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Glossary

dtoo10  Dendritic network The landscape of stream networks are dendritic, mimicking the dendrites of animal nervous systems. In a
dendritic network, there are no discrete nodes or patches; habitat is contiguous throughout the network. The branching nature
of dendritic networks affects how materials and information move along the network between sites. In a similar fashion, the
dendritic nature of stream networks affects how organisms move between locations within the network.

dwoo15  Dispersal Dispersal is the movement of organisms between populations and communities. Dispersal may be an active
behavior or a passive process.

dtoo20  Drift dispersal The active or passive dispersal by aquatic organisms as they become entrained in the water column and carried
downstream.

doo25  Drift Paradox Due to the downstream drift of aquatic insects and the lack of upstream sources of recolonization, logic suggests
that upstream reaches could be left devoid of individuals. Experimental work has demonstrated that aerial upstream flight by
adult life stages allows for recolonization of upstream areas.

do030  Graph-based dispersal proxy A proxy based on the distance between populations and communities within the stream
network. There are numerous ways to measure this distance, including overland dispersal between sites as well as stream
network distance between sites.

d0o35  In-network dispersal (IND) This dispersal is limited to the confines of the aquatic habitat of the stream network. The dispersal
of obligate aquatic taxa, such as fish and some macroinvertebrates, is restricted to the aquatic habitat of streams.

dt0040  Meta-community An extension of meta-populations, a meta-community is a network of communities connected by the
dispersal of organisms between communities.

dt0045  Meta-population A network of populations on a landscape connected by dispersal.

doos0  Network Position Hypothesis Suggests that the position within a stream network affects patterns of biodiversity and
community assembly. As you move across a stream network, levels of dispersal, habitat conditions, and species interactions
may vary, and this variation may produce predictable patterns based on network location.

dtoos5s  Organismal-based dispersal proxy A proxy based on an organismal attribute or trait. These traits may be directly measured,
such as body size, or categorical, such as dispersal ability (weak versus strong).

dtoos0  Out-of-network dispersal (OND) Dispersal that occurs outside the aquatic habitat of the stream network. For instance,
salamanders and crayfish may disperse overland between headwater streams and adult aquatic insects may fly between
adjacent streams and networks.

dtooss  Radio telemetry A technique to monitor dispersal that relies on the generation and detection of radio waves to identify the
location of aquatic organisms. Common methods utilize PIT tags (passive integrated transponder tags).
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2 Dispersal in Stream Networks: Meta-populations and Meta-communities

soo10 Introduction
soo1s Meta-approaches in ecology

poo10 The substantial variation in dispersal that exists between organisms contributes to the structuring of ecological populations and
communities in space and time. Most organisms find a way to get around on a landscape, including sessile organisms like plants
and corals that use their reproductive stages as a major vehicle for dispersal. The influences of dispersal were included in a number of
approaches aimed at understanding the distributions and diversity of species, including the Island Theory of Biogeography
(MacArthur and Wilson, 1967), and Supply Side Ecology (Sale, 1977), but these approaches addressed the influence of dispersal
at very large and very small scales, respectively. However, the influence of dispersal at a landscape or meso-scale has historically been
one of the underappreciated aspects of the ecology of organisms, populations, and communities.

po015 Two bodies of theory, meta-population ecology and meta-community ecology, emphasized the incorporation of meso-scale
dispersal of organisms into the study of the distributions and abundances of species. A meta-population is a spatially separated
group of populations connected on a landscape by the dispersal of individuals (Hanski and Gilpin, 1997). The multi-species
extension of this idea, a meta-community, is a group of multi-species communities connected on a landscape by the dispersal of one
or more species (Leibold et al., 2004). These ideas are conceptually linked in that they (1) emphasize the importance of dispersal in
structuring populations and communities and (2) necessitate a multi-scale approach in their investigation. Local scales are defined
by the structure and dynamics of a single population or a single community on a landscape, while regional scales are the aggregate
properties of all local populations or local communities on a landscape.

p0020 Both meta-population and meta-community theory have had profound impacts on the field of ecology, by presenting testable
predictions for empiricists and catalyzing research that includes mathematical theory, simulation studies, survey approaches, and
experimental manipulations. Virtually every subfield of ecology has benefitted from the insight of meta-approaches, including the
study of diversity in stream and river networks. However, the study of meta-patterns in riverine ecosystems presents challenges and
opportunities that are quite unique.

