect non-trophic 

interaction, namely biotic interference, to have accounted for the negative effect of the 
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large detritivores on small predators and of the large invertebrates, regardless their 

trophic position, on filterers. The movement of obvious and highly mobile species is 

thought to disturb other small taxa (Pringle et al. 1993, Woodward et al. 2008). Notably, 

Parapsyche, the dominant filterer, is likely to be particularly susceptible to such biotic 

disturbance because of the damage to their nets which are used for food collection and 

retreat. The fact that the biomass of filterers was equally depressed in treatments with a 

single or two groups of large species (Fig. 2c) suggest that biotic disturbance can have 

striking impact on some invertebrates even when the density of large invertebrates is low. 

An interesting result of the present study is the strong dependent effect of the 

large predators and large detritivores on the temporal variability of litter decomposition 

rate in stream channels experiencing a pulse of fine inorganic sediment. This provides 

experimental evidence that trophic level diversity, and thus trophic complexity, can make 

ecosystem functions more robust to external perturbations. The relatively high variability 

of litter decomposition rate in channels lacking at least one group of large invertebrates 

may have been caused by deleterious effects of fine sediment pulse on invertebrate 

community, microbial functions and litter palatability to detritivores (Shaw and 

Richardson 2001, Schofield et al. 2004). The hypothesis that sediment removal by the 

bioturbation generated by large species maintained a high rate of litter decomposition 

does not hold since the amount of sediment deposited on litter did not vary across 

community treatments (Fig. 4g). More complex ecological processes were therefore 

involved in the stabilizing effect of litter dynamics by the large invertebrates. 

The magnitude of the rate of litter decomposition was affected by unpredictable 

effects of the large predators, large detritivores and litter diversity, indicating that top-
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down and bottom-up processes interactively controlled this detritus food web. It is 

intriguing that, while the large detritivores were expected to dampen the indirect effect of 

the large predators on litter decomposition, litter species identity (cedar vs alder litter) 

altered the relative importance of predator versus consumer effect on litter 

decomposition. This may be an evidence of a bottom-up control of litter quality on 

trophic dynamics. On the other hand, the fact that the large predators and large 

detritivores interactively altered the magnitude of litter diversity effects on decomposition 

provide a new line of evidences of a top-down control of the decomposition of diverse 

litter mixtures by trophic level diversity (Hättenschwiler and Gasser 2005). Here, the 

litter diversity effects were probably mediated by differences in litter quality between 

alder and cedar litter (Richardson et al. 2004, Hättenschwiler and Gasser 2005). 

Conclusion 

To sum up our results support our a priori hypothesis stating that a few large 

invertebrate species, which make up a minor portion of total invertebrate abundance, 

dominate the biotic control over stream ecosystem functioning. The functional 

dominance of these large species was consistent with their substantial contribution to 

total invertebrate biomass such as predicted by the metabolic theory of ecology (Brown et 

al. 2004). Several ecosystem properties were controlled by either the large predators or 

large detritivores in an independent manner. In addition, a few ecosystem properties were 

not simply predicted by their individual effects determined in channels with either group. 

Taken together, our findings argue for 1) considering trophic level diversity, not only the 

effect of a single key species, when addressing the biotic control over ecosystem 

functioning and 2) prioritizing the conservation of all conspicuous animals, not only top 
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predators, without underestimating the functional importance of other food web 

members. 
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TABLE 1. Outcomes of statistical analyses assessing the effect of the large predators, large detritivores and their interactions on 

community-level and ecosystem-level response variables. 

Response variable Large predators (LP)  Large detritivores (LD) Interaction (LPxLD) 
 %SS F P %SS F P %SS F P 
All invertebrate variables 
(MANOVA on 3 PCA axes) 

- 14.4 0.0014 - 7.2 0.0114 - 1.1 0.39 

Total biomass of small species 4.4 0.6 0.44 21.3 3.2 0.10 - - - 
Biomass of small predators 0.6 0.1 0.76 31.1 5.0 0.05 - - - 
Biomass of small detritivores 6.6 0.9 0.36 13.9 1.9 0.19 - - - 
Biomass of algivores 8.4 1.1 0.32 8.4 1.1 0.31 - - - 
Biomass of filterers 21.6 4.5 0.06 25.2 5.2 0.04 - - - 
Biomass of gatherers 2.0 0.2 0.63 11.1 1.4 0.26 - - - 
Invertebrate drift rate before the 
sediment pulse 

