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Abstract: The metacommunity perspective has substantially advanced our understanding of 

how local (within community) and dispersal (between community) processes influence the 

assembly of communities. The increased recognition of dispersal processes makes it 

necessary to re-evaluate former views on community organization in different ecological 

systems and for specific organisms. Stream systems have long been considered from a linear 

perspective, in which local community organization was examined along the longitudinal 

profile, from source to mouth. However, the hierarchically branching (i.e. dendritic) structure 

of stream networks also significantly affects both local and regional scale community 

organization, which has just only recently been fully recognized by ecologists. In this review, 

I examine how the shift from a strictly linear to a dendritic network perspective influenced the 

thinking about the organization of fish metacommunities in stream networks. I argue that 

while longitudinal patterns in the structure of fish communities are relatively well known, 

knowledge is still limited about how the structure of the stream network ultimately affects the 

spatial and temporal dynamics of metacommunities. I suggest that scaling metapopulation 

models up to the metacommunity level can be useful to further our understanding of the 

spatial structure of metacommunities. However, this requires the delineation of local 

communities and the quantification of the contribution of dispersal to local community 
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dynamics. Exploring patterns in diversity, spatial distribution and temporal dynamics of 

metacommunities is not easily feasible in continuous stream habitats, where some parts of the 

habitat network are exceptionally hard to sample representatively. Combination of detailed 

field studies with modelling of dispersal is necessary for a better understanding of 

metacommunity dynamics in stream networks. Since most metacommunity level processes 

are likely to happen at the stream network level, further research on the effects of stream 

network structure is needed. Overall, separation of the effect of dispersal processes from local 

scale community dynamics may yield a more mechanistic understanding of the assembly of 

fish communities in stream networks, which may also enhance the effectiveness of restoration 

efforts.  

Abbreviations: NDH–Network Dynamics Hypothesis, RCC–River Continuum Concept. 

 

Introduction 

The increased recognition of the role of spatial processes in the organization of ecological 

communities was one of the greatest breakthroughs in community ecology in recent decades 

(Dray et al. 2012). Although former models of community organization emphasized the 

importance of within patch environmental characteristics and biotic interactions, more recent 

studies attempt to disentangle the role of dispersal in the network of habitat patches, and 

consequently, the role of local and regional scales in the assembly of species into local 

communities (Vellend 2010). This approach is the main research avenue of the 

metacommunity concept, which considers the structure and dynamics of multiple local 

communities linked by dispersal (Leibold et al. 2004). 

There are four “paradigms” of metacommunity theory: species sorting, mass effects, neutral 

and patch dynamics. These paradigms have different, but nonexclusive assumptions about the 

role species identity, quality of the habitat and local (niche differences through interspecific 

competition or sorting mechanisms along ecological gradients) and regional factors (dispersal, 

demographic stochasticity among sites) play in the organization of the metacommunity 

(Leibold et al. 2004, Chase and Bengtsson 2009). However, since metacommunity paradigms 

are not mutually exclusive, and communities may in fact be organized by a combination of 

processes (including neutral ones), recent studies highlight the continuity among these 

paradigms (Gravel et al. 2006). They emphasize a shift in focus “from separating the four 

originally postulated paradigms to more concisely testing the mechanisms and relative 
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importance of spatial (i.e. dispersal related) and local (i.e. niche related) processes” (Logue et 

al. 2011, Winegardner et al. 2012). 

The differences from a local to regional perspective between past and current community 

ecological research makes it necessary to re-evaluate former views on community 

organization in different ecological systems and for specific organisms. Stream networks 

exhibit a unique spatial structure in the landscape. The linear, hierarchically branching (i.e. 

dendritic) habitat structure may significantly affect both local and regional (i.e. landscape 

scale) community organization, which has been fully recognized by ecologists only recently 

(Campbell-Grant et al. 2007, Brown et al. 2011,Erős et al. 2012a, Altermatt 2013). Fishes are 

ideal model organisms for the examination of metacommunity organization in stream 

networks. Unlike many macroinvertebrates or algae, stream dwelling fishes are incapable of 

overland dispersal, and therefore their movement is restricted strictly to within a given stream. 

In addition, fishes exhibit very different movement patterns (Lucas et al. 2001).  Therefore, 

fishes qualify as an excellent group to study the role of dispersal across a variety of scales in 

stream networks. Despite this, our knowledge is still limited on the relative role of local and 

regional scales in their diversity and community organization (Falke and Fausch 2010, Peres-

Neto and Cumming 2010, Erős et al. 2012b).  

One of the most influential concepts of community organization in stream fish ecology was 

that of Schlosser’s model (1982, 1985, 1987, 1990) on warm-water streams in the mid-

western United States. Schlosser (1987, 1990) proposed that small streams represented an 

ecological gradient along which upstream fish assemblages were relatively variable with low 

species richness and downstream assemblages relatively stable, with high species richness. 

The causal factors producing this pattern involve stability of the physical environment and 

habitat complexity, with upstream reaches being physically variable and structurally simple, 

whereas downstream reaches have the opposite characteristics. This linear perspective of 

stream systems was inspired by the view of the most important concept of that era, the River 

Continuum Concept (hereafter RCC, Vannote et al. 1980), which predicted patterns and 

processes in river systems from source to mouth, along the longitudinal profile of rivers. This 

view generated a flurry of research on the organization of fish communities in linear stream 

systems, especially in small and medium sized streams (Zalewsky et al. 1990, Roberts and 

Hitt 2010). It has been recognized, however that changes in abiotic and biotic conditions 

along the longitudinal profile cannot really explain differences in fish diversity among many 

streams of similar size. For example, streams which flow into substantially larger streams (i.e. 

adventitious streams) have been shown to be more species rich and in many cases have more 
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variable communities than streams which flow into similar sized streams (Gorman 1986, 

Osborne and Wiley 1992, Schaeffer and Kerfoot 2004). A more regional (i.e. landscape 

ecological) perspective was needed to better understand patterns in diversity and community 

organization in stream networks (Schlosser 1991, Matthews and Robison 1998, Fausch et al. 