soo20 Meta-approaches in stream networks

po025 By their very nature, stream networks present challenges to meta-scale approaches. Prototype meta-populations and
meta-communities were defined as distinct populations or communities on a landscape that are connected by dispersal (Fig. 1).
The populations and communities within these networks exist in habitat patches with discrete boundaries, such as a forest patch in a
grassland. In contrast, riverine systems are constructed dendritically (Fagan, 2002; Grant et al., 2007). Dendritic systems—so named
because of their structural similarity to the dendrites of animal nervous systems—are linear, hierarchically-branching continuous
habitat (Fig. 1); thus there are no discrete patches in dendritic systems (Fagan, 2002; Grant et al., 2007). The lack of distinct patches
also leads to the lack of distinct boundaries by which to define the populations and communities that are members of a
meta-population or meta-community. A second challenge is that, while much of the theory constructed from meta-approaches
assumes that organisms disperse randomly, dispersal in river networks is often strongly directionally oriented. Fish, amphibians,
and both the larval and adult stages of aquatic insects have been found to move in fairly specific and repeatable directions relative to
the downstream flow of water (Mackay, 1992; Hershey et al., 1993; Skalski and Gilliam, 2000; Lowe, 2003; Petersen et al., 2004;

foo10 Fig. 1 Schematic examples of aquatic networks. (A) A “classic” aquatic meta-community in which habitat patches are fairly discrete entities like ponds, and
dispersal of species occurs among those patches. (B) A stream dendritic network in which there are two modes of dispersal: In Network Dispersal (IND), represented
by dotted arrows, is dispersal via waterway within the network and that often has a distinct downstream bias, and Out of Network Dispersal (OND) represented by
solid arrows occurs when organisms walk, crawl, or fly overland to other points in the aquatic network.
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Finn et al., 2006). However, while these two properties of river networks initially challenged the utility of meta-population and
meta-community approaches in riverine systems, both sets of theory have proven to be adaptable and broadly applicable for
understanding the diversity, distribution, and abundances of species in river networks.

p0030 Even though meta-populations and meta-communities are often conceived and visualized as sets of discrete patches (Fig. 1), this
particular depiction does not reflect an actual requirement of meta-approaches. Delineating “patches,” even in continuous habitat,
allows the application of the same theory and approaches that are applied in landscapes with spatially distinct patches. This tactic is
particularly effective in networks where habitat characteristics are expected to differ depending on location in the network. Although
stream networks are continuous dendritic habitat, that habitat is not uniform throughout. This foundational principle was codified
by the River Continuum Concept which details how a large number of environmental parameters predictably change from the
smallest headwater streams to progressively larger streams and rivers (Vannote et al., 1980). Along this gradient, stream size and
discharge increase, while stream gradient and average substrate particle size decrease. The base of the stream food web also shifts
progressively from leaf-litter decomposition to increasing amounts of algal primary production (Vannote et al., 1980). While these
changes in stream environmental characteristics occur gradually down the length of a stream network, delineating spatially
separated “patches” within this network allows an investigator to not only apply meta-approaches to river networks, but is also
likely capture the environmental heterogeneity that creates unique conditions in different parts of river networks. Additionally,
environmental conditions are not the only predictable differences between sections of stream networks; dispersal abilities and
propensities vary predictably with network location.

