














Community Assembly is Determined by the Species Pool

particular location and survive in the habitats
that it affords (Section 10.3.2). Many species
play ecologically similar roles, and chance deter-
mines which hold sway at any particular mo-
ment. On the other hand is the view that
biological communities have repeatable struc-
ture that results not only from environmental
factors, but also from the interactions among
species, including certain key species. For
many years, researchers emphasized local-scale
processes centered on niche relationships and
species interactions operating within closed sys-
tems, but interest has increasingly shifted to-
ward consideration of the regional species
pool, and the importance of dispersal and colo-
nization in linking local to regional processes.
The metacommunity viewpoint is one in which
spatially segregated assemblages of species
develop in distinct patches that may or may
not be similar in their environmental conditions
(Leibold et al. 2004). Metacommunities are
connected by dispersal, just as is the case for
their individual populations. Although similar in
many ways to the older patch dynamics perspec-
tive (Townsend 1989), the metacommunity per-
spective incorporates trade-offs between species
not only in the typical dimensions such as re-
source use, but also, for example, between local
resource utilization and colonization success.
The stream environment is heterogeneous
across all spatial and temporal scales. Individual
habitat patches typically are distinctive in their
environmental conditions including current,
substrate, temperature, organic matter accumu-
lations, biofilms, and so forth. Many species will
differ in how well they are suited to particular
conditions along an environmental gradient (Fig-
ure 5.5), and because multiple environmental
gradients exist, species sorting along environ-
mental gradients is likely to play a significant
role in determining local abundances. Fluvial
environments also are subject to a considerable
degree of temporal instability, particularly from
hydrologic disturbance, and so patch residency
by populations and assemblages must often be

short. In some situations there may be a reason-
ably well-defined series of stages in patch devel-
opment, as seems true of desert streams subject
to episodic flash flooding. In other cases, the
image of a shifting mosaic of patch types, per-
haps more typical of gravel-bed streams, may be
more appropriate. Regardless, it is evident that
dispersal and colonization are important to the
long-term presence of species and assemblages.

Species that succeed in a given environment
and particularly those that become very abun-
dant must possess traits that enable them to
excel at utilizing resources, avoiding enemies,
and resisting stresses (Tilman 1982). This also is
evident in the differential success of invasive
species, where most have limited influence on
receiving communities and a relatively few have
wide impact (Section 13.2.2). At the other ex-
treme there may be species that persist primarily
because they are adept at colonizing short-lived
environments. When two outdoor experimental
channels in southern England were flooded and
allowed to become colonized, they accumulated
35 taxa in 1 month (Ladle et al. 1985, Pinder
1985). On day 16 the midge Orthocladius calvus
completely dominated the channels, and by day
37 it had virtually disappeared. Remarkably, this
was an undescribed species, in a region where
the Chironomidae are relatively well known.
Between the extremes of the few species that
dominate across many locations and inferior
competitors that are quickly displaced, there
may be many species that exhibit trade-offs be-
tween their abilities to reach new environments
and their success once they are established.
One consequence may be a decline in assem-
blage similarity with increasing distance be-
tween sites, as reported in a study of New
Zealand streams and attributed to distance limi-
tations of dispersal (Thompson and Townsend
2000).

An emphasis on the importance of the region-
al species pool on local community assembly
(Figure 1.5) obviously is in accord with the hier-
archical view of physical habitat within the
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stream network (Figure 1.3). However, although
it is attractive to visualize a hierarchical series of
filters, this concept is largely untested in fluvial
systems, and the best evidence to date is that
filters at the microhabitat scale are most influen-
tial (Lamouroux et al. 2004). Furthermore, as a
counterpoint to concepts that emphasize the
roles of the regional species pool and coloniza-
tion dynamics, species interactions within lotic
assemblages unquestionably can be strong (Fig-
ures 9.11 and 9.15). A complete understanding
of what forces determine local assemblages will
need to invoke species interactions as well as
species sorting according to the match between
traits and environment. This will be subject to
the constraints imposed by a modest number of
species that, due to their abundance or their
interaction strength, modify the opportunities
for other species to persist. But environmental
conditions often are shortlived in running
waters, and so the ability to colonize and rees-
tablish populations will almost invariably be an
important dimension for lotic assemblages.

