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 Introduction 

Predicting ecosystem-wide consequences of the modern biodiversity crisis has 

rapidly been become one of the most exciting challenges ever faced by ecologists. In 

spite of considerable research efforts devoted the past decades to elucidate biodiversity-

ecosystem function relationships (Loreau et al., 2002; Cardinale et al., 2006), the genuine 

value of biodiversity has not yet been fully appreciated (Schwartz et al., 2000; Thompson 

& Starzomski, 2006). First, observed scenario of biodiversity loss has been marginally 

accounted into previous experimental studies even though ecosystem response to 

biodiversity loss is known to depend on the scenario of species extinction (Solan et al., 

2004; McIntyre et al., 2007PNAS). Second, outcomes from these studies are often of 

limited relevance to conservation because the complexity of the real ecosystems has been 

generally poorly accounted into previous experiments and models (Srivastava & Vellend, 

2005; Duffy et al., 2007). Lastly, most of past research has been concentrated on a quite 

small number ecosystem functions in only some ecosystem types (e.g. grassland yield), 

which is unlike to depict the multi-functionality of Nature (Gamfeldt et al., 2008). 

 Ecosystem functions are affected more by the loss of functionally dominant 

species than the reduction of species richness per se (Cardinale et al., 2006). Thus, the 

scenario of extinction is critically important in controlling the shape of biodiversity-

ecosystem function relationships and the underlying mechanisms (Gross et al., 2005). 

The majority of studies have simulated random assemblages to assess effects of species 

number versus assemblage composition whereas extinction risk is known to vary among 

taxa (Pimm et al., 1988; McKinney, 1997). Notably, biodiversity loss is biased toward 

large body size species which are likely to play a disproportionate role in ecosystems too 



(Power et al., 1996; Woodward et al., 2005). Large species influence ecosystem 

functioning through multiple direct and indirect pathways (Woodward et al., 2005; 

Hildrew et al., 2007BOOK); notably, these strong interactors are likely to be a key 

structuring agent of communities and food webs (). Accordingly, a full evaluation of the 

ecosystem-wide consequence of the loss of large species requires to account for the 

complexity of real food webs. 

Freshwaters support an appreciable portion of the described biodiversity on Earth 

and human activities have had a tremendous cost to animal diversity (Revenga et al., 

2005; Dudgeon et al., 2006). Incomprehensibly, little effort has been consented to 

examine how the extinction of larger species is likely to impair the value of freshwaters 

(but see Taylor et al., 2006). This issue is of critical importance given the reliance of 

surrounding natural ecosystems and human society on water and flows of energy, 

material and organisms from freshwater ecosystems (Polis et al., 1997; Knight et al., 

2005; Millenium Ecosystem Assessment, 2005). Specifically, this study focuses on 

headwater streams, the finest branches of river networks, which are much more important 

than their small size would suggest (Lowe & Likens, 2005). Besides making up to 80% 

of length of river networks, headwater streams are the source of major water bodies on 

which human directly rely on. Any alterations of functionality of these small ecosystems 

could therefore affect downstream ecosystems through downstream export of organisms, 

organic matter and nutrients and upstream migration of biota (Gomi et al., 2002; Wipfli et 

al., 2007). 

Our study was conducted in the coast range of the Pacific rainforest in British 

Columbia, Canada. Allochthonous plant litter and benthic algae are the dominant basal 



resources to benthic food webs which consist in benthic invertebrates, predominantly 

insects (Richardson et al., 2005). Fishes (salmonids) are mostly absent from the small 

water bodies and, when present, they preferentially feed on drifting invertebrates, 

suggesting a decoupling with benthic food webs. Tailed frog tadpoles are the only 

vertebrate consumers that grazed on epilithic biofilm but, like fish, they do not regularly 

occur in these streams. Climate changes and forestry are thought to be the most 

persuasive threat to benthic biodiversity. In particular, large invertebrates are likely to be 

quite sensitive to lower habitat stability and complexity (Townsend & Thompson, 

2007BOOK), as a result of high frequency of floods and droughts and altered sediment 

budget, as well as to qualitative and quantitative alterations of food resource available 

(Lecerf et al., 2007CanJFish). 