soo2s Dispersal in stream networks

poo3s The dispersal of stream organisms is highly variable among taxa, and one major difference among taxa is whether or not their
dispersal is restricted to inundated sections of the stream network. Fish and snails, for example, are strictly limited to in-stream
dispersal, while a number of aquatic taxa including crayfish, amphibians, and some aquatic insect larvae have the ability to make
limited journeys across land. Thus, in stream networks, there are two major dispersal modes: in-network dispersal (IND), and out-
of-network dispersal (OND) (Fig. 1). Aquatic insects, the most commonly studied organisms in streams, actually use both IND and
OND during their life cycles. In their larval forms, most aquatic insects are limited to IND by either crawling or allowing themselves
to be swept along in stream current, a process termed “drift.” Initially, drifting by macroinvertebrates was thought to be accidental or
passive and that entry into the drift was the product of organisms losing purchase on benthic substrate and being swept away by
current. While such passive drift entry certainly occurs, especially in high flow conditions, subsequent investigations have revealed
that drift entry is most often an active process used to change foraging locations or escape predation (e.g., Kohler and McPeek,
1989). However, as stream insects meta-morphose into reproductive adults, most aquatic insects possess wings that allow them
considerable freedom for OND. The typical life cycle of an aquatic insect is a prolonged larval stage, followed by a short-lived
winged adult stage that quickly reproduces and then deposits eggs in or near a stream. These winged flying stages not only allow
OND, but may be a primary mechanism for recolonizing upstream sites, especially headwaters, whose populations have been
denuded by constant downstream drift (Hershey et al., 1993, but see Anholt (1995) for alternative resolution to the so-called Drift
Paradox).

p0040 As with environmental conditions, dispersal dynamics of organisms may change with network position. With highly mobile
organisms like fish, dispersal is rarely limited by the physical ability of a species to move between stream networks and river basins.
However, a number of abiotic factors limit the ranges of fish in stream systems. For example, fish are often excluded from upstream
sections of stream networks because of perennial drying or lack of adequate depth, or they may be excluded from some sections of
stream networks because the stream thermal regime lies outside of a species’ tolerance range. The effect of network location on
benthic invertebrates may be even more profound. The major IND mode of benthic macroinvertebrates is drifting, which has been
measured to occur over two kilometers (Hershey et al., 1993), and drift dispersal is unidirectional because water flows downbhill.
Additionally, drift propensity and distance are related to discharge, stream substrate, and local densities of similar species (James
etal., 2009). Taken together, these factors suggest that dispersal has a considerably stronger influence on macroinvertebrate diversity
and distributions in larger streams when compared to smaller, headwater streams (Brown and Swan, 2010). This conclusion has
profound implications for the factors that dictate diversity and distributions of species in river networks.

p0045 The Network Position Hypothesis (NPH; from Schmera et al., 2018, based on hypotheses presented in Brown and Swan, 2010)
suggests that the factors that control diversity and distributions of organisms in stream networks depend on the position of a
population or community within a river network. Based on the NPH, the influence of IND is expected to increase from smaller to
larger streams within a river network, thus the structuring forces on a population or community are predicted to shift from more
local factors like environment and species interactions, to more regional controls driven by the movement of organisms. The NPH
has been evaluated in a large number of studies primarily focusing on benthic invertebrates and fish. The results of these
investigations have been mixed, with some studies strongly supporting the NPH (e.g., Wilson and McTammany, 2014; Tornwall
etal, 2017; Brown et al., 2018), some studies producing results counter the NPH (e.g., He et al., 2020), and some studies showing
mixed or equivocal results (e.g., Schmera et al., 2018; Henriques-Silva et al., 2019). Taken together, these studies suggest that the
NPH does capture a fundamental pattern in river network systems, but that the overall model may be strongly modified by context.
Those contexts include the life histories and dispersal abilities of organisms involved, the spatial heterogeneity captured in a river
network, and human modifications to stream networks.
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p0050 Meta-approaches have had a strong influence on the study of stream biodiversity. Not only have they provided new theoretical
foundations for understanding the biodiversity of organisms in running waters (e.g., Brown and Swan, 2010; Holt and Chesson,
2018), but they have also provided empirical tests of these theories (e.g., Swan and Brown, 2017; Tornwall et al., 2017) and
described new patterns of biodiversity in river networks. Additionally, they have informed management of threatened native species
(e.g. White and Wagner, 2021). Foundational to applying meta-approaches is the study of organismal dispersal in river networks.