2002, Clarke et al. 2008).  

The purpose of this review is to synthesize how the shift from the strictly linear to a dendritic 

network perspective influenced the thinking of stream ecologists in general, and stream fish 

ecologists in particular in understanding metacommunity organization. Although significant 

progress has been made in the last two decades in the field of stream fish ecology (Matthews 

2010, Fausch 2010), these studies have not been synthesized in the context of 

metacommunities (Falke and Fausch 2010), and especially not from a network perspective. I 

believe that a synthesis of the current literature and suggestions for future research directions 

(see Table 1) may help to advance further research and provide new perspectives in 

understanding fish metacommunity organization in dendritic stream networks. 

In this review, I first briefly examine the structure of stream networks as the habitat template 

for fishes. Then, I examine fish communities from the viewpoint of metacommunity 

organization. I propose the extension of metapopulation models to the metacommunity level, 

which approach may help to better understand the organization of metacommunities in a 

spatially more explicit manner. Then, I overview our current knowledge on diversity and the 

role of environmental heterogeneity and dispersal in spatio-temporal metacomunity 

organization. Finally, I briefly discuss conservation aspects. Throughout the paper, I pay 

special attention to the importance of scaling in examining patterns in metacommunities and 

in the determining processes.  

 

The habitat template: scaling the structure of stream networks 

The role of hydrological and geomorphological processes has long been recognized in the 

organization of stream fish communities. For example, clearly recognizable changes in slope, 

size, velocity and substrate composition along the longitudinal profile have led to the 

subdivision of the river course (Illies and Botosaneanu1963, Aarts and Nienhuis 2003, Lasne 

et al. 2007). Most systems distinguish the steep and torrential upper course (or rhithron) and 

the flat, slow-flowing lower course (or potamon) (Welcomme 1985), which can be further 

divided to subsections (Fig. 1). These hydrogeomorphically different sections (“patches”) 

have more or less distinct fish communities, and in many systems have been named by their 

characteristic fish species (Matthews 1986, Aarts and Nienhuis 2003, Lasne et al. 2007).  
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It is less recognized that the spatial extent of hydrogeomorphically different sections can 

differ substantially. For example, the length of the rhithron is much shorter than the length of 

the potamon if only the single longitudinal profile of the river is considered from source to 

mouth (Fig. 1). The difference is so substantial that the potamon can be one or two orders of 

magnitude longer than the rhithron. On the contrary, due to the dendritic (or branching) 

structure of stream networks, the number of potamal sections is much lower than the number 

of rhitron sections. Therefore, at the stream network level, the total length of the rhithron can 

be longer than the overall length of the potamon, depending on the structure of the studied 

stream network. Such differences in number and length of the environmentally different 

sections may substantially affect the landscape level diversity and structure of stream 

communities (Clarke et al. 2008, Finn et al. 2011).Therefore, it is important to consider the 

network level effect of geomorphology on communities, where the structure of the riverine 

network is not reduced to a single unbranched linear system (Fisher 1997, Ganio et al. 2005, 

Campbell-Grant et al. 2007).   

Recently, several studies have shown how the shape and configuration of dendritic networks 

influence within-network physical processes, and consequently, the habitat template which 

shapes community organization (Poole 2006). Benda et al. (2004a) developed the network 

dynamics hypothesis (NDH), which emphasizes the importance of network structure and 

especially the role of confluences on channel morphology. They showed, for example, how 

network configuration and the associated basin shape influence the importance of confluence 

effects on mainstem rivers (Benda et al. 2004a,b). They predicted that more compact heart 

shaped basins contain more geomorphically significant confluences (i.e., which significantly 

modify the hydrogeomorphology of the receiving rivers) than more elongated linear or 

rectangular basins. Strong support of the NDH was given by Rice (2017), who demonstrated 

that compact basins contained twice as many significant confluences as linear basins and that 

doubling basin area almost doubled the number of geomorphically significant confluences. 

These and other studies thus provided compelling evidence that basin morphometry affects 

sediment connectivity and riverscape heterogeneity in stream networks (Rice et al. 2008). 

Quantification of network structure has also improved significantly. For example, Erős et al 

(2011, 2012a) showed that network based indices can provide novel measures for the 

quantification of network structure, and the diversity of connectivity relationships in stream 

systems. They suggested that quantification of connectivity relationships is at least as 

important a variable for characterizing riverscape diversity at the landscape scale as instream 

habitat diversity, and should be more intensively considered in fundamental and applied 
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research. Innovative geostatistical methods have been developed for the quantitative 

modelling of the structure and connectivity of stream networks, which can ease testing 

network level effects of the habitat template on community organization (Ganio et al. 2005, 

Peterson et al. 2013). 

In sum, due to differences in climate (e.g., temperature, rainfall) and landscape characteristics 

(e.g., altitude, geology, erosion processes) subbasins with a variety of network structures can 

form in the basin of a great river (Fig. 2). Contrasting with the common view of rivers as 

continuous, longitudinal gradients in physical conditions, it can be fruitful to consider stream 

systems as networks, where nested, discontinuous hierarchies of hydrogeomorphic patches 

shape the organization of communities (Poole 2002, Thorp et al. 2006, Thorp 2014). The 

arrangement and spatial and temporal formation of these hydrogeomorphic patches (or 

‘functional process zones’, sensu Thorp et al. 2006) may provide a useful template for the 

delineation of local fish communities. They may also substantially influence the role of 

environmental and dispersal processes in the organization of metacommunities. 