Our goal is to assess experimentally whether and how loss of large invertebrates 

from benthic food webs will affect stream ecosystem functioning. Our experiment was 

conducted at the reach scale, in replicated once-trough stream mesocosms continuously 

fed by the water and biota from a natural stream. Besides examining realized benthic 

invertebrate community and multiple ecosystem functions, we also explicitly addressed 

the insurance role of biodiversity in streams affected by forestry, i.e. experiencing change 

in composition and diversity of riparian vegetation and pulses of inorganic sediment 

inputs. We simulated the extinction of large animal species at two trophic levels, 

predators and detritivores, both simultaneously and independently. The goals were 1) to 

evaluate the genuine importance of body size independent of trophic position in 

mediating the consequence of biodiversity loss, 2) to assess whether interaction between 



large species of different functional groups lead to emergent properties, and 3) to 

determine the ecosystem consequences of different scenarios of biodiversity loss. 

 

Material and methods 

Experimental design and community assembly 

We simulated the extinction of large invertebrate predators, of large invertebrate 

detritivores and of both functional groups in a replicated experiment. We established 4 

types (including the intact community with all large taxa) of benthic food webs into 14 

artificial channels mimicking shallow riffle (complete description can be found in 

Kiffney et al., 2004). In this habitat type, large predators consisted of the stoneflies 

Doroneuria baumanni and Hesperoperla pacifica (Perlidae) and the large detritivores 

consisted of the stonefly Pteronarcys californica (Pteronarcyidae) and the case-bearing 

caddisfly Psychoglypha sp. (Limnephilidae). The maximum body mass of these taxa was 

at least one order of magnitude higher than of the taxa from the same trophic group. The 

population densities in the channels were set up at averages densities measured in streams 

(Doroneuria = 3 m
-2

, Hesperoperla = 3 m
-2

, Pteronarcys = 1 m
-2

, Psychoglypha = 2 m
-2

). 

We mimicked the heterogeneity in size classes when introducing the animals into the 

channels. Three channels were used for each of the food webs lacking one of the 

functional groups, whereas the intact food webs and the food web lacking the two 

functional groups were replicated four times each.  

Resident invertebrates were removed from the stream channels prior the 

beginning of the experiment as to simulate re-colonization process such as occurring after 

a dramatic flood and/or drought. After turning off the water, the large animals moving 



around at the surface of the substrate were removed manually (Soluk & Richardson, 

1997). Discharge was restored 7 days later. The substrate was disturbed manually on the 

whole depth under enhanced discharge (x4) to wash out the remaining fauna. The 

concomitant loss of benthic organic matter was compensated for by adding ten alder 

leaves picked in Mayfly Creek (summer standing stock of 1 g leaf AFDM / m
2
: 

Richardson 1992). Leaves were regularly added to sustain benthic organic matter 

standing stock at comparable levels to that of Mayfly Creek (cf. Richardson 1992) 

throughout the course of the experiment. A 10-mm plastic net covered the channels for a 

better control of the litter standing stock. 

During the 2 first weeks after discharge restoration, the channels were inoculated 

at several occasions by adding small and the large invertebrates captured from Mayfly 

Creek and its confluent using a hand net. Besides, invertebrate drift from Mayfly Creek 

ensure small invertebrates to immigrate into channels throughout the course of 

experiment. Immigration of large invertebrate species in the stream channels was 

restricted by a screening device placed right below the inflow pipe of each channel and 

made of a rubber box with 1.5 mm holes every 2 to 4 cm
2
 and a 20x20 cm square of 1 

mm fiber glass. The organic matter and invertebrates, other than the large taxa we added, 

accumulating in boxes were released in their respective channel at a bi-weekly frequency. 