sooso  Studying organism dispersal in streams
s0035 Challenges to studying dispersal in streams

pooss Studying dispersal in a meaningful way is difficult for many organisms (Heino et al., 2017). Some organisms like fish and
amphibians can be marked, tagged, or tracked using various individual marking techniques, radio transponders, or passive
integrated transponder (PIT) tags, and there are numerous examples of studies that use such techniques to infer dispersal behavior
(e.g., Bubb etal., 2002; Hedden and Gido, 2020). However, invertebrates are the most commonly studied organisms in stream and
river networks (Tornwall et al., 2015), and to date, no practical method has been developed to directly monitor the movement of
benthic invertebrates with the possible exception of PIT tagging in large macroinvertebrates like crayfish (Bubb et al., 2002). For
smaller benthic invertebrates like aquatic insects that make up the vast majority of benthic biomass and diversity, such marking or
tagging is either methodologically impossible or impractical for three reasons. The first is the limitation imposed by the small size of
most benthic macroinvertebrates, many of which are <1 mm in length and which rarely exceed 2 cm in length, a size that prohibits
the use of radio or PIT tagging. Secondly, there is a low probability of recapture of marked organisms. Smaller invertebrates could
conceivably be marked using a surficial marking like latex paint. However, due to the small size and high densities of these
organisms, the probability of recapturing organisms marked in such a manner would be quite low. Additionally, great care would be
necessary when marking these small organisms to prevent the marking compound from hindering organism function by coating
gills or sensory structures. Third, insects molt, and some taxa molt frequently. Each molt would shed the exoskeleton and thus any
superficial marks on the organism.

p0060 Given these limitations, there has been a considerable amount of creative science devoted to inferring the dispersal behavior of
stream organisms. For larger organisms, the methods are often more direct. However, for smaller organisms like stream insects,
investigators rely on inferential methods that include estimating species dispersal pattern by their abundances in drift samples,
isotopic tracing of labeled populations, scaling-up based on the results of small-scale controlled studies, and modeling studies that
predict dispersal based on known organism traits. Below we categorize and describe the major ways that the dispersal of aquatic
organisms is either directly studied or indirectly inferred.

soo40 Approaches for studying the influence of dispersal in river networks

s0045 Movement monitored

pooes Capture-mark-recapture work in stream meta-populations has mainly relied on radio telemetry. These approaches have been used
to study the dispersal of larger stream organisms, predominantly fish, but also crayfish and salamanders, and even river otters. After
stream organisms are captured and radiotagged, radio transponders may be placed along the stream bank to detect organisms as
they move, or organisms may be detected within the stream itself by more active recapture or tracking techniques. For example,
Hedden and Gido (2020) used mark-recapture methods to investigate the effects of stream drying on fish communities in stream
networks. Deploying PIT antennas upstream and downstream of a perennial stream, the researchers found that stream fishes
recolonized rewetted reaches. White and Wagner (2021) also used radio telemetry to monitor the dispersal of wild brook trout
(Salvelinus fontinalis) in a small network in Pennsylvania (United States). They tracked the movement of the trout by actively
monitoring them through the stream network to find that half of the tagged fish were sedentary. The mobile fish that dispersed
moved over a short duration of time, and this behavior may be important for maintaining connectivity within the stream network.

po070 For smaller organisms, tagging with radiotags is not currently possible. For stream insects, researchers have marked aquatic
larvae by enriching the stream benthos with stable isotopes. As aquatic insect larvae feed on stream periphyton (i.e., algae and
attached organic detritus), they too are marked with the stable isotope. The insect larvae can then be caught in stream drift nets.
To understand the drift dynamics of stream insects, Hershey et al. (1993) captured drifting Baetis may fly larvae along the Kuparuk
River in Alaska, determining that the larvae drifted at least 2.1 km downstream over the course of the Arctic summer.

