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GLOSSARY

allochthonous Referring to the production of organic
matter outside of the ecosystem; in streams and riv-
ers, this would be inputs from the upstream wa-
tershed.

autochthonous Referring to the production of organic
matter within the ecosystem, for example, primary
production by aquatic plants.

cultural eutrophication The acceleration of nutrient
overenrichment caused by humans; can be caused by
direct, point-source pollution (sewers) or by diffuse,
non-point-source pollution (such as [ertilizer runofl
from farm fields).

hyporheic zone The area of saturated soils beneath a
stream or river channel; interacts with the stream
through the processes of hydraulic upwelling and
downwelling.

riparian zone The vegetated areas on either side of a
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stream or river, with saturated soils usually underly-
ing aerated soils.

river continuum concept The first of a series of concep-
tual, unifying models to explain and predict the
structure and function of river ecosystems.

stream order A numbering system to denote stream
size within a network of streams. There are several
stream order systems. Stream order is also dependent
on the scale of observation.

watershed (catchment) A unit of landscape in which
precipitation drains 1o a common stream or lake;
alternatively, a watershed is the divide between
catchments.

RIVER ECOSYSTEMS ARE NETWORKS of streams that
drain the landscape. They are thus composed of a hierar-
chical series of fluvial channels, beginning with small
headwater streams and enlarging, ultimately, to estuar-
ies that meet the sea. This article introduces concepts
of stream flow within the catchment area, or watershed,
drained by the stream network. We describe several
conceptual models, which attempt to provide unifying
concepts about the connections of rivers with the land-
scape in terms of ecosystem properties such as pro-
cessing of energy and matter, habitat, biodiversity, and
resilience in the face of disturbance. The main groups
of riverine biota include organisms that live in the water
column (such as the free-floating plankton, or fish),
organisms (the benthos) that live in the sediments,
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organisms that use the shoreline area (the littoral zone),
and organisms that dwell within adjacent areas (hypo-
rheic and riparian zones) but which are connected to
the stream in some fashion. Many human activities pose
threats to the well-being of river ecosystems, including
the shifting of land from forests, grasslands, and wet-
lands into urban or agricultural uses, construction of
dams, pollutant loadings, alteration of natural drainage
characteristics, introduced species, overharvesting, and
climate change.

[. INTRODUCTION

Rivers are the sinuous conduits of overland flow that
drain the world's continents. They displace very little
of the world’s land area and their standing stock of
water is small relative to other hydrologic storages. Of
the estimated 1,385,984,610 km’ of global water, the
average volume of rivers composes about two ten-thou-
sandths of one percent, or 0.006% of the freshwater
supply (Maidment, 1993). Nevertheless, rivers are of
disproportionate importance in terms of geomorphol-
ogy, ecology, and biodiversity, for they serve as trans-
port vectors for sediments, organic matter, nutrients,
and species. In contrast to the image of a river as a
pipeline from source to mouth, river networks form
bifurcating, fractal patterns through the landscape
which are among the most complex in nature. Along
any reach of the river channel, a fully three-dimensional
world lies between the riverbanks: therein are found
habitats in which organisms form ecological communi-
ties and process energy and matter in various ways,
depending upon where the reach is located. Because of
the intimate connections of rivers with the landscape,
the burgeoning pressures of human-accelerated envi-
ronmental change are becoming particularly acute in
these systems.

II. ANATOMY OF RIVERS

To a hydrologist, the basic unit of the landscape is the
catchment or watershed, in which water organizes itsell
into flowpaths. Watersheds are formed by the various
forces of continental uplift and wearing down (weather-
ing) of the bedrock by water and wind. Geomorphologi-
cally, vegetation within watersheds plays a dual role: it
aids in weathering and conversion of rock to soils, and
it retards surface runoff, diverting some of it to gaseous
water vapor by evapotranspiration. Watershed bound-
aries, or divides, are those more resistant zones where

water flows either one way or the other into alternative
drainages. The Continental Divide in the United States
separates the western drainages (which flow into the
Pacific Ocean) from those (principally the Mississippi)
which drain east or south. Divides at the continental
scale can often limit the flow of species, but the process
of species flow is affected at all scales of watersheds.

