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Abstract 

 In this review, we address the extent to which stream ecology has contributed to 

biodiversity-ecosystem function (BEF) theory. BEF research first targeted the 

implications of the ongoing loss of biodiversity for ecosystems and humans. Terrestrial 

ecology has played a leading role in this field, whereas the contribution of riverine 

sciences to the debate has been limited. Nevertheless, a considerable merit of stream 

ecology has been to consider a wide range of ecological groups (riparian litter producers, 

aquatic micro-fungi, macro-invertebrates, and fishes). Through a meta-analysis of these 

unique data, we show that the relative importance of species number versus assemblage 

composition increases as we go toward higher trophic levels. Whether this pattern is 

general or specific to stream ecosystems needs to be evaluated through cross-ecosystem 

comparisons looking more closely at mechanistic issues. It is evident from stream studies 

that trophic and non-trophic (e.g. facilitation) interactions govern the functional 

consequences of biodiversity. These studies also indicate that richness-function 

relationships are altered by a multitude of factors, such as evenness, non-taxonomic 

diversity (genetic/phenotypic diversity), species extinction order, the environmental 

context, as well as experimental setups. This review highlights the relevance of stream 

ecology to BEF research. 

Key words: aquatic ecosystems; aquatic hyphomycetes; detritivores; ecological theory; 

ecosystem services; food webs; microbial diversity; predators. 
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INTRODUCTION 

Biodiversity-ecosystem function (hereafter BEF) research forms a synthetic 

ecological framework to deal with the intersection of multiple ecological disciplines 

(Schulze and Mooney, 1993; Loreau et al., 2001; Hooper et al., 2005). The question of 

the functional value of biodiversity for ecosystems has emerged from concerns of 

worldwide biotic change attributed to human activities (Chapin et al., 1997; Naeem et al., 

2002). At a global scale, most of the world’s biomes are experiencing a dramatic rate of 

species extinction (Sala et al., 2000; Dudgeon et al., 2006). Paradoxically, the number of 

species in a site can remain unchanged or even increase as a result of community re-

assembly based on native and/or exotic species (Srivastava and Vellend, 2005). In an 

attempt to evaluate the ecosystem consequences of these biotic changes, ecologists first 

reviewed the literature and published a book as the outcome of a conference held in 

Bayreuth, Germany (Schulze and Mooney, 1993). Before that, the functional 

consequences of biodiversity had been a minor issue in ecology (Naeem et al., 2002). 

BEF research, like many cutting edge issues in ecology, is dominated by 

terrestrial ecology (Reynolds, 1998). A quick look at the most comprehensive literature 

dataset available corroborates this statement, as it included nearly five times more studies 

on terrestrial ecosystems than freshwaters (Balvanera et al., 2006). Nevertheless, 

contributions of freshwater ecology to BEF research is far from minor, especially 

qualitatively speaking. At the time of the popularization of large-scale experimental 

manipulation of plant diversity in grasslands (e.g. Tilman et al., 1996; Hector et al., 1999; 

results synthesized in Cardinale et al., 2007), more complex ecological systems, such as 

pond food webs and pelagic microbial loops, had been used to address related questions 
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ahead of their time (e.g. McGrady-Steed et al., 1997; Naeem et al., 2000; Downing and 

Leibold, 2002). 

Stream ecology came later to contemporary BEF research, with a first, influential 

paper by Jonsson and Malmqvist (2000). Although the number of published original 

papers increased yearly by a factor of three during the two following years, the rate of 

accrual of literature on BEF research in streams has sharply dropped, with only an 

increase of about one third per year until now (Figure 1). To explain the limited interest 

for stream BEF research, one could argue that stream ecologists are more interested in 

applied issues in freshwater assessment and management rather than the big questions in 

general ecology. This would be a misstatement since stream ecology has provided 

influential contributions to fields relevant to community and ecosystem ecology (cf. 

papers from this special issue). For instance, a meta-analysis of the strength of trophic 

cascades across ecosystem types included two times more experiments from streams than 

from terrestrial ecosystems (Shurin et al., 2002). Furthermore, it is worth noting that 

stream experiments assessing the consequences of individual species and interspecific 

interactions on ecosystem functions have been published sometimes well before the 

emergence of BEF research as a named field (Table 1). 