poo75 Stable isotope enrichment has also been used to understand the aerial flight dynamics of adult stream insects. After enriching the
stream benthos, researchers have set up nets at locations within and across stream networks to capture the marked insects. Briers
etal. (2003) used this approach to understand the dispersal dynamics of stonefly populations (Leuctra inermis) in Wales, becoming
the first to show insect dispersal between streams. Macneale et al. (2005) used a similar approach at Hubbard Brook Experimental
Forest, New Hampshire (United States), where they added enriched nitrogen to streams before capturing adult stoneflies (Leuctra
ferruginea) to identify their dispersal patterns. Their work demonstrated that stonefly populations can be connected across
catchments within one generation via aerial dispersal.
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p0080 To detect trends in species movement, there are a variety of traps and nets that may be used to capture stream organisms as they
move within and across networks. Researchers often use Malaise traps to capture adult insects, drift nets for larval stream insects, and
various traps, such as minnow traps, for fishes (Baxter et al., 2017). Malaise traps are set up along stream corridors and various
distances from streams to capture flying adults as they move around stream networks. Petersen et al. (2004 ) trapped adult insects in
malaise traps within a stream network and identified the crucial role that the stream corridor can play in the dispersal of adult
aquatic insects. Likewise, traps have also been used to extensively estimate the movement of flying adult insects in urban stream
corridors (Smith et al., 2015a, 2015b). Drift nets are deployed to catch the larval stages of aquatic insects as they drift in the current
downstream, and they have been used in a large number of studies to produce estimates of dispersing aquatic insects and to infer
how this dispersal behavior influences meta-population and meta-community patterns (e.g., Lancaster and Downes, 2017a,
2017b). Similar techniques can also be used for fish, including weir traps. For example, Schlosser (1998) used weir traps to
demonstrate that the creation of beaver ponds was the primary factor driving the dispersal of fish to upstream reaches.

p0085 However, the measures of organism movement derived from the use of nets and traps have to be interpreted with extreme
caution for two reasons. First, temporal variability in movement patterns can be profound. For example, aquatic insect drift density
changes on a diel cycle, with the majority of drift occurring at night (Waters, 1965), so studies need to integrate both diel and
diurnal movements. The second concern is that some organisms may actively avoid traps, so trapping may be an underestimate of
actual dispersal behavior.

soos0 Organismal-based proxies

p0090 Due to the limitations of directly monitoring the dispersal of stream organisms within and between stream networks, researchers
often turn to organismal-based proxies to infer dispersal. These proxies may include traits-based approaches that utilize organismal
attributes relating to size, dispersal ability, and dispersal mode, as well as approaches that examine the population genetic structure
and the natural isotope abundance of stream organisms. For symbiotic stream organisms, the dispersal of the host may also be used
to understand symbiont dispersal.

p0095 Traits relating to size, such as body size, wing size, or fin size, are commonly used as proxies for dispersal ability. Wing
morphology is also used as a proxy to understand dispersal dynamics in stream networks. Over the course of 3 years, Lancaster
and Downes (2017a, 2017b) measured the size and shape of the wings of Ecnomus caddisflies. Pairing this information with data
from benthic samples that allowed them to categorize individuals as residents or immigrants, they were able to determine that wing
morphology may serve as a proxy for dispersal ability.

p0100 For aquatic insects, researchers often rely on the dispersal traits available in published trait databases to examine the role of
dispersal in community assembly. Brown and Swan (2010) used a traits-based approach to examine how the dispersal ability and
mode of stream macroinvertebrates affected patterns of community assembly across three Maryland (United States) stream meta-
communities. Using traits for both adult and larval dispersal, they determined that dispersal-driven dynamics were more important
in well-connected mainstem sites within the river network, while more isolated headwater sites were driven by local conditions.

p0105 Gronroos et al. (2013) applied a similar approach to investigate how the dispersal mode of aquatic insects affected community
assembly of stream macroinvertebrates. They grouped the macroinvertebrates based on whether the larval stages of the organisms
were active or passive dispersers and whether the adult stage was aquatic or terrestrial. They found that macroinvertebrates
with an active larval dispersal stage and a terrestrial flying adult stage were more likely to be affected by the environmental
conditions of the stream network (such as sediment size and flow conditions), suggesting that those organisms may be better able to
track environmental conditions.

p0110 Examining the population genetic structure of stream organisms can be used as a proxy for dispersal as it may provide insight
into gene flow between stream populations. Alp et al. (2012) examined the population genetics of two aquatic species with different
dispersal strategies, a baetid mayfly (Baetis rhodani) and an amphipod (Gammarus fossarum). This work revealed that the mayfly, with
its overland dispersal capabilities and its generalist niche, had little genetic structure across the river network. The population genetic
structure of the amphipod, on the other hand, was impacted by its dispersal limitation within the stream network.