 

Back to basics: Defining fish metacommunities in stream networks 

For understanding the organization of metacommunities, their objective delineation is a 

prerequisite. By definition, a metacommunity is a community of communities, which is 

composed of a set of multiple local communities linked by the dispersal of community 

constituting species. However, local communities are composed of different species with 

contrasting spatial distribution and metapopulation dynamics. Therefore, the delineation of 

metacommunities, where multiple species with different population boundaries co-exist even 

in a single metacommunity, is not always straightforward. In fact, many studies use the 

metacommunity concept without even considering what really constitutes a metacommunity 

in the studied system. Following this conceptual line, I propose that metacommunities should 

be defined using two important criteria: 1) how the constituting species perceive the 

heterogeneity of the environment, and consequently, how separable the local communities are 

from each other in the landscape based on their species composition and 2) the dispersal 

characteristics of the species. Several multivariate methods exist for grouping communities 

based on similarities in their community structure. For example, both classification and 

ordination methods are commonly used for grouping spatially separated communities 

(Legendre and Legendre 1998, Jackson 2010). The elements of metacommunity structure 

approach  (see Leibold and Mikkelson 2002, Presley et al. 2010) can also help to define 

whether species show similar responses to environmental gradients, and therefore can be 
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classified into well-defined, distinctive community types (i.e., Clementsian distribution) or 

rather show individualistic responses that yield a continuum of gradually changing 

composition without clumping (i.e., Gleasonian distribution). These methods, coupled with 

knowledge about species dispersal, can help in the identification of metacommunities.  

It should be noted that local communities may be more easily defined in patchy landscapes, 

where relatively clear boundaries in species distributions exist (Didhamet al. 2012). However, 

separation of local communities may not always be simple in continuous habitats and/or in 

case of individualistic responses of species to environmental heterogeneity (Erős and 

Campbell-Grant 2015). For example, metacommunities of spatially more clearly separated 

headwater streams may be more easily delineated than communities of more downstream 

reaches, where hydromorphological conditions, and consequently differences in community 

structure are less clear (Fig. 3). Therefore, the responses of species to environmental 

heterogeneity and their dispersal characteristics largely influence how metacommunities can 

be perceived in stream networks and whether species or community level approaches are the 

most useful for understanding metacommunity dynamics. Nevertheless, the advantage of 

using a patchy landscape model (i.e., when the stream network is viewed as the set of 

different hydrogeomorphic patches) is that it may help to distinguish local communities, at 

least if species respond to the heterogeneity of the environment. Such an approach can 

provide a spatially explicit riverscape model for the examination of metacommunity 

organization (see below). 

Naturally, community organization can be studied at a hierarchy of spatial scales. However, 

by definition, metacommunity ecology should address between-community interactions. It 

should therefore separate patterns and mechanisms which are related to between-community 

interactions from within-community dynamics (Fig. 4). In this regard, the primary scales of 

the study of fish metacommunities in stream systems are the network of reaches (10
-1

–10
0
 

km) and segments (10
1
–10

2
 km), because their extent fits best to the movement patterns and 

population dynamics of most fish populations, and these are the units at which different fish 

communities form (Matthews 1986, 1998, Lasne et al. 2007, Erős et al. 2016). Spatio-

temporal scaling is thus critical in separating within community patterns and processes from 

metacommunity dynamics. 

For example, in a theoretical model of Great Plains (USA) stream fishes Falke and Fausch 

(2010) proposed that different “metacommunity dynamics” may be connected to the seasonal 

functional habitat use of the species in the community (Fig. 4.). They suggested that species 

may choose among different mesohabitats for spawning according to species sorting 
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mechanisms in spring/early summer. Then they move to feeding and refuge habitats during 

summer/fall where mass effect mechanisms may govern species distribution between source 

and sink mesohabitat patches. Species then move to overwinter refuge habitats during winter 

where neutral or patch dynamics may shape community dynamics in relatively homogeneous 

mesohabitat patches. While this model is intuitively appealing, it characterizes within 

community patterns and processes, which should not be interpreted to be metacommunity 

level mechanisms. Clearly, exploration of both within- and between-community (i.e., 

metacommunity) patterns and processes are important, and they may be difficult to delineate 

in highly dynamic stream systems, but they represent different spatial and temporal scales.  

 

Metacommunity types 

In metapopulation ecology, five classic models have been developed for defining the 

distribution of populations in space (Harrison 1991, Harrison and Taylor 1997), depending 

mainly on the importance of dispersal for the persistence of populations (Fig. 5). I suggest that 

metapopulation models can be extended to the metacommunity level for a more mechanistic 

understanding of the organization of metacommunities. I do not detail these models here (for 

details on stream fish see Schlosser and Angermeier 1995, Falke and Fausch 2010), but 

explain them in the context of their application to metacommunities.  

(1) In a “classic”metacommunity, the local communities can be relatively well separated 

from other communities in the matrix of habitats, which have different communities 

(i.e., differences in species composition and abundance). In a classic metacommunity, 

most of the  constituting species can be characterized by classic metapopulation 

dynamics. These species persist regionally only in the presence of between-patch 

dispersal. However, the “classic” model assumes that the habitat patches are of equal 

size, patches are at the same distance from each other, and rates of colonization and 

extinction are equal. Therefore, this model may be unrealistic in nature both for 

metapopulations (Schlosser and Angermeier 1995, Falke and Fausch 2010) and for 

metacommunities.  

(2) In a mainland/island or source/sink metacommunity, a core patch (or patches) may 

exist in the landscape with more stable (usually larger and more stable) populations 

than in neighbouring similar communities. Immigration from core patches 

(communities) is necessary for the maintenance of temporally unstable communities in 

sink patches.  
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(3) Patchy metacommunities are characterized by higher dispersal than in the classic 

model. In a patchy metacommunity, the dispersal rate is so high between similar 

patches/communities that the metacommunity may behave as a large local community. 

However, in a non-patchy (or more continuous) environment population boundaries 

may not easily be defined, and the different local populations may form a continuum 

in the landscape (chain of populations).  