Here, we review BEF research in stream ecosystems. We provide a general 

overview of the quantitative and qualitative contribution of stream ecology to what has 

been a cutting edge issue in ecology over the two past decades (Hooper et al., 2005; 

Srivastava et al., 2005). In addition to making a comprehensive paper inventory, we 

underline the influential findings that have led, or potentially lead, to major progress in 

the development of BEF theory. A quantitative analysis of selected literature data from 
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stream BEF studies was performed to assess the generality of richness-function 

relationships across functional groups. 

DEFINITION 

Biodiversity: A useful, versatile concept 

Biodiversity quantifies the variation in life forms which can be evaluated at 

different scales (Gaston and Spicer, 2004). The number of taxa (e.g. species) is only one 

facet of biodiversity, as are also diversity indices accounting for distribution of relative 

abundance among species such as measured by evenness/dominance (Hillebrand et al., 

2008). Besides taxonomic attributes of communities, non-taxonomic diversity occurs as 

phenotypic variability within the same species such as mediated by genetic differences or 

phenotypic plasticity (non-genetically based differences). Overall, the phenotype may be 

even more relevant to BEF research than taxonomic attributes (Norberg et al., 2001; 

Lecerf and Chauvet, 2008). Particularly relevant is functional diversity that quantifies the 

variations in organismal traits in assemblages (Hooper et al., 2005; Petchey and Gaston, 

2006). Biodiversity also describes the structure of ecological networks, with horizontal 

diversity denoting attributes of single trophic groups and vertical diversity encompassing 

food web complexity (Duffy et al., 2007). 

Ecosystem function 

A function performed by an ecosystem is an outcome of interactions involving 

both organisms and their habitats. The term function has been largely employed to refer 

to both ecosystem properties and services. Ecosystem properties can be categorized into 

three groups: 1) stocks of energy and materials (e.g., biomass), 2) fluxes of energy or 

material processing (e.g., productivity, decomposition), and 3) the stability of rates or 
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stocks over time (Pacala and Kinzig, 2002; Table 2). Ecosystem services are derived 

from properties which, individually or collectively, serve as a source of human well-

being. An ecosystem service can be the product (also referred as goods: food, biomass) or 

a direct benefit (aesthetic, decomposition of wastes, water cleaning, 

reliability/predictability) from Nature to Human (Table 2). Ecosystem functioning is thus 

the combination of multiple ecosystem functions (=ecosystem multifunctionality). 

 

Synthesis of stream BEF research 

Quantitative production 

Of the 40 published papers explicitly addressing BEF relationships in running 

waters, 45 independent studies were examined (Table 3; Appendix 1). Experimental 

manipulations of biodiversity make up most of the available information (73%). Field 

surveys based on correlation (20%) and studies based on mathematical models (7%) 

made up 27% of the available data for streams. A majority (61%) of these experiments 

were conducted in small (0.05-8.5 L) laboratory microcosms, whereas one third were 

conducted in small (0.14-37.5 L) cages exposed directly in streams. Both types of 

experimental systems (laboratory and field) were closed systems which did not expose 

the focal biota to immigration and emigration. Only two experimental studies have 

manipulated biodiversity at the reach scale in open channels (natural river: Taylor et al., 

2006, or one flow-through artificial channels: Nilsson et al., 2008). 