14.3 Streams are Transporting
Systems

Rivers transport great quantities of water and
dissolved and particulate material to the world’s
oceans. Truly, “rivers are the gutters down
which run the ruins of continents” (Leopold
et al. 1964). Water runoff from the world’s land
masses balances the excess of precipitation over
evapotranspiration (Figure 2.2), but is very un-
evenly distributed by region (Table 2.1) and
through time (Figure 2.3). Rivers transport
about 15 billion tons of suspended materials
annually to the oceans, and about 4 billion tons
of dissolved material (Schlesinger 1997). Many
aspects of climate, geology, and terrain contrib-
ute to regional variation in the solid and dis-
solved loads of rivers, and fluctuations in
discharge are the primary cause of temporal var-
iation (Figure 3.10). As discharge varies across all
timescales including interannual, decadal, and
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longer, channels are shaped and reshaped in
endless cycles in which the river seeks an equi-
librium between channel shape and the forces of
erosion and deposition, subject to the physical
constraints set by water and sediment supply,
and by elevational extent.

From an ecological perspective, unidirectional
current and transport are uniquely riverine
characteristics. Current influences the growth
and survival of individuals and populations
through multiple pathways (Figure 5.2), and
scouring floods can decimate periphyton and
animal populations, resulting in system dynam-
ics that are governed by episodic cycles of
renewal and loss (Figure 10.8). Disturbance fre-
quency is a key process influencing assemblage
structure, acting like a switch to favor one group
of organisms over another, and contributing
to overall diversity by preventing the displace-
ment of vulnerable species by dominant
species (Section 10.3.3). Accidentally or deliber-
ately, young fish and perhaps some invertebrates
use current as an aid in their downstream
travel.

The dynamics of organic matter and nutrients
within lotic ecosystems are profoundly influ-
enced by the transport capacity of streams and
rivers. On an annual basis, rivers carry to the
oceans an estimated 0.4 billion tons of organic
C, composed of roughly equal quantities of par-
ticulate and dissolved organic carbon (Meybeck
1981). Forested headwater streams process
coarse particulate organic matter (CPOM) in
place, but are inefficient at processing the ma-
jority of dissolved organic matter (DOM) and fine
particulate organic matter (FPOM), and so more
is exported to downstream ecosystems than is
metabolized (Webster and Meyer 1997). Lakes,
impoundments, and floodplains can store sub-
stantial quantities of transported organic matter,
and microbial processing within the lower
reaches of large rivers (Cole and Caraco 2001)
also may be significant.

Nutrients are bioavailable primarily in dis-
solved inorganic form, and their downstream




Streams are Transporting Systems

passage is most likely to be influenced by the
stream ecosystem when biological demand is
high relative to nutrient supply and when hydro-
logic conditions facilitate uptake. In most years
more than half of the annual nitrate export from
a reference stream in the Hubbard Brook Experi-
mental Forest, New Hampshire, occurs during
spring snowmelt, from March to May, when
both stream flow and nitrate concentrations are
high (Figure 14.3). Similarly, a phosphorus (P)
budget of a New Hampshire stream found that
half of the annual inputs and two thirds of the
exports occurred in just 10 days of the year
(Meyer and Likens 1979). However, when bio-
available N or P is added to a stream reach it is
rapidly immobilized by the biota of the stream-
bed, and can quickly finds its way into all trophic
levels (Section 11.3.3.3). Thus, streams can oc-
cupy two ends of a continuum in terms of nutri-
ent processing: a throughput mode at high
discharge and a processing-retention mode at
low flows. A full understanding of nutrient re-
tentiveness at the stream reach and its scaling up

to the network is an area of much current inter-
est. If instream nutrient retention has contribu-
ted significantly to the nitrate decline described
by Bernhardt et al. (2005a) that took place over
several decades (Figure 14.3), then studies of
nutrient cycling in forests and streams will
need to be better integrated than has been true
to date. Reach-scale studies have convincingly
demonstrated the attenuation of dissolved inor-
ganic N in transport by processes of uptake and
transformation (Peterson et al. 2001, Webster
et al. 2003), and this complements basin-scale
estimates of nitrate removal, presumably due to
denitrification (Alexander et al. 2000) and the
cumulative effect of N removal along the entire
flow path (Seitzinger et al. 2002). However, until
we obtain a fuller understanding of the eventual
fate of inorganic N retained in small streams,
and whether it is permanently removed by deni-
trification or exported in particulate organic
forms, the importance of processes within the
stream network to downstream export remains
unsettled.
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FIGURE 14.3 Spring nitrate export (grams of nitrogen as nitrate [NOs-N] per hectare) compared with export from
the rest of the year for a reference stream in Hubbard Brook Experimental Forest. Note also the long-term decline in
nitrate export. Possible explanations include greater retention within the forest ecosystem, reduced forest distur-
bance, and greater instream processing. (Reproduced from Bernhardt et al. 2005.)
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14.4 Primary Production and
Allochthonous Detritus are
Basal Resources in Lotic
Ecosystems