Watersheds and their accompanying flowing waters
are organized hierarchically; that is, smaller watersheds
usually form into larger watersheds (unless a physical
boundary prevents this), which in turn may form parts
of regional drainages. Hydrologists in the 1940s and
1950s recognized that streams and rivers form drainage
networks and defined topological metrics to describe
these. The most common metric is stream order. Though
there are various definitions of order, Strahler (1952)
considers that a first-order stream has no tributaries, a
second-order stream is formed at the meeting of two
first-order tributaries, a third-order stream is formed at
the meeting of two second-order tributaries, etc.
Shreve’s link magnitude system (Shreve, 1966) defines
the magnitude of a stream, downstream of the meeting
of two streams, as the sum of the magnitudes of those
streams. It should be noted that order is inevitably re-
lated to the scale of the map on which the stream and
its tributaries is plotted (typically, in the United States,
the smallest streams delineated at 1: 24000 scale USGS
topographic maps are considered “first-order” streams,
but higher resolution maps produce higher order
streams). This is a characteristic of the fractal nature
of drainage networks (Rodriguez-Iturbe and Rinaldo,
1997). Another metric is the bifurcation ratio, or the
ratio of first-order to second-order, second-order to
third-order, etc. streams within a drainage network.
The drainage density, or ratio of cumulative length of
streams (L) to watershed area (L), is a third measure
of network organization. High bifurcation ratios might
indicate the presence of many small streams and, in
conjunction with a high drainage density, also describe
a highly dissected landscape. More complex models,
which take into account differences in elevation, geol-
ogy, and soils, provide even more detail for water flow
and habitat creation.

Early models of watershed hydrology assumed that
precipitation events saturated the soils, producing over-
land flow, beginning from the base of a drainage and
moving uphill, much like filling a bathtub. However,
in the 1970s the variable source area model, in which
flow originates from source areas that expand and con-
tract in different parts of the watershed in response to
the dynamics of precipitation and drainage characteris-
tics, gained acceptance. Much overland flow during a
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FIGURE 1
Fisher et al., 1998, with permission.

storm is actually water that had been stored in the soil,
which is displaced by the new water coming in.

From an ecological perspective, the multitude of geo-
morphologic forms and flowpaths gives rise to a similar
multitude of habitats and ways for matter to be trans-
formed, at scales ranging from the microscopic to the
entire basin. A typical cross-sectional view of a stream
is given in Fig. 1.

In this figure, it is clear that the stream is in contact
with several areas: a zone of saturated sediments below,
called the hyporheic zone; an area with emergent mud
or gravel bars overlying saturated soils, called the para-
fluvial; and beyond that a zone ol bankside vegetation,
also in contact with saturated soils, the riparian zone.
In upland streams, where the terrain is steep and rug-
ged, these zones may be compressed around the stream
channel; but farther downstream the zones may spread
out across the floodplain that was carved out over geo-
logical time by the flowing water.

Hynes (1975) was among the first stream ecologists
to point out the intimacy of connection between rivers
and their watersheds. As systems, rivers and streams
are inherently open and serve as connectors, transport-
ers, and processors of material. Among the biological
connections of streams and watersheds are the inputs
of organic matter from vegetation: leaves, insect [rass,
and partial or entire trees (which form debris dams).
Water does much of the physical work in carving chan-
nels and carrying sediment; but organisms mediate this
by regulating the rates of mineral use and transport,
fixing organic matter and passing it along the food
chain, and even altering landforms so that hydrology
is affected (e.g., the work of beavers).
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III. ENERGY AND MATTER
TRANSFORMATION
(BIOGEOCHEMISTRY)

From a biogeochemical standpoint, rivers differ from
other ecosystems in at least three important ways: first,
they are [lowing systems that provide a source of kinetic
energy, as well as externally produced nutrients, to
resident organisms. Second, they are spatially complex
and extensive systems, with a relatively large interfacial
connection to contiguous lerrestrial ecosystems. Such
a large “buffer” zone has significant implications for
processing nutrients and other fluxes into the river.
Finally, as discussed above, they are transitional sys-
tems, changing in character from small, shallow, flashy
first-order streams that are closely connected to the
landscape to large, relatively deep and steady rivers that
may be tidally influenced as they become estuarine in
character near their mouths. The interplay between
light, nutrients, and turbulent energy and circulation
structures the biotic community, and this structure
changes along the river from sources to mouth.
Riverine ecosystems are fueled by inputs of nutrients,
including carbon, nitrogen, phosphorus, and silicon.
Nutrients that are available to primary producers must
generally exist in inorganic (mineral) forms. In pristine
watersheds, rock weathering and decomposition of or-
ganic material in forests, grasslands, and soils provide
the sources of these nutrients. In most watersheds to-
day, atmospheric deposition of nutrients from distant
industrial and automotive sources occurs via rainfall
and dust. Within the watershed, fertilizer from agricul-
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tural and urban applications enters rivers in surface
runoff and groundwater; discharges of sewage treat-
ment plants and industry provide other sources. Fre-
quently, nutrients also enter rivers in various organic
forms (that is, as byproducts of other organisms, such
as soil particles, plant and animal remains, and feces).
Sources of organic nutrients associated with human
activity include untreated sewage and manure runoff
from farms. Organic nutrients entering a river segment
from the watershed upstream augment the local primary
production of biomass within it to fuel heterotrophic
organisms. Such external sources are termed allochtho-
nous as opposed to the autochthonous production oc-
curring within the river. Regardless of whether nutri-
ents enter rivers in organic or inorganic forms, excessive
loading can result in accelerated riverine metabolism in
which organic matter is consumed in respiration, with
a consequent increased biological oxygen demand
(BOD). When BOD exceeds the local oxygen supply in
a reach of the river, available oxygen levels may decline
precipitously (resulting in the “oxygen sag curve”
downstream of nutrient sources familiar to environ-
mental engineers), with catastrophic results to riverine
organisms. Such anoxic zones typically resemble the
popular image of “polluted waters™ smelly masses of
decaying algae, fish kills, and greatly reduced biodi-
versity.