A 2-mm mesh metal screen was set up across the channel section 10 m downstream the 

inflow pipe in order to confine the large invertebrates we added. The screen and whole 

channels were examined periodically for the presence of large invertebrates, empty cases 

of Psychoglypha or exuvia of emerged stonefly nymphs. In all case, the dead larvae or 



escaped adults were replaced and living larvae that have drifted close to the grid were 

moved to the upper half of the channel. 

At week 11 we simulated a pulse of inorganic fine sediment inputs in all channels 

but not one supporting by intact community and one lacking of large species used as 

control. The concentration and time of this simulated perturbation is similar to the stream 

consequence of erosion in watershed affected by logging or road construction. A slurry of 

kaolin clay in water was siphoned for 6 hours at the channel heads. Concentration of 

suspended sediments in channels was increased from a baseline of 1.7 mg.L-1 (SE=0.2) 

to an average of 325.0 mg.L-1 (SE=9.5) throughout the injection. Sediment concentration 

was returned close to normal 24 hours after the end of the injection (mean = 3.6 mg.L-1 

SE = 1.4).  

Measurement of ecosystem functions 

Litter dynamics 

We determine mass change of air-dried leaves collected at abscission and 

submersed for 30 days beginning from the third week following water restoration in 

channels. Leaves of a two dominant trees along streams in mature forests, alder (Alnus 

rubra) and red cedar (Thuja plicata), were exposed in isolation and in mixtures. This 

allowed us to assess how forest alterations leading to reduction of either species alter the 

influence of large species on litter dynamics. To confine small pieces of cedar leaves 

without preventing the access of the largest invertebrates, we used tube-shaped litter bags 

(length=20cm * 6 cm diam) made of 1.5 mm PVC net with 12 mm circular holes made 

on the upper third section. Leaf bags consisted of 2 g of alder leaves, 4 g of cedar leaves 

or a mixture of 1 g of alder and 2 g of cedar, so to have the same total area of leaves and 



an even mixture. Each channel received on bags of each species combination, one placed 

at ¼, ½ and ¾ of the channel length, making sure that upstream-downstream ordinal 

sequence was different between replicated channels. We determined the percent ash free 

dry mass (AFDM) remaining of each leaf species at week 6. 

 We determined the effects of sediment injection on the rate of mass loss of alder 

leaves using before-after comparison. Each trial consisted in two alder leaf bags placed at 

1/3 and 2/3 of each channel incubated for 2 weeks. Bags used for before determination of 

leaf decomposition were retrieved the day before sediment injection and replaced by new 

sets of bags to measure leaf decomposition during/after injection. Percent loss of leaf 

AFDM over the two leaf bags was determined based on the pooled replicate samples. 

Values were corrected for difference in temperature between trials. 

Benthic algae 

Biomass of benthic algae was determined after 6 and 9 weeks (the day after 

sediment injection) of colonization from 10 randomly collected stone along each 

channels. After scraping, brushing and washing the stones thoroughly, a subsample of the 

slurry was passed onto a glassfiber filter which was then analyzed for chlorophyll-a 

corrected for pheo-pigments using a fluorometer. We quantified the surface colonized by 

algae by calculating total stone surface using the 3-axis measurement method and 

assuming that algae colonized only the upper half of stones. Algal biomass was expressed 

as quantity of chlorophyll-a per unit of stone surface. The AFDM content of benthic algal 

samples collected the day after sediment injection was used to compare the retentiveness 

of fine inorganic sediments by benthic biofilm. 

 



We determined the effects of sediment injection on the accrual rate of benthic 

algae on clean artificial substrate using before-after comparison. Each trial consisted of 

three 25-cm
2
 unglazed tiles distributed at 1/4, 2/4 and 3/4 of each channel and incubated 

for 3 weeks. Tiles for determining before conditions were retrieved the day before 

sediment injection and replaced by new sets of tiles to determine algal development 

during/after injection. After retrieval, tiles were processed as detailed above for stone to 

determine chlorophyll-a mass. 