The basal resources of stream food webs are
primary producers and detritus, which together
comprise a diverse mix of energy sources, the
importance of which varies with environmental
conditions. Algae in surface films are prevalent
in small streams through mid-order rivers that
receive adequate light (Figure 7.13), and plank-
tonic algae are a possible energy source in large
lowland rivers. Detrital energy sources are ubig-
uitous, although the processing of CPOM (Figure
7.3) is primarily a feature of low-order streams
within forested regions. Clearly, the relative im-
portance of these basal resources varies with
position along the river continuum (Figure 1.7),
as Vannote et al. (1980) articulated for a river
network originating within a forested landscape.
Under those circumstances, the basal resources
of headwater streams are dominated by inputs of
leaf litter, mid-order streams receive sufficient
light to support greater productivity of benthic
algae, and large lowland rivers are dominated by
FPOM and DOM, although some phytoplankton
also are present. Functional feeding groups of
macroinvertebrates are presumed to track these
longitudinal patterns in resource supply.

The river continuum concept has proven to
be a resilient encapsulation of the relative roles
played by different basal resources along an idea-
lized river system. Furthermore, the longitudinal
distribution of functional feeding groups often,
although not invariably, can be shown to be at
least approximately in accord with expectations
(Figure 14.4). Nonetheless, the applicability of
this model to running waters worldwide has
been questioned (Winterbourn et al. 1981, Lake
et al. 1986, Statzner and Higler 1985) and it is
apparent that the hypothesized pattern of chang-
ing energy pathways from headwaters to river
mouth is only a first approximation of a more
complete understanding of how energy is
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utilized within lotic ecosystems. In particular,
energy supplied via microbial pathways and
from lateral inputs both deserve much more
attention, and there is growing evidence that
the quantitatively largest energy sources are not
necessarily those of greatest importance to con-
sumer production.

Although DOM and FPOM are unquestionably
the largest C pools in lotic ecosystems, budget
analyses (Section 12.4.1) reveal that their utiliza-
tion is modest relative to export. However, as we
learn more about the functional linkage between
primary production and microbial utilization of
DOM and FPOM within biofilms, especially in
low-order stream networks, and of the longitudi-
nal decline in DOM concentrations evident in
large lowland rivers (Figure 12.9), it is apparent
that substantial quantities of organic matter are
mineralized by microbial activity along the river
continuum. Whether this microbial production
is a link to macroconsumers or is mostly
dissipated by the respiration of microbes and
the meiofauna remains uncertain. Biofilms may
also serve to blur the boundaries between prima-
ry producer and detrital energy pathways, and so
contribute to instances where functional groups
correspond less well to expectations under the
river continuum concept.

For many lowland rivers, energy inputs may
derive primarily from upstream sources, includ-
ing tributaries and whatever production occurs
within the main channel, but lateral inputs can be
of great importance in rivers that inundate their
floodplains (Junk et al. 1989). During the annual
flood pulse (Figure 14.5), organic matter from
the floodplain as well as algae and organic matter
from fringing channels and floodplain lakes make
substantial contributions to the secondary pro-
duction of the river-floodplain biota. Indeed,
the most productive freshwater fisheries are
located in large rivers with extensive floodplains,
where the recruitment of young fishes correlates
with interannual variation in the strength of
flooding and thus determines the size of
the catch when those juveniles mature into
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FIGURE 14.4 Relationships between relative dominance of feeding groups and catchment area in the Ball Creek-
Coweeta Creek-Little Tennessee River continuum. Dominance is expressed as percentages of total habitat-weighted
biomass at each sampling station. (Reproduced from Grubaugh et al. 1996.)

harvested size classes (Welcomme 1979). In the
Rio Solimoes, the growth of omnivore fishes was
clearly linked to hydrological seasonality (Bayley
1988), as was also true in the lower Mississippi
river provided that flooding coincided with tem-
peratures above 15°C (Schramm and Eggleton
2006). However, as important as the floodplain
may be to secondary production in large rivers, at

least one fourth of the fish species from a number
of large temperate rivers can complete their life
cycle in the main channel (Galat and Zweimuller
2001). Fishes including larvae and juveniles were
abundant in the main channel of the Illinois and
Mississippi Rivers and appeared to be supported
by in-channel production based on the presence
of zooplankton and invertebrates in their diet
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FIGURE 14.5 During the annual flood pulse in a floodplain river, the littoral boundary of the river moves laterally
with the rise and fall of the flood pulse, influencing fish recruitment and exchanges of nutrients and organic matter.