Because organisms require nutrients in particular
ratios (in oceanography, these are termed Redfield ratios
after their discoverer Alfred C. Redfield (1890-1983))
to maintain their metabolism, deviations of environ-
mental concentrations from these ratios can result in
species shifts. For example, the shift of the available
nitrogen : phosphorus (N:P) ratio below the Redfeld
ratio of 16: 1 (moles of N per mole of P) in freshwaters
is often associated with the onset of a bloom of cyano-
bacteria (blue-green algae), which are capable of fixing
nitrogen from the atmosphere. Depletion of silicate be-
low the Si:N molar ratio of 1:1 has been observed to
shift the dominant species of algae from diatoms (which
require silicate to synthesize their siliceous “skeletons”)
to species that do not utilize silicate. Such species shifts
are sometimes associated with nuisance algal blooms.

It must be emphasized that the dominant physical
controls of riverine ecosystems change dramatically as
stream order increases. The ecosystem of the shallow,
well-mixed, intermittent stream is controlled almost
completely by weather and the character of the contigu-
ous terrestrial ecosystem—geology and soils, nutrient
processing in the riparian zone, light levels established
by the degree of canopy closure, etc. Near its mouth,
the river is deeper and broader and influenced by the

sea. Relatively dense seawater meets the lighter freshwa-
ter, sometimes resulting in stratification, which, to-
gether with the effects of the tide, yields complicated
patterns of circulation. The cumulative sediment load
of the watershed results in decreased water clarity and
increased sediment deposition (the deltas of many large
rivers). The combined workings of internal circulation
and turbidity structure the light and nutrient fields of
the water column as well as the distribution of biological
communities in ways that are not completely under-
stood at present.

IV. DIFFERENT CONCEPTUAL MODELS
OF RIVERINE ECOSYSTEMS

Beginning in the 1970s, synthetic conceptual models
of rivers began to be developed as part of the ongoing
movement to understand the world’s ecosystems, under
the auspices of the International Biological Programme
(IBP). One of the fundamental insights that came to the
fore was the necessity of integrating stream ecosystem
dynamics over a range of spatial and temporal scales.

A. River Continuum Concept, or RCC

The RCC (Vannote et al., 1980) originated as a theoreti-
cal concept 10 organize and predict the structure and
function of riverine ecosystems [rom source to sink.
The premise is that river ecosystems are dominated by
the physical factors that create the drainage network
and that ecological communities tend to be selected in
response to fluvial geomorphic processes, which along
with hydrology force a more or less predictable template
onto the biotic components of the system. According
to the RCC, the kinds of producers, consumers, magni-
tude of organic inputs, and degree of heterotrophy or
autotrophy should be predictable along the physical
gradient. Ecological communities should be in dynamic
equilibrium with the stream, and the openness of
streams, connecting upstream and downstream pro-
cesses, is made manifest in the RCC.

Figure 2 depicts the RCC. The first thing to notice
is thay the stream is organized as a gradient, from an
idealized headwater stream 1o a large river (stream order
is on the left of the diagram, and it suggests a logarith-
mic scale). The figure also attempts to unify biological
communities with functional and ecosystem-level prop-
erties.