p0115 Historically, population genetics work has examined processes that occur over larger spatiotemporal scales. Recently, including
within the freshwater ecology literature, researchers have been using population genetics studies to understand community
assembly and processes at finer spatial scales. Yaegashi et al. (2014) used a population genetics approach to investigate the
population genetic structure of the caddisfly Stenopsyche marmorata across four stream networks. Through this approach,
the researchers found that the dispersal distances inferred from genetic work were similar to those distances measured for one
generation in the field. Kelson et al. (2015) also used a fine-scale genetics approach to examine the genetic structure of brook trout
(S. fontinalis) within a New Hampshire stream network. This study revealed the effects of isolation due to waterfalls on the genetic
structure of the meta-population as well as the dispersal of highly migratory individuals across the network. As demonstrated by
Kelson et al., population genetics studies at fine scales within river networks can reveal insights that may improve conservation
and management strategies.
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p0120 The stable isotopic signatures of species may provide clues to their dispersal in stream networks. Cook et al. (2007) analyzed
isotopic data alongside the population genetics of the southern pygmy perch (Nannoperca australis) to examine dispersal across a
stream network. This approach allowed them to determine that at least half of the fish sampled were residents of the stream where
they were captured, suggesting little population connectivity within the network.

p0125 For freshwater species that participate in symbioses, one way to understand the dispersal of the symbiont is to determine the
dispersal of its host. Terui and Miyazaki (2015) studied the dispersal of the freshwater mussel Margaritifera laevis based on the
dispersal of its host fish, Oncorhynchus masou masou. After identifying the location of mussel beds within the river network,
the researchers conducted fish sampling during the seasons of symbiont larval attachment and detachment periods. With this
approach, they found that fish that were “tagged” with mussel larvae dispersed over four kilometers, demonstrating the importance
of the host for symbiont dispersal across the river network.

so0s5 Graph-based proxies

p0130 To understand the role of dispersal in stream networks, researchers often use graph-based proxies to infer dispersal based on the
distance between populations and communities (Heino et al., 2017). These proxies differ based on which metricis used to quantify
distances between sites in the network (Fig. 2). Often, ecologists will utilize more than one graph-based proxy in their study and
compare how the various distance methods better describe dispersal within and between networks. In addition, certain proxies may
be better suited for certain taxa or life stages. For instance, Euclidean distance, or the overland, straight-line distance between sites,
may be a more appropriate proxy for taxa with both aquatic and terrestrial life stages or for the adult life stages of aquatic insects.
On the other hand, for taxa that passively disperse with the current, dispersal distance may be better described with network
distance, a graph-based proxy that relies on the contours of the stream network and/or flow distance, which accounts for the
direction of dispersal based on streamflow (upstream versus downstream). To study community assembly dynamics in a Swedish
stream meta-community, Gothe et al. (2013) employed all three of these graph-based proxies: overland (Euclidean) dispersal,
network (along-stream) dispersal, and flow (directional downstream) dispersal. This approach, coupled with their traits-based
analysis, allowed them to identify the role of these different dispersal strategies in structuring stream communities and how this role
changed with taxa, season, and spatial scale.

p0135 In addition to relying on linear distances for graph-based proxies, stream ecologists have developed proxies that utilize circuit
theory to study dispersal (Canedo-Argiielles et al., 2015). For instance, the topographical distance between study sites can be used to
account for the effect of landscape features on dispersal, with species traveling downhill facing lower resistance to movement
between sites. Stream organisms also have to contend with the intermittency of aquatic habitats in stream networks. This circuit
theory-based approach can also be extended to intermittent networks. Here, species traveling between sites that are separated by
perennial flows face lower resistance to dispersal.

foo15 Fig. 2 lllustration of measures of distance in river networks using three hypothetical sampling points, A, B, and C. Euclidean distance is the shortest distance
between two points, illustrated by the distance between sites A and B. Network distance is the distance between points, following the contours of the river network,
illustrated by the distance between sites A and C.
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sooeo Experimental approaches

po140 Experimental approaches can be used to disentangle the role of dispersal in driving patterns of biodiversity and community
assembly in river networks (Fig. 3). Microcosm experiments have been effectively used to test meta-population and meta-
community theory in dendritic systems. Using protozoan and rotifer communities, Carrara et al. (2012) created meta-community
networks with different levels of connectivity and examined how network configuration affected patterns of diversity. With this
approach, they were able to experimentally demonstrate that the dendritic connectivity of stream networks can produce different
patterns of biodiversity than in networks with higher levels of connectivity. Altermatt and Fronhofer (2018) also used a microcosm
approach to test how population densities varied within a dendritic network based on network configuration and position within
the network. This work confirmed previous theory that communities connected to both headwaters and central nodes emerged as
those with the highest population densities.