Benthic Invertebrates 

The benthic invertebrate community was sampled after 6 weeks of channel 

colonization using a 0.023 m
2
 Surber sampler. Three samples were taken at ¼, ½ and ¾ 

of channel length and collected material was pooled prior to processing. Large 

invertebrates we captured were replaced into the channel. In the laboratory, invertebrates 

were identified at the family/genus level and counted. Biomass was determined using 

published length-mass relationships and measurement of all individuals under a 

dissecting microscope using a graduated eyepiece (Benke et al., 1999). Published 

literature was used to discriminate among herbivores, detritivores, filter feeders, 

generalist consumers and predators. 

Drift-mediated emigration of invertebrates from the channel was assessed using 

drift nets set up for 24 h. Determination of emigration rate was done twice, nets were set 

two days before and right before sediment injection. Invertebrates captured in the net 

were identified, mostly at the genus/family level and counted. Emigration rate was 

corrected for discharge measured at the downstream end of the channels at time of net 

retrieval. 



Results 

The loss of large invertebrates affected ecosystem functions as indicated by a 

highly significant (R
2
 = 0.94) and fairly reliable (Q

2 
= 0.50) discriminant model based on 

5 orthogonal PLS components. MANOVA based on the component scores indicated no 

overlap between invertebrate communities (all effects: F15,16(Wilks) = 21.7, P <0.0001; 

all pairwise comparisons F5,6>16, P <0.002). Losing large predators and/or detritivores 

resulted consistently in reduced total invertebrate biomass, increased standing stock of 

cedar leaves when mixed with alder (Figure 1), higher capacity of fine inorganic 

sediment retention by periphyton and higher ability of consumers to maintain high 

processing rate of alder leaves after a pulse of fine inorganic sediment (Figure 2). 

Additional effects on ecosystem functions depended on the scenario of species 

extinction. The loss of large predators resulted generally in higher standing stocks of leaf 

litter and benthic algae, in lower total invertebrate biomass and a lower rate of 

invertebrate emigration from the channels (Figure 1). The loss of large detritivores had no 

consequence on biomass of benthic algal biomass and invertebrate biomasses as well as 

on emigration rate. Significant but inconsistent effects were found on leaf standing stocks 

depending on leaf patch heterogeneity. In absence of large detritivores, the 

decomposition was reduced for alder leaves, only when mixed with cedar, and for cedar 

leaves, only when isolated (Figure 1). The removal of all large species was partly 

compensated by an increase of biomass of small invertebrates (Figure 1). 

Loss of large species caused a reorganization of assemblage made of small 

species (NPANOVA (Euclidian distance), F = 2.6, P = 0.004; Figure 3). There was a 

clear distinction between communities with at least one large species and the community 



lacking large species (Figure 3). This difference in assemblages was largely accounted by 

the dramatic proliferation of sessile filter feeders, such as net-spinning caddisflies in 

absence of large species (Table 2). Conversely, herbivores tended to be better represented 

in channels with large species, including predators (Table 2). Herbivore biomass tracked 

periphyton biomass (r = 0.56, P <0.05). Biomass of small detritivores did not differ 

across treatments (Table 2). 

 

Discussion 

Our study illustrates the importance of biodiversity for the functioning of complex 

ecological systems such as headwater streams. One strong point of this study is that our 

experimental system, unlike artificial microcosms generally used for aquatic research 

(Covich et al., 2004), was open to immigration and emigration of biota. As such, the 

experimental communities here were largely determined by natural colonization 

processes and community assembly patterns even though small invertebrate and large 

species in some treatments were added manually. Within the relatively short time frame 

of this study (>6 weeks), rapid drift-mediated immigration of organisms is thought to 

ensure experimental communities reaching a degree of structural complexity reasonably 

close to natural community from the donor streams (Harris et al., 2007). Lastly, the 

spatial scale of our observations (10-m reach) is directly relevant to conservation and 

management issues. 