More than three quarters of inventoried studies focused on the diversity effects of 

invertebrates or riparian vegetation, whereas less than one quarter consisted of studies on 

aquatic fungi, benthic algae or fishes (Table 3). We recorded a single study assessing the 
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interactive effect of biodiversity manipulated at multiple trophic levels (detritivores and 

leaf litter: Bastian et al., 2008). The term biodiversity was predominantly used to refer to 

species number (89% of studies). Only three of the 45 studies addressed the effect of 

variations in community evenness (Dangles and Malmqvist, 2004; Boyero et al., 2007; 

McKie et al., 2008), and only two studies looked at non-taxonomic community attributes 

(functional diversity: Lecerf et al., 2006; genetic diversity: LeRoy et al., 2007). While 

field surveys were based on biodiversity changes induced by genuine human stresses, 

only four of the 33 experimental studies addressed issues on realistic scenarios of 

community changes. 

For ecosystem functions, almost three quarters (71%) of the studies dealt with 

litter decomposition and consumer performances in small heterotrophic streams. These 

studies are reviewed in a separate paper (Kominoski et al., this issue). Other ecosystem 

functions evaluated by stream ecologists are filtration (FPOM consumption by 

invertebrates), predation (consumption of living prey), primary production (benthic 

algae), secondary production (macroinvertebrates), nutrient recycling (animals), and 

bioturbation. Of the 45 studies, only three (Cardinale and Palmer, 2002; Taylor et al., 

2006; Nilsson et al., 2008) examined several distinct functions simultaneously. 

 

Original contribution to BEF research and main findings from stream ecology 

Biological models in BEF research: innovation by stream ecologists.- BEF studies in 

streams first examined looked at the importance of animal diversity for plant litter 

decomposition (see Jonsson and Malmqvist, 2000; Ruesink and Srivastava, 2001), at the 

time a very new topic. Before 2000, BEF research had been dominated by the diversity-
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productivity-stability debate emerging from grassland research (e.g., Tilman et al., 1996; 

Hector et al., 1999; Hooper et al., 2005). A considerable advance taken by stream 

ecologists was to rapidly expand their research to a variety of ecological groups, from 

invertebrate detritivores to predators, and from microbes to vertebrates. Stream BEF 

research was pioneer in integrating attached microbes, using aquatic hyphomycetes as a 

useful microbial model for furthering richness-function relationships (Bärlocher and 

Corkum, 2003; Dang et al., 2005; Duarte et al., 2006). 

 

An emerging pattern from streams: Biodiversity effects vary across trophic levels.- Based 

on the unique dataset from stream BEF studies, we were able to evaluate the generality of 

the richness-function relationship across trophic groups (Appendix 2,3). Consistent with 

data from other systems (Cardinale et al., 2006), species number had a weaker effect on 

ecosystem functions than assemblage composition overall (Figure 2), indicating that 

species’ traits and functional diversity may be better correlated to ecosystem function 

than taxonomic diversity. More interestingly, this analysis revealed discrepancies in the 

relative balance between richness versus compositional effects across ecological groups. 

Besides clear differences between litter producers and consumer groups, there was a 

general trend of a stronger richness effect, and weaker compositional effect, at higher 

trophic levels (Figure 2; Appendix 2). This finding may indicate the uniqueness of stream 

ecosystems since outcomes of recent meta-analyses mixing data from a range of 

ecosystem types ruled out differences in the BEF relationship among communities 

(Balvanera et al., 2006; Cardinale et al., 2006). This inconsistency between the present 

and previous studies should encourage ecologists to conduct cross-ecosystem 
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comparisons, in respect of biotic control over ecosystem functioning (Chase, 2000; 

Shurin et al., 2002; Kominoski et al., unpublished data). 

A third class of mechanisms in BEF research?- The functional capability of species 

assemblages as a whole does not tell much about the mechanisms responsible for 

significant richness-function relationships (Loreau and Hector, 2001). Mechanistic 

understanding of ecosystem function remains a central issue in BEF research (Tilman et 

al., 1997; Loreau and Hector, 2001). Sampling effects in artificial communities (or the 

selection effect in naturally assembled communities) can lead to a diverse assemblage 

that performs on average better than less diverse assemblages simply because of 

increased probability of including functionally dominant species as species number 

increases (Huston, 1997; Cardinale et al., 2007). In contrast, a complementarity effect 

occurs when individual species in mixture behave in a different way than in monoculture, 

which may ultimately result in transgressive overyielding (i.e., when species mixtures 

perform significantly better than the best performing monoculture; Cardinale et al., 2006; 

2007). Lastly, stream ecologists have highlighted a possible third class of mechanism 

responsible for the richness-function relationship in saturated assemblages of detritivores 

(Jonsson and Malmqvist, 2003b). At halfway between the sampling effect and 

complementarity effect, the mechanism resulting in the reduction of intraspecific 

competition in diverse assemblages arises because of decreased population size as species 

number increases and abundance is kept constant.  