(4) The hybrid model is the most complex since it can comprise the other types of models, 

depending on the spatial distribution of local communities in the landscape. This 

model is probably the most realistic one for describing the spatial structure of 

populations and communities in real landscapes.  

(5) Finally, the nonequilibrium model characterizes the existence of separated (highly 

fragmented) local communities of the same type, which may not persist in the long run 

in the absence of facilitated dispersal.  

Naturally, the metacommunity types are not discrete entities, but lie instead along a 

continuum from nonequlibrium structure to the patchy structure. In addition, the hybrid model 

can contain all structures depending on the spatial scale, and therefore the other types can be a 

subset of the hybrid model. Note that this approach of typifying metacommunities is different 

from the method of Leibold and Mikkelson (2002) and Presley et al. (2010) for defining 

“elements of metacommunity structure”. In the “elements of metacommunity structure” 

analyses the dominant species distributional pattern is characterized in rather arbitrarily 

selected sampling units  which do not necessarily represent different local communities (for 

applications, see Meynard et al. 2013, Erős et al. 2014,2016a, Heino et al. 2015a,b,c).  On the 

contrary, in the above approach (i.e., where metapopulation models are scaled up to the 

metacommunity level), the metacommunity types are delineated based on the distribution of 

different local communities in the landscape and the overall importance of dispersal of the 

dominant species to local community dynamics. Consequently, while the first approach 

explores the dominant community level pattern (e.g., nested, checkerboard, Clementsian, or 

Gleasonian), the latter approach looks for the relationships among spatially separated, but 

structurally (compositionally) similar local communities in a spatially explicit manner. I 

acknowledge that the latter approach is still conceptual at present, but its application to a real 

situation is beyond the scope of this special review. Such theoretical metacommunity models 

(Fig. 5) may provide the template for future empirical research, similarly to former 

metapopulation models (Schlosser and Angermeier 1995), which, although generated intense 

scientific debate (see e.g., Rieman and Dunham 2000, Schtickzelle and Quinn 2007, Falke 
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and Fausch 2010), contributed largely to understanding the spatial distribution of fish 

populations in stream networks (Fullerton et al. 2011, Fullerton et al. in press). In fact, the 

different approaches may effectively complement each other for understanding the 

organization of metacommunities in spatially heterogeneous stream habitats. 

The dendritic network structure coupled with the dispersal abilities of species may determine 

the formation of different metacommunity types in stream systems (Fig. 5). For example, the 

formation of nonequilibrium metacommunities can be more expected in more isolated, high 

altitude, upstream areas than in downstream, more central areas. Headwater streams are 

typically occupied by species  with low dispersal ability, which are relatively sedentary and 

move only small distances (10
0
 km), usually not more than 1-3 km. Small bodied minnows 

(Cyprinidae) of the genus Phoxinus, as well as sculpins (Cottidae) and darters (Percidae) in 

streams of the temperate region are typically such species. Largely isolated springs or spring 

fed headwaters also have a unique fish fauna with many endemic species, for example from 

the genera Gambusia (Poeciliidae), Cyprinella (Cyprinidae), and Etheostoma (Percidae) 

(Hubbs 1995).The movement of these species through the environmentally non-preferred (i.e., 

matrix) downstream segments to other headwater segments is not easily feasible (Erős and 

Campbell-Grant 2015), but some rate of movement may be necessary to maintain community 

dynamics at some localities. In fact, the main task of metacommunity ecology is to explore 

the role of dispersal to local scale community dynamics in the metacommunity network. 

Patchy or continuous metacommunities may form in the most downstream (potamon) sections 

of rivers. This is because of both the dispersal features of the most characteristic community 

constituting species and the relatively homogenous habitat features along very long reaches.  

The potamon and the lowest part of the rhithron is the habitat of the classic potamodromous 

and anadromous species with medium or high dispersal features, respectively. These species 

move intensively in the stream network between spawning, feeding and wintering refugee 

habitats (see Schlosser 1991) for relatively large distance (10
0
-10

2
 km for potamodromous 

and 10
2
-10

3
 km for anadromous species). Populations of potamodromous fishes may be hard 

to delineate and it is likely that they form patchy or rather continuous metapopulations in 

downstream segments. In addition, the spatial extent of the potamon is much longer than the 

movement distance of most of its characteristic species, such as those from the genera Barbus 

and Abramis (Cyprinidae) in Europe. Yet, relatively homogeneous communities can be found 

for hundreds or even thousands of kilometres in the potamon (McGarvey 2011, Erős et al. 

2016b).  
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Source/sink metacommunities may also form in stream networks. For example, several 

studies show that mainstem fish use the lowest parts of adventitious streams for habitat. These 

species may modify the structure of the tributary by mass effect mechanisms since the long 

term maintenance of their populations may require continuous dispersal from the mainstem 

river (Thornbrugh and Gido 2010, Czeglédi et al.2015). Some run-off fed headwater streams, 

Mediterranean and desert streams which often dry to isolated reaches for months or years may 

also be characterized by source/sink metacommunity dynamics depending on the time scale of 

their isolation.  

Finally, a hybrid model (which combines the characteristics of other models) may have the 

greatest reality in spatially and temporally variable stream networks, where fishes with 

diverse dispersal strategies interact. A challenge of stream (fish) ecology is a more 

mechanistic understanding of how differences in both network structure and the dispersal 

ability of species influence the spatial structure of metacommunity types. 