(Reproduced from Bayley 1995, after Junk et al. 1989.)
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Rivers are the Product of their Landscapes

(Dettmers et al. 2001). These apparently contrast-
ing findings may reflect differences in the role of
floodplain inundation in tropical versus temper-
ate settings, or between more pristine versus
more constrained rivers with more developed
floodplains. In rivers that have high primary pro-
duction, are regulated, or where the floodplain is
not as productive as the main channel due the
timing of the flood, fish production may be more
dependent on in-channel production (Junk and
Wantzen 2004). In rivers with extensive flooding
driven by an annual flood pulse, the original
model may apply.

There is no question that detrital energy
sources are important inputs of organic C in
virtually all lotic ecosystems, but budgetary
accounts of inputs and exports may fail to pro-
vide an accurate view of the energy supplies that
fuel higher trophic levels. However, by analyzing
the signature of certain isotopes in animal con-
sumers it is possible to identify their primary
food supplies, and in a number of instances
where the energy sources were assumed to be
allochthonous, a surprising dependency on au-
tochthonous production was revealed. Isotopic
signatures of fishes and invertebrates indicated
that transported organic matter, including living
and detrital algal components, was the main
source of C for primary consumers in both con-
stricted and floodplain reaches of the Ohio River
(Thorp et al. 1998). In the Orinoco floodplain,
macrophytes and leaf litter from the flooded
forest represented 98% of the total C available,
but isotope analysis showed that phytoplankton
and periphyton were the major C source for fish
and macroinvertebrates (Lewis et al. 2001). In
addition, isotope data did not indicate that vas-
cular plant C reached invertebrates through the
microbial loop, suggesting instead that virtually
all detrital C entered a “microbial dead end” and
thus did not contribute to animal secondary pro-
duction in the Orinoco floodplain. From the
perspective of ecosystem metabolism, large low-
land rivers do indeed have a low P/R ratio and
are highly heterotrophic, reflections of the high

microbial respiration supported by DOM and
POM. Secondary production by macroconsu-
mers, however, may be based to a much greater
extent on autochthonous production that occurs
within the channel or inside channels and flood-
plain lakes (Figure 14.6). According to the river-
ine productivity model (Thorp and Delong 1994,
2002), autochthonous C fuels secondary produc-
tion in rivers with constricted channels and can
be an important but not the main source of C for
macroconsumers in rivers with floodplains.

14.5 Rivers are the Product
of their Landscapes

In a prescient essay published in 1975, Noel
Hynes wrote that “in every respect the valley
rules the stream.” Geology determines the avail-
ability of ions and the supply of sediments, to-
pography determines slope and degree of
containment, climate and soils determine vege-
tation and hence the availability of organic mat-
ter and extent of shade, and so on. Decades of
research support this view. The river continuum
concept describes how basal resources and thus
consumer assemblages and stream metabolism
change along a river’s length owing to changes
in river size and terrestrial influences. The flood
pulse model reminds us that rivers can interact
extensively with surrounding land during regular
cycles of inundation. In addition, our perspec-
tive on rivers within landscapes has expanded to
encompass more explicit consideration of the
physical template and spatial hierarchy provided
by the river network (Section 14.1), and been
enriched by concepts borrowed from the
emerging field of landscape ecology. Intriguing-
ly, Hynes (1975) also opined that every stream
“is likely to be individual and thus not really very
easily classifiable” The many efforts to classify
streams and their limitations discussed in Section
3.4.3 do not make a convincing rebuttal to
Hynes’ statement. But three decades of effort to
place the individuality of streams within the fra-
meworks of scale and landscape has significantly
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FIGURE 14,6 The riverine productivity model for large rivers (=fourth order) proposes that secondary production by
macroinvertebrates and fishes depends on autochthonous organic matter produced in the river channel and in the
riparian zone, which are more labile but less abundant than organic matter of allochthonous origin transported from
upstream reaches. The latter dominates the total amount of organic matter transported by rivers and contributes to
high rates of microbial respiration but contributes little to the higher food web. (Reproduced from Thorp and Delong

2002.)

advanced our understanding of the causes of
that individuality.