Non-trophic interactions as determinants of complementary effect in diverse consumer 

assemblages.- Trophic niche differentiation and indirect effects of resource competition 

had often been cited by terrestrial ecologists as the chief determinants of the 
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complementarity effect (Loreau et al., 2001). Yet, there is now growing recognition that 

non-trophic interactions (i.e., facilitation and interference) may be a more important 

determinant of ecosystem functioning initially thought (Goudard and Loreau, 2008). This 

idea echoes central concepts in stream ecosystems (i.e. litter conditioning, detrital 

processing chain) that consider positive interactions, namely facilitation, as a key 

determinant of community assembly (Cummins & Klug, 1979). Cardinale et al. (2002) 

demonstrated that symmetric facilitation among suspension feeders (net-spinning 

caddisflies) can cause a strong complementarity effect on overall resource capture 

efficiency (ingestion of fine particulate organic matter) because current shading created 

by nets of a given species created downstream hydrodynamic conditions favoring 

resource capture by coexisting species. There is also evidence from another stream study 

of asymmetric interspecific facilitation within a group of apparent competitors. Jonsson 

and Malmqvist (2003b) showed that two detritivore species can complement each other 

in litter decomposition only when they were introduced in a well-defined sequence in 

microcosms. In this case, the species introduced first alter the resource/habitat in a way 

that facilitates the activity of the second species. 

 

On the importance of vertical biodiversity and trophic interactions.- A better mechanistic 

understanding of BEF relationships in complex ecological networks requires 

incorporating interactions among multiple ecological groups (Duffy et al., 2007). 

Particularly relevant to this issue is the importance of predator diversity in controlling 

consumer effects on ecosystem functions (see Figure 2; Bruno and Cardinale, 2008).  
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A close examination of the results from a pioneering study on the effect of invertebrate 

predators on in-stream leaf decomposition revealed that interactions among two predator 

species could indirectly lower the rate of leaf processing (Obernborfer et al., 1984), 

probably through strengthened cascading interactions (Byrnes et al., 2006). Nevertheless, 

it seems that emerging properties in diverse predator assemblages are more dependent on 

the identity (and thus traits) of coexisting predators than species richness per se (Nilsson 

et al., 2008). 

Vertical diversity (i.e. food web complexity) can alter richness-function 

relationships qualitatively (Duffy et al., 2007). Even though studies have still to be 

undertaken to examine this issue in streams, there is compelling evidence of altered 

relationships between fungal richness and litter decomposition from two parallel studies 

on stream detritus food webs. Dang et al. (2005) observed that the number of aquatic 

hyphomycete species did not affect microbial decomposition of leaf litter whereas Lecerf 

et al. (2005) showed a positive effect of fungal richness on leaf decomposition rate 

mediated by invertebrate detritivores. Thus, interactions between fungi and detritivores 

could lead to an indirect effect of fungal diversity on leaf decomposition.  These results 

may indicate that our ability to fully evaluate the value of biodiversity requires taking 

into account the structural complexity of ecological networks such as food webs. It is 

urgent to examine this issue in detail in further studies. 

 

Effect of dominance/evenness on ecosystem functions.- While most studies have focused 

on the richness-function relationship, the genuine influence of evenness (distribution of 

relative abundance within assemblages) remains an open question (Hillebrand et al., 
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2008). As highlighted by a handful of stream studies, evenness and the functional traits of 

the numerically dominant species could be even more critical for ecosystem dynamics 

(Cardinale and Palmer, 2002; Dangles and Malmqvist, 2004; McKie et al., 2008). For 

example, Dangles and Malmqvist (2004) indicate that numerical dominance in natural 

detritivore assemblages can moderate the species number-decomposition relationship. 