 

Spatial organization of fish metacommunities in stream networks 

 

Patterns in diversity 

For understanding metacommunity organization, the exact quantification of within and among 

site community structure and diversity is a prerequisite. Difficulties in estimating community 

parameters, however, can change with network position. Sampling becomes more difficult 

with increasing stream size, and requires multiple collecting devices (Flotemersch et al. 2011, 

Loisl et al. 2014, Erős et al.2016b). Overall, much higher sampling effort is needed for the 

same level of sample representativeness in the downstream sections of rivers, than in 

upstream areas (Fig.6a, b, Cao et al. 2001, Erős 2007, Flotemersch et al. 2011). This calls 

attention to the critical importance of scaling in understanding within community (alpha) and 

between community (beta) diversity (Angermeier and Winston 1998, Pegg and Taylor 2007, 

Erős and Schmera 2010). While patterns in alpha diversity along the longitudinal profile of 

rivers are relatively well-known (Matthews 1998), our knowledge is still limited on the scale-

dependent changes of alpha and beta diversity, and their mutual effect in determining the 

regional scale (gamma) diversity of fish communities in stream networks. 

It is likely that alpha diversity differs more between segments of the rhithron depending on 

the degree of isolation of the segments in the network. On the contrary, alpha diversity  are 

supposed to be spatially and temporally more stable in the potamal section of large rivers, 

which are in more central position. This is both because between-segment environmental 
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heterogeneity is greater in the rhithron and because dispersal limitation can increase  

stochastic (or chance) effects in more isolated upstream segments (Heino et al. 2015a). 

However, true differences in the number of species among different parts of the network can 

be realized only if sample unit size (or the number of  smaller units) is large enough, since 

standardized (i.e., catch per unit effort) data can indicate different patterns among the 

segments depending on sampling effort (Fig. 6a,b). It is important to make distinction 

between the absolute (true) and the standardized number of species here. If alpha diversity is 

not explored enough (i.e., at small sample unit or small sample sizes, when species richness 

curves are far from saturation), differences among sampling units may be falsely related to 

beta diversity. Thus, stream ecologists should more intensively recognize that data 

interpretation and conclusions are dependent on how well samples characterize the 

investigated communities, including patterns in alpha and beta diversity (Cao et al. 2001, 

2002, Schmera and Erős 2008, 2011).  

It is also likely that true beta diversity (which is measured if alpha is correctly explored with 

saturation curves) may be higher in upstream (rhithral) than in downstream (potamal) 

segments. For example, in a recent study Vitorinó Junior et al. (2016) found that more 

isolated stream reaches showed higher species turnover than mainstem reaches in the Upper 

Tocantis River, Amazon basin. Similarly to patterns in alpha diversity, this is because 

upstream segments are generally more isolated from each other (Fig. 1), and therefore, both 

eco-evolutionary processes (i.e., response to differences in environmental heterogeneity) and 

dispersal limitation can generate higher beta diversity among sites in more upstream segments 

(Heino et al. 2015a). However, it must be emphasized that the value of beta diversity may 

depend largely on the examined spatial scale in case of upstream segments, since upstream 

segments can be either very close to or very far from each other in the network. Since the 

spatial distance of upstream segments embraces a much longer spatial gradient than for more 

central segments, it is expected that their beta diversity values can also range widely. 

Therefore, both spatial position and spatial distance between segments may strongly 

determine values of beta diversity in stream networks.  

Position and distance effects may also interact with network structure or shape of the basin 

(e.g., heart vs elongated) to influence patterns in diversity. For example, there are indications 

that alpha diversity differs among tributary streams which are in different spatial position on 

the mainstem river, and that very simple indices of network structure can have further 

predictive power in determining alpha diversity (Osborne and Wiley 1992, Grenouillet et al. 

2004). Hitt and Angermeier (2008) showed that the topology of stream networks influences 
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fish dispersal dynamics, and that these effects are mediated by local stream size and the 

distance to connected streams. They emphasized that predictions of the RCC for fish 

community changes along the longitudinal profile of streams and rivers might be improved by 

using very simple measures, such as the size and proximity of connected streams. In an 

elongated river basin, Czeglédi et al. (2015) showed that spatial position of parallel tributaries 

along the river influenced community structure in the tributaries. Another example of 

dispersal effects comes from Perkin and Gido (2012) who proved that fragmentation of stream 

segments by road crossing caused significant changes in fish community structure. Isolated 

(i.e., fragmented) stream segments had reduced alpha diversity and increased beta diversity 

(greater dissimilarity) compared to communities that maintained connectivity with relatively 

natural (unfragmented) segments of the stream network.  

Geomorphically significant confluences (Benda et al. 2014a,b, Rice 2017) alter 

hydromorphological conditions in the mainstem river, which may significantly influence 

habitat use, reproductive success, and in general, the fitness of constituting species. For 

example, different mesohabitat types (e.g., large islands) are formed above and below the 

confluence zone in the mainstem, which maintain different fish communities from the 

naturally flowing reaches to some extent (Ridenour et al. 2009, 2010). Since the number, 

distribution and significance of different mesohabitat patches differ among the different basin 

types (e.g., heart vs elongated), differences in their effect on the assembly of fish communities 

among the different basin types are expected. Further studies should indicate, however, 

whether and how these population- and species-level patterns and processes scale up to the 

metacommunity level. 

Overall, the above predictions give a number of examples which should be further tested by 

stream ecologists to more clearly understand regional scale (meta)community structure, but 

are out of the scope of the predictions of the RCC. Despite promising results, the more 

intensive incorporation of network variables in predicting community structure is also 

warranted. Fortunately, the tools for quantifying the structure of stream networks are now 

available for stream ecologists (see above The habitat template: scaling the structure of 

stream networks section). Unfortunately, however, the number of relatively intact systems 

where pure network effects could be tested is very low. Testing network effects would require 

a number of intact systems from similar stream network types through the study of a number 

of replicate, rather than single, metacommunities (Tonkin et al. 2016). 

 

The importance of niche and dispersal processes in metacommunity organization 



14 

 

An important research avenue of metacommunity ecology is the quantification of the role of 

environmental (niche) vs spatial (dispersal related) factors in landscape (regional) level 

community organization using variance partitioning in constrained ordination (Logue et al. 