p0145 Investigating the dispersal dynamics of stream organisms is not only important for understanding biodiversity patterns and
community assembly, but also for developing a knowledge base for how stream communities will respond to certain management
strategies, such as stream restoration. A growing body of recent literature has set out to understand how communities at different
locations within stream networks respond to disturbance and habitat manipulation and what role dispersal plays in the resulting
community assembly dynamics. Tornwall et al. (2017) manipulated stream habitat complexity within headwater streams and at
mainstem sites within stream networks. Only the communities of the headwater streams were affected by the manipulation,
providing evidence in favor of the NPH. Similarly, Lancaster and Downes (2017b) manipulated the retention of detritus in a stream
to disentangle the roles of environmental condition and dispersal in structuring macroinvertebrate communities. The manipulation
revealed an interaction between resource levels and dispersal in which areas with augmented resources were quickly colonized by
species not present before the manipulation.

)

f0o020 Fig. 3 Representative experimental methods for investigating dispersal in stream meta-communities. (A) Microcosms consisting of eight protist species. Network
architecture was controlled by the transfer of medium between “connected” local communities. From Carrara et al. (2012), photo by Florian Altermatt;
(B) Microcosms consisting of 14 protist species and 1 rotifer species in physical networks of tubing. From Seymour et al., 2016; photo by Florian Altermatt;
(C) Replicated flume systems. Each flume set consisted of four recirculating flumes colonized by macroinvertebrates from local streams. Brown et al., 2018 used
eight sets of these flumes to test the influence of dispersal and community source pool. Photo by Chris Swan; (D) In-stream flume system. Flumes are actually
located in stream beds but the flumes can be manipulated. In this case, nets over the outflow valves (not shown in this picture) reduced in-network dispersal, while
screens over some of the channels (not shown in this picture) prevented aerial dispersal. This research is currently in-progress. Photo by Bryan L. Brown.
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p0150 Stream ecologists are also experimentally investigating how dispersal mode influences community dynamics and stability.
Baumgartner and Robinson (2017) used a field experiment to investigate how upstream active dispersal modes (swimming and
crawling) and aerial dispersal dynamics influenced the recovery of agricultural streams following disturbance. After disturbing the
uppermost reaches of the streams, the researchers blocked aerial dispersal from half of the stream to differentiate the role of aquatic
and aerial dispersal in the colonization dynamics of stream macroinvertebrates. While they didn’t find an influence from aerial
dispersal, they did find that aquatic, upstream dispersal allowed for the stream benthos to recover rapidly following disturbance.

sooes Theoretical modeling

p0155 Modeling based on theoretical principles is a longstanding tradition in ecology. The primary utility of theoretical modeling is that it
allows for “tests” of hypotheses that cannot be performed practically, often because of methodological or temporal limitations.
Accordingly, theoretical models have strongly influenced thinking on the consequences of dispersal in stream meta-populations
and communities.

p0160 Early contributions of theoretical modeling in stream networks addressed the so-called “Drift Paradox.” The Drift Paradox
recognized that, despite empirical measures of large numbers of organisms drifting in a downstream direction, the small headwaters
of streams did not become depopulated through time. Initial resolutions to the paradox theorized that adult insect flight was
upstream-biased and promoted recolonization of headwaters, and these theories were supported by numerous observations of
upstream-biased flight (Hershey et al., 1993; Williams and Williams, 1993). However, such bias was not observed for all stream
insects, and the hypothesis did not explain the persistence of non-flying headwater species like amphipods. Modeling studies of the
Drift Paradox suggested that an upstream bias in adult flight was an unnecessary condition for promoting persistence in headwaters.
Rather, a combination of random or unbiased dispersal and density dependence of populations could theoretically account for
persistence (Anholt, 1995; Kopp and Allen, 2021).