Recently, McKie et al. (2008) conducted the first multi-site experiments assessing the 

genuine influence of evenness in assembled communities of stream detritivores. 

Although results from this study tempered the importance of assemblage evenness in 

modulating detritivore diversity effects on resource capture, they also stressed the role of 

functionally dominant species in altering detritivore performances. 

 

Non-random scenarios of biodiversity loss.- A majority of BEF experiments have 

evaluated the influence of species number assuming equal extinction risk across species. 

As such, results from these studies are of limited relevance to conservation, because 

observed trajectories of community disassembly (i.e. scenario of biodiversity loss) follow 

by nature non-random sequences of species extinction (Srivastava and Vellend, 2005). A 

stream study (Jonsson et al., 2002) was among the first to highlight that an extinction 

scenario, as dictated by the type of human stress, and the covariance between traits that 

determine functional dominance and susceptibility to extinction, ultimately determine the 

nature of the relationship between species richness and ecosystem functions. Using 

simple mathematical models, Statzner and Moss (2004) and McIntyre et al. (2007) 

specifically demonstrated that extinction sequences biased toward large body size species 

could cause disproportionate losses of ecosystem functions as compared to random loss. 
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Context-dependent effects of biodiversity.- The concept that BEF relationships vary in 

space and time is recurrent in the stream literature. There is evidence that the diversity 

effect size varies in natura seasonally (Swan and Palmer, 2004; Vaughan et al., 2007) 

and spatially (Cardinale et al., 2005; Lecerf et al., 2007). Such variations have been 

associated with abiotic factors (e.g. temperature, nutrient concentration, disturbance 

level) and/or differences in assemblage structures. McKie et al. (2008) reported 

inconsistent diversity effects of stream detritivores on consumption rates of leaf litter 

across locations, as a result of trait differences in species present in each study location. 

Alternatively, the fact that BEF relationships varies across studies may also indicate some 

bias induced by different experimental designs. As for grassland studies (Cardinale et al., 

2007), experiment duration has been identified as a key factor influencing the strength of 

diversity-function relationships in stream detritivores in microcosms (Jonsson and 

Malmqvist, 2006). 

CONCLUDING REMARKS 

In summary, stream ecologists have made a significant contribution to BEF theory 

even though it has remained largely unnoticed. The latter argument is consistent with the 

fact that the most comprehensive review papers (e.g. Hooper et al., 2005; Duffy et al., 

2007) appear to favor illustrations from the most popular model systems, like grasslands, 

but clearly have overlooked some important findings from streams. The unique features 

of running waters should make streams a better model system than scientists have 

believed, at least for specific question. First, the rate of ecological processes is enhanced 

by fresh water (Reynolds, 1998), making short term experiments realistic. Furthermore, 
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streams are a leading candidate in which to incorporate more community ecology into 

BEF research thanks to a long tradition of studying biodiversity patterns and processes in 

streams (Reynolds, 1998; Statzner et al., 2001). Stream ecologists have spent 

considerable effort to compile their knowledge on the biology and ecology of a variety of 

organisms inhabiting streams and floodplains into databases of species traits (e.g. 

Dolédec and Statzner, 1994; Merritt & Cummins, 1996). These are great assets for further 

BEF research that will look at how the different facets of functional diversity affect 

material and energy flows within streams and across ecosystem boundaries. 