Rivers are shaped by environmental factors
that control essentially all aspects of the river’s
physical appearance, vary from place to place,
and can be organized hierarchically according to
spatial scale (Snelder and Biggs 2002). Climate,
topography, geology, and vegetation cover are
fixed environmental variables that the river can-
not influence, and because climate tends to
be expressed at a larger spatial scale than topog-
raphy, followed by geology and vegetation,
their influence is approximately hierarchical
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(Figure 14.7). These four controlling factors op-
erate at the macroscale and mesoscale of the
river basin and catchment. At smaller scales of
network position and valley landform, local pro-
cesses are of greater importance.

The emerging view of rivers within a land-
scape perspective builds from recent ideas
concerning the dynamical nature of local
patches of the environment, the hierarchical na-
ture of environmental controls, and the intercon-
nections (or lack thereof) of spatial elements
of lotic ecosystems in longitudinal, lateral,
and vertical dimensions. The study of patch
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FIGURE 14.7 The hierarchy of controlling environmental factors and the spatial scales at which various physical
characteristics of the riverine environment are expressed. (Reproduced from Snelder and Biggs 2002.)

dynamics in streams (Pringle et al. 1988, Town-
send 1989) initially emphasized how episodic
disturbance could create patches within the en-
vironment, the biological assemblages of which
were in varying stages of successional recovery,
interconnected at larger spatial and longer tem-
poral scales by dispersal and recolonization. Al-
though the language is somewhat different,
nutrient dynamics similarly depend on processes
that occur in spatially distinct locations asso-
ciated with the availability of organic matter
and the supply or lack of oxygen. For complete
N cycling to occur, processes that occur in dif-
ferent areas have to be linked by the waterborne
movement of different forms of dissolved N from
one location to another.

Landscape ecology studies the interactions be-
tween spatial pattern and ecological processes
in heterogeneous systems across a range of
scales, emphasizing the importance of discrete

patches, ecotones (the boundaries between
patches), and the connectivity among patches
(Ward et al. 2002, Weins 2002). In general, eco-
logical processes are scale dependent so that
factors operating at larger scales influence smal-
ler scale systems but not the converse, in accord
with the hierarchical directionality of influence
described by Frissell et al (1986), Snelder and
Biggs (2002), and others. Borrowing some cen-
tral themes from landscape ecology (Weins
2002), one can assert that patches vary in their
physical, chemical, and biological conditions
(habitat quality, nutrient processing, and produc-
tivity); patches can be relatively persistent and
discrete; patch context has an important influ-
ence on patch processes (local flowpaths,
supplies of nutrients, and organic matter); con-
nectivity is important (e.g., to overall assemblage
dynamics and nutrient cycling); and events at
the patch scale integrate to produce patterns
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observed at large scales while simultaneously
being influenced by larger-scale patterns and
Processes.

The landscape perspective is much like the
view of a river as seen from the window of an
airplane, or perhaps from several airplanes flying
at different altitudes. There is a patchiness of
physical environments, formed by the interaction
of hydrologic and geomorphological processes,
which gives rise to repeatable patterns within a
region but different patterns in different regions
because of the hierarchical arrangement of
controlling environmental variables described in
Figure 14.7. Because river systems are both het-
erogeneous and hierarchical in structure, it fol-
lows that species assemblages, inputs of nutrients
and organic matter, ecosystem processes, and
hydrologic exchanges differ among patches but
are linked at larger scales (Wu and Louck 1995,
Poole 2002) (Figure 14.2). The location and ar-
rangement of these patches is due in part to the
arrangement of tributaries in a river network and
in part to local and chance processes (Benda et al.
2004). Assemblages of species, ecosystem pro-
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cesses, and the relative magnitude of longitudi-
nal, lateral, and vertical interactions differ among
patches, but are interconnected at the larger scale
of the river segment (Thorp et al. 2000).

Although it may be most intuitive to think of
patches as small-scale elements, in the nested
hierarchy of lotic ecosystems, patchiness is
expressed at multiple scales, and dynamics with-
in a patch are governed by both internal dynam-
ics and by supplies of materials or organisms that
are the outcome of processes in other patches
and possibly at other scales. Patch structure and
function is highly subject to the temporal puls-
ing of fluctuating hydrologic conditions, so that
their state is highly dynamic and possibly ephem-
eral. This underlies the perspective that the river
itself is a complex, shifting mosaic of channel
features, habitat units, surface and subsurface
zones, floodplains, and riparian corridors in
which the diversity of the physical template pro-
vides the setting in which biologically diverse
communities flourish and ecological processes
interact across a range of scales (Poole 2002,
Ward et al. 2002).