2011, Heino et al. 2015). For stream fishes, several studies examined the roles of within 

stream (e.g., depth, substrate composition), landscape level (i.e., land use) and spatial factors 

on community structure. They generally found the paramount importance of environmental 

factors (niche based species sorting) over spatial constraints, although the explained variance 

fractions varied widely (see e.g., Peres-Neto and Cumming 2010, Sály et al. 2011, Kautza and 

Sullivan 2012, Hughes et al. 2015). Heino et al (2015) pointed out that the relative importance 

of the community structuring mechanisms can depend on the studied spatial scale. For 

example, the importance of dispersal limitation (which can be partly indicated by spatial 

factors in variance partitioning) increases with spatial distance among sites and spatial extent 

surveyed. Recent studies on stream fishes showed that the relative role of environmental and 

spatial factors is very context dependent and depends largely on stream network topology 

(Troia and Gido 2013, Sály and Erős 2016). For example, Sály and Erős (2016) proved that 1) 

the importance of variance fractions (environmental, spatial, and shared environmental and 

spatial) depended largely on sample size, and that 2) values of the estimated variance fractions 

had remarkable random fluctuation at a given sample size depending on the spatial 

configuration of the sites in the stream network. 

Despite its context dependence, some fundamental conclusions can be drawn about the role of 

niche vs dispersal processes in stream networks, even if it is hard to test their relative 

importance with empirical data. For example, metacommunity theory predicts the increased 

importance of species sorting (i.e., environmental filtering) mechanisms in more isolated 

segments and a decrease in dispersal limitation in more central segments of the stream 

network (Brown and Swan 2010, Heino et al. 2012, Borthagaray et al. 2015a). This is 

because, during species sorting, biotic interactions and abiotic environmental conditions filter 

the suite of traits (species) which can co-occur in a given locality, provided there is enough 

dispersal so that species can track variation in environmental conditions (Leibold et al. 2004, 

Heino et al. 2015). However, again, dispersal may be not strong enough in isolated segments 

to mismatch patterns in environmental or biotic (e.g., competitive exclusion) relationships. On 

the contrary, high rates of dispersal may homogenize community structure in more central 

segments, allowing species to co-occur even under suboptimal conditions (mass effect 

mechanism). Here, dispersal may also preclude competitive exclusion or promote fast 

recolonization after extinction.  
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Interestingly, even the neutral model (i.e., which presumes that species traits have no role in 

affecting metacommunity dynamics) can make important predictions for the metacommunity 

organization of stream fish, which fits to field data. For example, the neutral theory predicts a 

reduction in species richness with increasing isolation. It also predicts that across a gradient of 

isolation, species poor communities tend to be subsamples of species rich ones, which yields a 

nested structure (Borthagaray et al.2015a). Such patterns are typical in stream networks, 

where isolated headwater habitats are more species poor and form subsets of more 

downstream communities (Taylor and Warren 2001, Erős and Grossman 2005).  

Muneepaerakul et al. (2008) provided further convincing evidence for the applicability of 

neutral models in predicting large scale biodiversity patterns in stream fish communities by 

showing that beta diversity changed highly predictably as a function of topological distance 

and differences in water discharge (“habitat area”) between subbasins. Nevertheless, patterns 

in richness, nestedness and species turnover are strongly related also to species sorting 

mechanisms, since the composition of fish communities in different stream habitat types is 

not random (Jackson et al. 2001, Erős 2007, Giam and Olden 2016), and environmental 

filtering is strongly related to species traits (Lamouroux et al. 2002, Olden et al. 2006, Olden 

and Kennard 2010). In fact, a major task of stream community ecologists is to define the role 

of niche based ecology over strictly neutral models to improve the predictability of patterns 

and processes in stream networks. 

 

Temporal dynamics of fish metacommunities in stream networks 

Former models of community organization predicted differences in the temporal variability of 

fish communities along the longitudinal gradient of streams (the stream continuum model), 

and expected high variability in upstream areas and relatively stable fish communities in 

downstream areas (Schlosser1987, 1990). Recent alternative models may challenge this view. 

For example, Roberts and Hitt (2010) found temporally more variable fish communities in 

downstream than in upstream reaches in four of their five examined streams, which run 

counter with the stream continuum model. Miyazono and Taylor (2013) confirmed these 

findings, since they found more variable communities in downstream reaches due to the 

ingress and egress of riverine species at the mouths of tributaries and relatively stable 

communities in upstream isolated reaches, where community dynamics were determined by 

local species. This pattern fits the adventitious stream model which predicts greater temporal 

species turnover in downstream than upstream reaches (Roberts and Hitt 2010). This model 

emphasizes the importance of dispersal processes in community dynamics, which can 
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overrule the role of local scale environmental variability. Further, although higher variability 

downstream maybe more contrasting in adventitious streams, this pattern is not exclusive to 

these type of streams (Erős and Schmera 2010). In sum, while several studies showed the 

significance of environmental variability and/or dispersal processes on community dynamics 

(e.g., Grossman et al. 1998, Oberdorff et al. 2001, Hitt and Roberts 2012, Grossman et al. 

2010) the debate about the temporal variability of stream fish communities and its dependence 

on spatial network position is far from settled.  

Recent challenges include determining temporal dynamics at the metacommunity level (i.e., 

in the network of communities linked by dispersal). Indeed, how could one reliably quantify 

temporal variability within and between fish metacommunities, if even the separation of local 

communities can cause difficulties in continuous habitats, such as streams? Determining the 

relative importance of processes that drive local (birth and death) and regional (immigration 

and emigration) population dynamics in a set of species would be essential to clearly 

understand metacommunity dynamics. Testing the effect of network structure on 

metacommunity dynamics would also require long term sampling from a set of streams and 

rivers in relatively intact catchments. It is important to note that most studies which addressed 

the temporal variability of stream fishes in a network of stream sites examined small or 

medium sized streams (equal or less than 5 order in size; see e.g. Taylor and Warren 2001, 

Erős et al. 2012b). It would be important to quantify temporal variability in very large and 

great rivers, too, although, as stated above, quantifying temporal dynamics of fish 

communities in very large or great rivers is a great challenge due to the enormous size of the 

habitat (with, depth, lateral connections between the main channel and floodplain). In fact, 

representative sampling for even the species composition of middle size watersheds is a very 

difficult task both technically and logistically (Smith and Jones 2005).  