p0165 Theoretical modeling has also been largely responsible for the appreciation of the effects of dendritic structure on organism
dispersal in stream networks. Meta-population modeling of organisms in dendritic networks suggested that the size and architecture
of stream dendritic networks strongly affected meta-population persistence and gene flow, and that fragmentation in dendritic
networks could have highly variable effects that depended on the specifics of network architecture (Fagan, 2002; Chaput-Bardy
etal., 2009; Grant, 2011). Other work extended similar concepts to multi-species communities in dendritic networks. Insights from
this work include elucidating the role network architecture and dispersal tradeoffs between species create patterns of community
composition in river networks (Auerbach and Poff, 2011). In addition, modeling work has shown that that network structure affects
the spread of Proliferative Kidney Disease in salmon (Carrara et al., 2012) and that the stability of communities in river networks is
promoted by asynchronous fluctuations in populations at different parts of a network (Anderson and Hayes, 2018). Species
coexistence in river networks largely depends on the spatial heterogeneity of environmental conditions in a network and how that
heterogeneity interacts with effects of the network on species” dispersal (Holt and Chesson, 2018).

soo7o  Gonclusion

p0170 Meta-approaches have permeated much of the theory and practice of ecology in the last few decades, first through the introduction
of meta-population theory (Hanski and Gilpin, 1997) and later through meta-community theory (Leibold et al., 2004). Both of
these concepts link local-scale patterns, like those occurring in a single stream reach, to larger-scale patterns that occur at the scale of
multiple stream reaches, whole watersheds, or even entire river drainages (Schindler et al., 2010). The link between those scales is
the dispersal of organisms. The growing influence of meta-frameworks highlights the importance of being able to accurately
measure or estimate the dispersal of aquatic organisms.
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Abstract:

Meta-approaches to understanding diversity, including meta-populations and meta-communities, have created a paradigm shift in ecological
research, including in stream ecosystems. Both of these frameworks emphasize the major role that organismal dispersal plays in generating and
maintaining biodiversity patterns because dispersal links processes at local scales to processes at larger spatial scales. Fundamental to the application
of meta-approaches is an understanding of dispersal. Ecologists working in stream systems use various methods to measure or estimate the dispersal
of aquatic organisms. More direct measures include mark-recapture techniques and the use of various nets and traps. Due to the difficulty of directly
monitoring the dispersal of aquatic organisms, particularly smaller taxa, organismal-based dispersal proxies such as traits-based approaches and
population genetics can be used to infer dispersal patterns. Graph-based proxies that rely on the spatial distribution of sampling sites can also be used
to infer dispersal in stream networks. While experimental approaches—including the direct manipulation of dispersal—have been employed less
often than observational approaches, they have been able to mechanistically link dispersal rates and patterns to patterns in observed biodiversity.
Likewise, theoretical approaches that include mathematical and simulation modeling have been able to conduct in silico experiments to test
scenarios that are impractical or impossible to conduct in real-world systems. Here we provide a brief introduction to these techniques, highlight
some of the insights that they have enabled, and discuss their importance in bringing meta-approaches to the study of stream ecosystems.

In this chapter, we provide an introduction to the study of dispersal from the perspective of its importance for meta-approaches in stream ecology
that briefly touches on the conceptual importance of studying dispersal and on the techniques used to measure or estimate dispersal. In reviewing
literature to include in this article, we chose to focus on fine-scale work performed at a maximum scale of a few adjacent watersheds because these
studies best illustrate the approaches and techniques for the study of dispersal. However, a considerable amount of work also exists that applies
meta-population and meta-community theory to large-scale biogeographic biodiversity patterns. Thus, our work here is not meant to be an
exhaustive review of the literature on dispersal in stream networks, but to serve as an introduction to the various techniques used to understand
the dispersal of stream organisms. Additionally, while the focus of this article is mainly dispersal in stream meta-populations and meta-communities,
these are relatively new fields of study. Multiple foundational papers on dispersal in stream networks that we included here do not directly address
meta-population or meta-communities. These older works are, however, crucial for an introduction to the topic, and the study of dispersal would be
much diminished without the groundwork that these works provided.

Keywords: Benthic macroinvertebrate; Dispersal; Drift; Graph-based proxy; Meta-community; Meta-population; Organismal-based proxy;
Radiotelemetry; Stream
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