Even though most of the ecosystem functions we looked at were affected by the 

extinction of either large predators or large detritivores, some emergent properties were 

associated to the mixture of both functional groups. We thus found that intact benthic 



community (with both large predators and detritivores) ensured stream ecosystem 1) to 

process faster refractory litter (cedar) when mixed with alder and 2) to be more capable 

of maintaining a high rate of resource capture in human dominated environments than 

altered benthic communities. Interestingly, both biodiversity effects became apparent in 

heterogeneous environments, either spatially (diverse resource patches) or temporally 

(disturbance), which is consistent with the idea that habitat/resource heterogeneity 

exacerbate the functional role of biodiversity (Tylianakis et al., 2008). This also stresses 

the importance of looking at multiple ecosystem functions and repeating measure in 

different conditions to better infer the value of biodiversity (Gamefeld et al., 2008). The 

mechanisms which mediate are unknown and likely a complex combination of direct and 

indirect effects of large species on habitats and biota. 

Large predators significantly increased the retention of organic matter by 

periphyton, while they promoted the downstream transport of invertebrates which are 

used as prey in fish-inhabited parts of the river network (Wipfli and Gregowich, 2002). 

Although probably meaningful from an ecosystem perspective, accumulation of 

filamentous benthic algae in streams can be seen as a rather negative effect of large 

predators on stream aesthetic. However, as filamentous algae can capture substantial 

amount of fine sediments, the conservation case for benthic predator diversity in 

headwater streams become more apparent. This retention process could lower the export 

of sediment to downstream water bodies on which human activities heavily rely on. 

Although this process is probably effective during low flow periods only, a high dilution 

rate may lessen the impact of fine sediment remobilization on water supply during high 

flow period. This scenario depicted here is directly relevant to the conservation of 
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headwater steams affected by forestry which is likely to enhance benthic algal biomass 

through increased light and nutrient inputs and often cause pulses of fine sediments 

(Kiffney et al., 2003). 

Although multiple mechanisms can mediate the effects of predator loss on the 

structure and functions of complex food webs (Duffy et al., 2007), our results suggest 

that non-trophic trophic interactions could be as important as trophic interactions 

(Goudard & Loreau, 2008). Thus, although predator loss led to a decrease in algal 

standing biomass and leaf standing stock, unchanged consumer biomass, together with 

higher emigration rate of small invertebrates in presence of predator, suggest that direct 

consumption of prey did not account much for the predator effects on resource standing 

stocks. In fact, large predators may have reduced resource consumption efficiency by 

small consumers chiefly through behavior-mediated trophic cascades (Schmitz et al., 

2004). For instance, stream invertebrates are likely to reduce their foraging activity due to 

behavioral change related to predator avoidance.  

There is also evidence from our data that non-trophic interactions could influence 

indirectly ecosystem functioning through effects on the structure of the whole 

community. The presence of large organisms had a consistent effect on invertebrate total 

biomass and community structure regardless the trophic group. The dramatic reduction in 

biomass of sessile invertebrates associated to the presence of large body size invertebrate 

may be accounted by the frequent disturbance caused by these highly mobile and obvious 

invertebrates. The same hypothesis has been proposed in previous stream studies 

(Pringles et al., 1993; Ledger et al., 2006; Woodward et al., 2008), stressing the 

prevalence of biotic interferences in structuring communities even those naturally 



adapted to high levels of abiotic disturbance such as in streams. These sessile organisms 

are also filter feeders which can then have major impact on fine particulate organic matter 

transported in streams and thus secondary production in streams.  

Large detritivores tended to reduce leaf standing stock, most likely through direct 

consumption, which thus is likely to counter balance the opposite effect of predators. The 

effect of large detritivores was nevertheless highly context-dependent. The strongest 

effects of losing large detritivores were found to be on the most refractory litter (cedar 

leaves). Together with the fact that large predators did not reduce the decomposition rate 

of this litter type, our findings corroborate that idea that large detritivores are 

instrumental for litter dynamics in streams supplied by low quality litter (Lecerf et al., 

2007) such as in late forest succession stage or hardwood plantation. If really so, this 

would mean that small and large detritivores are not redundant, ruling out the possibility 

that small species can fully compensate for the loss of large species. Consistently, there 

was no evidence from our data of numerical compensation by small detritivores operating 

in experiment channels without large detritivores in spite of the system being open to 

immigration of small taxa and of the high dispersal rate mediated by drift. Besides the 

low functional redundancy, intense intra-specific competition could have also limited the 

capacity of numerical response of small detritivores (Ruesink and Srivastava, 2001; 

Jonsson & Malmqvist, 2003). 