One way to proceed forward is the more intensive combination of field work with modelling. 

Systematic, spatially and temporally intense sampling from a combination of stream segments 

would be essential to understand the effect of networks topology to (meta)population, and 

consequently, to metacommunity dynamics. For example, a series of elegant (field based) 

studies showed how the dynamics of stream salamander populations are influenced by very 

simple differences in the configuration of stream segments (Lowe 2002, Lowe and Bolger 

2002, Campbell-Grant et al. 2009).  Excellent modelling case studies also show the 

importance of network topology to the demography of stream fish (Fagan 2002, Labonne et 

al. 2008) and simulation experiments have been extended to “metacommunities” as well 

(Muneeperakul et al. 2007 a,b, Auerbach and Poff 2011). Indeed, a recent, promising 
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approach uses graph-based network analysis to distinguish metacommunity networks and to 

determine scales at which investigating metacommunity dynamics is the most fruitful in the 

studied system using dispersal data of individual species (for details, see Borthagaray et al. 

2015 a, b). This approach could be adopted to stream networks as well. However, more long-

term data on the population dynamics and movement patterns of stream fish in more complex 

networks (for an approach see Fullerton et al. 2016) would be essential to parameterize 

models for metacommunity dynamics (Jacobsen and Peres-Neto 2010, Erős and Campbell-

Grant 2015). A combination of spatial occupancy data with more detailed information on 

dispersal and demography of community constituting species (for an excellent study, see 

Falke et al. 2012) could help to distinguish between metacommunity types in different 

landscapes (see Fig.5) and to determine critical scales of metacommunity dynamics. 

 

Implications for environmental management 

Currently, metacommunity models are more heuristic than predictive (Falke and Fausch 2010, 

Heino 2013). The most important task that metacommunity ecology can give to 

environmental management is to reveal the role of dispersal in the network of communities 

against local (i.e., within community) mechanisms. Several questions can be addressed in 

applied metacommunity research which could be a benefit to management in human altered 

landscapes. For example, what are the scales of metacommunities in the stream network 

where different local communities have the chance to interact? How can dispersal be 

maintained among local communities within a metacommunity? What are the most important 

local communities in the landscape, the conservation of which is critical for the maintenance 

of other communities in the metacommunity network? 

Presently, most stream restoration efforts are arranged rather haphazardly by local authorities 

(national parks, water authorities, NGOs; Bernhardt et al. 2005). These restoration activities 

often fail, because they do not consider the importance of dispersal relationships in the 

landscape and/or because they wrongly address the protection of communities which are by 

far suboptimal for conservation (Bond and Lake 2003, Palmer et al. 2010, Tonkin et al. 2014, 

Schmutz et al. 2016). The key message of applied metacommunity research is a spatially 

more explicit, landscape scale consideration of between community relationships for the 

success of restoration and conservation. For example, large and more connected communities 

are probably more valuable than fragmented and/or small communities. In some cases, 

however, small and separate localities might have some of the most important rare species, 

such as isolated populations of darters that occupy only headwater reaches. In the case of a 
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source/sink metacommunity, where mass effect mechanisms predominate, the most optimal 

strategy is to protect or restore the source community, which contributes the most to 

population dynamics in other habitats. In a naturally nonequilibrium metacommunity, the 

most suitable strategy is the protection of the most viable community(ies) (e.g., based on size, 

naturalness) and keeping local communities separated for keeping natural eco-evolutionary 

mechanisms. On the contrary, a highly altered and fragmented metacommunity may require 

the restoration of dispersal routes. Similarly, for a patchy metacommunity the long term 

maintenance of dispersal processes is essential.  

Another important question in this regard is to answer how the spatial structure of 

metacommunities changes depending on network structure, because it is likely that network 

structure may significantly influence the value of local communities in a metacommunity for 

conservation purposes. Although large-scale conservation area selection methods (i.e., 

systematic conservation planning algorithms) are suitable to define biodiversity hotspots (e.g., 

Hermoso et al. 2011, Dolezsai et al. 2015), knowledge of the spatial structure of 

metacommunities is therefore useful to refine conservational programs and choose among the 

most valuable (meta)communities among and within these hotspots. Ideally, large-scale (i.e., 

national, continental), landscape scale (metacommunity) and local scale (community) 

conservation and restoration efforts should be designed in an integrative manner to select the 

network of local communities which are the most valuable for conservation actions. 

Forecasting changes in metacommunity dynamics due to climate change and a variety of 

human perturbation effects (e.g., deterioration of the habitat, fragmentation by dams) is an 

important applied research need, too. 

 

Conclusions 

In sum, several questions can be addressed based on this synthesis (Table 1), the answer of 

which may further our understanding on the dynamics and protection of metacommunities in 

stream networks. Here, I argued that while longitudinal patterns in the structure of fish 

communities are relatively well-known, our knowledge is still limited about how the structure 

of the stream network ultimately affects the spatial and temporal dynamics of 

metacommunities. I suggest that scaling metapopulation models up to the metacommunity 

level can be useful to characterize the spatial structure of metacommunities. This however, 

requires the delineation of local communities and the quantification of the contribution of 

dispersal to local community dynamics. Undoubtedly, this is a challenging task in continuous 

stream habitats, where some parts of the habitat network are exceptionally hard to sample 

Megjegyzés [p.r.1]: Ismétlés! 
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representatively. Since most metacommunity level processes are likely to happen at the 

stream network level, further research on the effect of stream network structure is needed. 