The RCC authors divide streams into headwaters
(orders 1-3), medium-sized streams (orders 4-6), and
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FIGURE2 The river continnum concept. From Cummins et al.. 1995.

large streams (orders >6). They point out that many
headwater streams are dominated, in terms of the en-
ergy coming in, by the allochthonous inputs from out-
of-channel, because the tree canopy tends 1o close off
the stream from direct sunlight. In this case, the P:R
ratio (ratio of primary production to ecosystem respira-
tion) is less than 1, and most of what enters the stream
is coarse particulate organic matter (CPOM, matter >1
mm), which, in the case of tree boles, can be very coarse
indeed. The aquatic food chain here is dominated by
organisms that can deal with CPOM, mediated by mi-
crobial processing—the so-called guilds of shredder,
grazers, collectors, and their predators.

Moving downstream, the relative contribution from
allochthonous inputs declines, and autochthonous pro-
duction (from submersed macrophytes, phytoplankton,
and epiphytes) and processed inputs from upstream
(now fine particulate organic matter, or FPOM, 0.005-
to 1-mm grain size) become more important. Some-
where in this midzone, P:R reaches a maximum and

is greater than 1, indicating this is the most productive
(in situ) part of the continuum.

The large river end of the gradient is dominated by
FPOM inputs and primary production, but the latter
can be limited due to turbidity (due in part to inorganic
sediment, not discussed explicitly in the RCC). Tur-
bidity attenuates the light in the water column, so phy-
toplankton production may be limited and P:R is pre-
dicted to decrease. Because large rivers increase in
depth, they become more lakelike, with a deep water
column and a muddy benthic zone, so that many of
the stream insects drop out ol the system.

The RCC also makes predictions about where in the
system maximum diversity of organisms should occur
(in the medium-sized reaches, or areas with high physi-
cal variation, because these are arguably the most di-
verse of habitats) and that the biotic components of
the system will serve to enhance the stability of the
ecosystem (referring to a long-ongoing debate as to the
importance of biodiversity to ecosystem stability).

One final prediction, or observation, in the RCC is
that rivers have both spatially and temporaily redundant
groups of organisms that tend to perform the same
kinds of ecosystem functions, i.e., breaking down the
organic matter inputs and remineralizing nutrients;
they also argue that one should not expect to see the
development of successional stages of biotic communi-
ties in rivers, “. . . because the communities in each
reach have a continuous heritage rather than an isolated
temporal composition within a sequence ol discrete
successional stages” (Vannote et al., 1980, p. 135). Later
on we shall see that scientists dispute this idea.

B. Resource (Nutrient) Spiraling

“All land represents a downhill flow of nutrients
from the hills to the sea. This flow has a rolling
motion. Plants and animals suck nutrients out of
the soil and air and pump them upward through
the food chains; the gravity of death spills them
back into the soil and air. Mineral nutrients, be-
tween their successive trips through this circuit,
tend to be washed downhill. Without the im-
pounding action of soils and lakes, plants and
animals would have to follow their salts to the
coast line.” (Leopold, 1941)

The famous conservationist Aldo Leopold makes im-
portant points in his elegant prose: first, there is a
tendency for elements to run downhill from the uplifted
land to the sea; and second, biota play a key role in
slowing down this transfer. Third, he speaks of the
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“rolling motion” of mineral transfer across the land-
scape and waterscape. Webster (1975) used the term
spiraling to describe the combined downhill movement
and cycling aspects ol nutrients and organic matter,
and Elwood et al. (1983) derive a specific model to
describe the dynamics. The concept describes how an
atom of a resource (a nutrient like N, P, or C) moves
into a stream and how it is retained, processed, and
released downstream. The atom may wavel down-
stream, be picked up in a part of the system, cycled
there many times, buried for some time, or released
relatively quickly. The spiraling model provides an ana-
lytic framework to quantify the relationships between
biogeochemical processing of materials and hydrody-
namic transport, proposing the spiraling length as a
measurable index of this interaction.

Spiraling of nutrients in streams is slowed by biotic
retention (through sorption and ingestion) of dissolved
and particulate forms. Recycling of nutrients in situ
further slows down their downstream transport. Taking
a steady-state, averaged approach for a first derivation,
the total downstream flux of a nutrient (Fy, g/s) is related
to the standing stock of nutrient available per unit
length ol stream (N, g/m) and the average downstream
travel speed (velocity) of the nutrient (v, m/s):

F‘|'=N'|r

As the biota take up the nutrient (postulated to hap-
pen mostly on the stream bottom), the average down-
stream velocity of the nutrient slows. The channel wa-
ters are assumed to be highly advective and the channel
bottom retentive.