This review aims to stimulate stream ecologists to continue addressing cutting 

edge issues in BEF research as they have generally done so far, by looking at under-

studied ecological groups (e.g., primary producers, predators), for instance. Increasing the 

relevance of BEF research to biodiversity conservation and ecosystem management 

should be a top priority (Srivastava and Vellend, 2005; Thompson and Starzomsky, 

2007). Little is known of the consequences of the dramatic, worldwide loss of freshwater 

biodiversity on the capacity of inland waters to supply vital goods and services (fish, 

production of clean water) to humans (Dudgeon et al., 2006). We thus recommend that 

further research incorporate more realism into experiments (Srivastava and Vellend, 

2005; Duffy et al., 2007) and that researchers evaluate the value of biodiversity in respect 

of multiple ecosystem functions (cf. Table 2) assessed in both field surveys and 

controlled experiments (Gamfeldt et al., 2008). 
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Table 1. Examples of pioneer papers in stream ecology potentially relevant to BEF 
research, with reference to first known stream BEF studies that addressed similar 
questions. 
 

Ecological 
groups 

Earliest published paper potentially relevant to BEF research First known stream study 
relevant to BEF research 

Predators Oberndorfer et al. (1984) 

Two invertebrate predators alone or in combination in open field cages. 

Effects on leaf decomposition rate and detritivore abundance  

Jonsson and Malmqvist (2003a) 

Detritivores Cummins et al. (1973) 

Manipulation of species number and functional diversity of invertebrate 
detritivores in closed microcosms 

Effects on detritus dynamics and consumer performances 

Jonsson and Malmqvist (2000) 

Fungi Arsuffi and Suberkropp (1984) 

Four aquatic hyphomycete species growing in isolation or all together 

Effect on fungal- and invertebrate-mediated decomposition of leaf litter 

Bärlocher and Corkum (2003) 

Litter 
producers 

Sweeney and Vannote (1986) 

Composition of leaf standing stock manipulated at the reach scale: leaf 
mixtures vs single species treatments 

Effects on population dynamics of a stonefly 

Swan and Palmer (2004) 
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Table 2. Non-exhaustive list of ecosystem functions directly relevant to streams. 
 
Stocks of energy and materials 

Biomass 
Necromass 
Mineral (O2, CO2, water, sediments) 

Fluxes of energy or material processing (e.g., productivity, decomposition, detoxification) 
Primary production 
Secondary production  
Detritus decomposition (include dead plant, animal carcass and faeces) 
Consumption of living plant 
Consumption of living animal/microbe 
Respiration (CO2 emission) 
Net ecosystem metabolism 
Nutrient uptake/mineralisation 
Nutrient excretion 
Uptake (sediment, bioaccumulation) 
Detoxication 

The stability of rates or stocks over time against  
Invasion 
Anthropogenic resource subsidies (nutrients and CO2 enrichment) 
Undesirable substances (pollution, toxics, sediments) 
Climate change 
Habitat loss 
Natural sources of variation 
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Table 3. Summary of stream BEF studies sorted by study type and focal taxonomic group 
(Appendix 1). Note that we recorded more studies (45) than papers (40). 

 
Focal taxonomic 
group 

Observational 
studies 

Experimental 
studies Modeling Total 

Riparian vegetation 1 9 1 11 
Aquatic fungi 2 4  6 
Benthic algae 1   1 
Invertebrates 5 18 1 24 
Fishes (crayfish)  2 1 3 
Sum 9 33 3 45 
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FIGURE CAPTIONS 
 
Figure 1. Emergence of stream BEF research (see Appendix 1 for the methodology used 
for literature search and for the list of publications). The grey fill of bars represents the 
number of new publications each year. Note the emergence and rapid expansion of 
stream research from 2000 to 2002.For comparison, we recorded 29 papers published in 
2006, Cardinale et al. (2006) published the same year, the most comprehensive literature 
database including 184 papers relevant to BEF research. 
 
 
 
Figure 2. Assessing the relative importance of species number versus composition in 
affecting ecosystem functions by the log of the ratio of percent sum of squares of richness 
effect to percent sum of squares of composition effect (this approach is discussed in 
Appendix 2). Positive values indicate stronger richness effect than composition effect and 
negative values indicate opposite trend. Mean and 95% confidence limits were calculated 
over all dataset and by trophic levels. Sample size (number of individual lines of data) is 
given in parentheses. The row data are given in Appendix 3.  
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