47.7 10 0.01 0.3 <0.1 0.82 - - - 

Drift rate determined the day of 
sediment injection * 

43.6 7.7 0.02 5.4 1.0 0.35 - - - 

All ecosystem properties 
(MANOVA on 3 PCA axes) 

- 11 0.0028 - 48 <0.0001 - 5.5 0.02 

Chlorophyll-a content of stone 
biofilm (ln-transformation) 

61.8 17.5 < 0.01 2.0 0.6 0.46 0.7 0.2 0.66 

Mass loss of cedar litter (%) 6.1 1.6 0.23 44.9 11.9 0.01 11.4 3.0 0.11 
Mass loss of alder litter (%) 22.4 5.6 0.04 31.2 7.8 0.02 6.2 1.5 0.24 
Litter diversity effect (RYT) 12.7 6.0 0.03 0.3 0.1 0.71 65.6 30.7 <0.01 
CV of mass loss of alder litter * 9.8 4.0 0.08 36.1 14.7 0.00 34.5 14.1 0.01 
Ash mass of stone biofilm * 63.6 16 0.00 4.4 1.1 0.32 0.4 0.1 0.77 
Ash mass of litter biofilm * 23.7 2.5 0.15 0.0 0.0 1.00 0.8 0.1 0.78 
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Notes: Bold and italic values highlight significant (P < 0.05) and marginally significant (P < 0.10) treatment effect, respectively. Percent sum of squares (%SS) is 

a measure of relative effect size. Numerator degree of freedom equals to 1 (exluding MANOVAs). Denominator degree of freedom is 10 with the exception of 

the variables marked by an asterisk which were determined after sediment injection (df=8).  

 



 TABLE 2. Linear regression assessing the top-down control of small consumers (algivores 

and detritivores) on resource dynamics (algae biomass and litter mass loss)  through 

effects of density and biomass. 

Dependent 
variable 

Independent 
variables 

Slope (β) 
Expected sign 

 
Actual value 

 
t slope 

 
P 

Algae biomass Algivore density - + 0.16 0.6 0.58 
 Algivore biomass - + 0.29 1.0 0.32 
CedarLML Detritivore density + + 0.11 0.4 0.69 
 Detritivore biomass + - 0.13 -0.5 0.65 
Alder LML Detritivore density + + 0.05 0.2 0.87 
 Detritivore biomass + - 0.60 -0.2 0.84 

 



 

 

Figure Legends 

PLATE 1. Experimental stream channels in the Malcom Knapp Research Forest (the 

Stream and Riparian Research Laboratory, Vancouver, Canada). Photo credit: A. Lecerf 

FIG. 1. Body size (log-transformed body mass) versus population density (log-

transformed density) of the 40 invertebrate taxa from the experimental community. 

Symbols distinguished among functional groups. 

FIG. 2. Biomass distribution of invertebrates across community treatments (LP-LD = 

large predators and large detritivores, LP = large predators, LD = large detritivores, 0 = 

absence of large species). Mean (+ 1 SE) is given. 

FIG. 3. Invertebrate drift rate determined for 24 h before and the day of sediment injection 

as a function of community treatment (LP-LD = large predators and large detritivores, LP 

= large predators, LD = large detritivores, 0 = absence of large species). Arrows point 

toward control mesocosms which were not impacted by the sediment pulse. Mean (± 1 

SE) value is given. 

FIG. 4. Ecosystem properties as a function of community treatment (LP-LD = large 

predators and large detritivores, LP = large predators present, LD = large detritivores 

present, 0 = absence of large species). Mean value (± 1 SE) is given. Open symbols are 

values measured from control mesocosms which were not impacted by the sediment 

pulse (E-G). 
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APPENDIX A. Assignment of invertebrates to functional trophic groups and size-mass relationships. 

Functional group (FG): A = algivore, G = gatherer, P = predators, D = detritivores, F = filterer. 

DM = a.(L or HW)b with DM = dry mass (mg), L =  body length (mm), HW = head width (mm). 