To conclude, our study demonstrates that freshwater biodiversity is made up of 

functionally-unique species which cannot be substituted entirely by co-occurring species. 

Management of freshwaters must especially emphasize the functional importance of large 

body size species, and not of only predators. Furthermore, while conservation concerns 



and much of the research effort have been directed toward vertebrates like fishes, our 

study call attention to the need to also consider less obvious biota such as invertebrates, 

which, alone or as a part of food webs, can have a considerable influence on ecosystems. 
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Table 1: Outputs of Discriminant PLS analysis. R2 measure model quality and Q2 measure 

predictive ability of the model. This model is based on 5 significant PLS components. pink case = 

when coefficient significantly differ from 0 (P<0.1) 

Var ID (Primary) All taxa 

Large 
predators 
lost 

Large 
detritivore 
lost 

All large 
species 
lost 

StDev 

R
2
 (model quality) 0.93 0.93 0.93 0.94  

Q
2
 (predictive ability) 0.74 0.67 0.48 0.33  

small inv  -0.04 -0.35 -0.13 0.47 0.35 

totalinv g 0.15 0.00 0.10 -0.24 0.17 

emigration 0.07 -0.06 0.20 -0.19 0.17 

mono cedar 0.11 -0.51 -0.29 0.62 0.50 

mono alder  -0.07 -0.10 0.16 0.01 0.12 

mix cedar -0.29 0.14 0.41 -0.21 0.32 

mix alder -0.23 0.03 0.49 -0.24 0.34 

peri1trans 0.01 -0.06 0.14 -0.08 0.10 

peri2trans -0.03 -0.01 0.39 -0.32 0.29 

changedrif -0.01 0.25 -0.04 -0.18 0.18 

changeperi -0.07 -0.05 0.33 -0.18 0.22 

Changebreak1 0.21 0.04 -0.03 -0.22 0.18 

Changebreak2 0.30 -0.06 -0.25 -0.02 0.23 

Trans sediment periphyt 0.12 -0.01 -0.02 -0.09 0.09 

 



 

Table 2: biomass (mg/m2) of small invertebrate species per  

 Herbivore SE generalist SE 
filter 
feeder SE shredder SE predators SE 

all 34.1 13.3 140.2 27.5 12.1 10.0 32.3 6.9 21.7 5.5 

pred lost 23.8 18.1 146.3 52.0 0.1 0.1 22.2 7.4 15.6 4.4 

detr lost 22.0 3.5 172.0 25.3 11.6 5.8 35.0 4.9 36.3 12.9 

pred+det lost 13.1 4.5 185.3 19.1 101.9 26.1 37.2 5.6 33.3 6.3 
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Figure 1. Ecosystem functions measured in experimental stream channels colonized by either 

large predators and detritivores (all), or lacking large predator (pred lost) or large detritivores (detr 

lost), or lacking both groups. Symbols and error bars represent mean values and +-SE.  
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Figure 2. Consequences of a short pulse of fine inorganic sediment on ecosystem functions in 

experimental channels colonized by either large predators and detritivores (all), or lacking large 

predator (pred lost) or large detritivores (detr lost), or lacking both groups. Dots and error bars 

represent mean values and +-SE. Dashes represent value in a channel with intact community 

and in a channel with all large species lost which did not experience sediment pulse. Two colors 

were used for repeated measure at different time after sediment inputs.  
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Figure 3: Two-dimension NMDS ordination of small invertebrate assemblage based on Euclidian 

distance calculated from square-root transformed biomass data (stress = 0.15). Convex hulls 

indicate the variation domain for intact community (pink), community lacking large predators 

(green) or large detritivores (blue), and community without any large species (black). NPANOVA 

indicated that assemblages without large species significantly differed by assemblages with at 

least some large species.    
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