Overall, separation of the effect of dispersal processes from local scale community dynamics 

may yield a more mechanistic understanding of the assembly of fish communities in stream 

networks, which may also enhance the effectiveness of restoration efforts.  
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Table 1. Summary of key scientific challenges and timely questions addressed in this paper to 

advance understanding the metacommunity organization and conservation of fishes in stream 

networks. 

 

Challenge 1: The delineation of communities and metacommunities in stream networks 

 To what extent hydrogeomorphic patches determine the separation of communities in 

different parts of the stream network? 

 To what extent local communities can be delineated in the landscape which may form 

a metacommunity? 

 What are the dispersal differences between individual species, and how does this 

influence the delineation of metacommunities? 

 Which are the best methodological approaches (e.g. species vs. community level 

approaches, classification and ordination analyses) to study the formation of 

metacommunities in different parts of the stream network? 

 Which metacommunity models are the most suitable for stream metacommunities and 

how do these depend on network structure and position? 

 

Challenge 2: Understanding the spatio-temporal organization of fish metacommunities 

 How sample representativeness influence inferences on within and between 

community diversity and how does this depend on network position? 

 How does dendritic network structure determine within and between community 

diversity in the metacommunity network and what is the surplus information that this 

variable group can add over within stream and landscape level environmental 

variables in understanding metacommunity organization?  

 What is the relative role of local and regional (dispersal) processes in metacommunity 

organization and how does this depend on spatial and temporal scales? 

 To what extent neutral models can be used to understand metacommunity 

organization, and what is the surplus information what can be gained by niche based 

ecology? 

 How does the stability of communities depend on dispersal in the metacommunity 

network, and how does stability depend on network structure and position? 

 

Challenge 3: Conservation management of metacommunities 

 How important is the maintenance of dispersal in conserving local communities 

compared with within stream environmental heterogeneity? 

 Which metacommunities are the most valuable (e.g. based on naturalness, diversity, 

size, dispersal possibilities) in the landscape for conservation purposes? 

 Which are the most valuable local communities within the metacommunity network 

for conservation purposes?  

 How restoration strategies should be refined depending on metacommunity types (e.g. 

patchy, source-sink, non-equilibrium)? 

 How will climate change and future degradation of the habitat (e.g. spread of invasive 

species, habitat deterioration, dam effects) will modify the spatial structure of 

metacommunities and which metacommunities (and local communities within 

metacommunities) are the most prone to such effects? 

 

 



28 

 

 

Figure captions 

 

Figure 1. Approximate spatial extent of different hydrogeomorphic reaches in a temperate 

zone, great river along the longitudinal profile and the associated characteristic fish species. 

These reaches may serves as basic habitat units (i.e., functional process zones sensu Thorp et 

al. 2006; Thorp 2014) for delineating fish (meta)communities in stream networks. Note that 

the rhithron forms only a tiny portion of the longitudinal profile, however its importance can 

be significant in a network context. Note also that reaches in the rithron can be very close and 

very far from each other (indicated by dashed arrows), while reaches in the potamon, which 

are in more central position, are always relatively close to each other in the stream network 

(indicated by dotted arrows). 

 

Figure 2. Due to differences in climate (e.g. temperature, rainfall) and landscape 

characteristics (e.g. altitude, geology, erosion processes) subbasins with a variety of network 

structures can form in the basin of a great river, for example, in the basin of the Danube River 

(Europe). Contrasting differences in the length and spatial configuration of the segments, as 

can be seen, for example, in the similar sized squares, may significantly influence 

metacommunity dynamics via their effects on dispersal processes.  

 

Figure 3. Defining metacommunities requires the separation of local communities, which are 

linked by dispersal in the network of communities. Separation of local communities, however 

depends largely on the patchiness of the habitat, the habitat affinity of community constituting 

species and their dispersal characteristics. Due to the dendritic structure of streams, headwater 

communities and those inhabiting the rhithron are more isolated and patchily distributed, 

while communities more downstream show more homogenous distribution. Since 

communities of downstream reaches are closer together they are less clearly separable from 

each other. Note, that in this example Sp1-Sp3 indicates the distribution of different 

hypothetical species in the stream network. 

 

Figure 4. Functional habitat use of species in two local communities, which together form a 

metacommunity. Quantifying the degree of dispersal between the two communities is 

critically important to separate the role of regional (i.e. metacommunity level) processes from 

local community dynamics. Note, that in this example the mainstem river presents a matrix 

habitat for the majority of stream dwelling species, thus partially separating fish populations 

of the two streams.   

 

Figure  5. Theoretical examples of different types of metacommunities in stream networks. 

Grey patches show non-preferred (matrix) habitats (hydrogeomorphic units) where different 

communities exist. The hybrid model is the combination of other models, therefore its 

applicability may also depend on spatial scale. Nonequilibrium metacommunities may form in 

highly fragmented landscapes, which can be due to natural (e.g., waterfall, beaver dam) or 

anthropogenic (e.g. reservoir dam) effects. Note that the “classic” model is not shown since 

this model does not have reality in real landscapes.  

 

Figure 6. Changes in alpha diversity (species richness) as a function of sampling effort in a 10 

km long headwater (1-3 Strahler order), in a 100 km long mid-river (4-6 Strahler order) and in 

a >1000 km long great river (>6 Strahler order) based on empirical evidence  from the system 

of a great temperate river (the Danube River, Europe). Note that the x-axis is measured on a 

logarithmic scale. Differences in alpha diversity among the stream types are expected to 
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increase with increasing sampling effort (a), and the same level of sample representativeness 

(e.g., 80%) requires approximately an order of magnitude higher sampling effort among 

headwater, midriver and great rivers (b).  
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