Higher level taxonomic 
group 

Lowest practicable 
taxonomic level FG a b 

Size 
criterion Source 

coef determined 
for 

EPHEMEROPTERA   
Ameletidae Ameletus A 0.0098 2.61 L Johnston and Cunjak (1999) Baetidae 
Baetidae Baetis G 0.0095 2.44 L Johnston and Cunjak (1999) Baetis 
Baetidae Diphetor A 0.0098 2.61 L Johnston and Cunjak (1999) Baetidae 
Ephemerellidae Drunella P 0.0090 3.00 L Johnston and Cunjak (1999) Drunella 

Serratella A 0.0104 2.83 L Johnston and Cunjak (1999) Serratella 
Heptageniidae A 0.0111 2.74 L Johnston and Cunjak (1999) Heptageniidae 
Leptophlebiidae Paraleptophlebia G 0.0094 2.51 L Johnston and Cunjak (1999) Paraleptophlebia
PLECOPTERA L  
Capnidae-Leuctridae D 0.0025 2.74 L Benke  et al. (1999) Leuctra 
Chloroperlidae P 0.0065 2.72 L Benke  et al. (1999) Chloroperlidae 
Nemouridae Zapada D 0.0056 2.76 L Benke  et al. (1999) Nemouridae 
Perlidae Doroneuria P 0.0099 2.88 L Benke  et al. (1999) Perlidae 

Hesperoperla P 0.0099 2.88 L Benke  et al. (1999) Perlidae 

Pteronarcydae Pteronarcys D 0.0064 2.84 L 
Benke  et al. (1999) Pteronarcys 

dorsata 
TRICHOPTERA  Benke  et al. (1999)

Brachycentridae A 2.2210 3.35 HW Benke  et al. (1999) Brachycentrus 
Hydropsychidae Parapsyche F 1.1800 2.89 HW Benke  et al. (1999) Hydropsyche 
Hydroptilidae Agraylea A 1.6660 2.99 HW Benke  et al. (1999) Lepidostoma 
Lepidostomatidae Lepidostoma D 1.6660 2.99 HW Benke  et al. (1999) Lepidostoma 
Limnephilidae Ecclisomyia G 1.6660 2.99 HW Benke  et al. (1999) Lepidostoma 



 

Limnephilidae Psychoglypha D HW  
Philopotamidae Wormaldia F 1.465 3.09 HW Benke  et al. (1999) Chimarra 

Polycentropodidae Polycentropus P 1.568 3.30 
HW Benke  et al. (1999) Polycentropus 

spp. 
Rhyacoplilidae Rhycophila P 1.75 3.52 HW Benke  et al. (1999) Rhycophila 
COLEOPTERA   
Elmidae Lara (larvae) D 0.0074 2.88 L Benke  et al. (1999) Elmidae 
Elmidae (adult) G 0.00093 6.18 L Burgherr and Meyer (1997) Elmis 
Dytiscidae (larvae) P 0.015 3.03 L Burgherr and Meyer (1997)   
DIPTERA L  
Ceratopogonidae Ceratopogoninae P 0.0025 2.47 L Benke  et al. (1999) Ceratopogonidae
Chironomidae Chironomini G 0.0007 2.95 L Benke  et al. (1999) Chironomini 
Chironomidae Brillia D 0.002 2.25 L Benke  et al. (1999) Orthocladiinae  
Chironomidae Corynoneura G 0.002 2.25 L Benke  et al. (1999) Orthocladiinae  
Chironomidae other Orthocladiinae G 0.002 2.25 L Benke  et al. (1999) Orthocladiinae  
Chironomidae Podominae G 0.0018 2.62 L Benke  et al. (1999) Chironomidae 
Chironomidae Tanypodinae P 0.0026 2.50 L Benke  et al. (1999) Tanypodinae 
Chironomidae Tanytarsini G 0.0008 2.73 L Benke  et al. (1999) Tanytarsini 
Dixidae G 0.0018 2.62 L Benke  et al. (1999) Chironomidae 
Empididae P 0.0054 2.55 L Benke  et al. (1999) Empididae 
Psychodidae G 0.0018 2.62 L Benke  et al. (1999) Chironomidae 
Simulidae F 0.002 3.01 L Benke  et al. (1999) Simulidae 
Tipulidae Dicranota-Pedicia P 0.0013 2.85 L Benke  et al. (1999) Pedicia 
HYDRACARINA P 0.1327 1.66 L Meyer (1989)   
TURBELLARIA P 0.0082 2.17 L Benke  Turbellaria 
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