A second aspect of spiraling is the rate at which
nutrients are cycled in the siream. The use rate of a
nutrient N is defined as

U = kN,

where k (1/S) is a constant of proportionality (the frac-
tion of the standing stock of N that is recycled per unit
time, time being seconds in this case). A nutrient atom
on average completes a cycle in T = 1/k.

By dividing the first equation by the second one, a
ratio of retention to cycling is obtained:

Nv/INk =v/k=vT=F/U=S5.

The parameter S is the average downstream distance
traveled by a nutrient atom during a cycle [between
bottom and flowing water| and is called the spiraling
length. 11 the value of k is large (high cycling rate within

the stream section) and v is low (“resistance 1o stream
transport”), then S will be short, and a greater retention
of the nutrient is implied.

Figure 3 illustrates several predictions for how the
spiraling length will be affected by different retention
and biological processing rates. Ecosystem stability and
response to nutrient loading (a disturbance) are also
predicted as a consequence of spiraling.

The nutrient spiraling model can be elaborated for
any number of compartments, and different nutrient
spirals can be measured simultaneously as well. Carbon
is one exception which is treated separately, because
carbon moves so readily in and out of the dissolved
and gaseous phases.

Another important point about spiraling is that it
potentially identifies fast and slow components of the
system. Slow components (with tight nutrient spirals
and short 5) are postulated to be relatively resistant to
perturbation, implying that these help to stabilize a
system in the face of disturbance.

C. Serial Discontinuity Concept

This heuristic model is really an early corollary to the
RCC, developed by two river scientists (Ward and Stan-
ford, 1983) from the western United States, where many
rivers do not flow freely. Whereas the RCC is intended
to describe more or less pristine systems, Ward and
Stanford were concerned about rivers that contain dams
and impoundments. They argued that such regulating
structures “reset” the river continuum, although not
always in the low-order 1o high-order direction. The
key feature of serial discontinuity is that it can cause
a stream reach to “behave” or function like reaches that
the RCC would predict should occur in a different
stream order. Figure 4 illustrates the general concept.

The serial discontinuity concept proposes that in
regulated rivers, two measurable parameters of interest
are the discontinuity distance (i.e., how far upsiream or
downstream a given stream parameter becomes dis-
placed) and the parameter intensity (how much has
the maximum value, duration, etc. of the parameter
been changed?).

D. Flood Pulse Concept

In contrast to the RCC, which predicts a downstream
decreasing influence of the riparian zone, the flood
pulse concept (Junk et al., 1989) deals with rivers that
interact strongly with the floodplain by rising out of
the channel bed. This theory describes the effect of
floods on river channel and floodplain in large, unregu-
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Mechanism Effect on Nutrient Cycling Ecosystem Categorization
: Response to Ecosystem of stud:
Retention a‘ow Rate of DanfeBﬂwm Nutrient Addition Stability Streams
FAST SHORT
il CONSERVATIVE HIGH MI 2.3
A. HIGH HIGH (1>E) PA 1,2,3
SLOW SHORT
OR 1,2
STORING HIGH D1
B. HIGH LOwW {I>E) MI
m'ransaéggqr'r&v LOwW £ 2
CON A
C. LOW HIGH < Abut>D PA 4
EXPORTING LOW OR 34
D. LOW LOW {I=E) ID 2,4

FIGURE 3 Predicted effects of interactions of downstream transport and measures of biological activity,
and postulated responses of the river ecosystem to disturbance, here in the form of nutrient addition.
I, import; E, export. The last column refers to streams in a study (by state) and their approximate
stream order. From Minshall, 1983, reproduced in Cummins et al., 1995,

lated rivers of this type and thereby incorporates a lat-
eral dimension in the consideration of ecosystem struc-
ture and function,

During nonflood periods (see Fig. 5), the floodplain
(which is functionally similar to a large wetland) devel-
ops and maintains its own nutrient cycles, and de-

pending on the geomorphic configuration of the flood-
plain, matter may accumulate in place or enter the
stream as described in other models. The pulse of a
seasonal flood causes the stream to push out, sending
nutrients and river biota over the floodplain. If such a
pulse is predictable, then communities of organisms

14

10

(+-]

Parameter A
@

Stream order

FIGURE 4 Main features of the serial discontinuity concept, describing the effect of an im-
poundment on a river ecosystem. DD, discontinuity distance is the distance that a parameter is
displaced; P, = parameter intensity, or degree to which a parameter is altered.
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FIGURE 5 Schematic of the flood pulse concept. From Bayley, 1995.

During floods, matter that was remineralized in the
floodplain is quickly dissolved and made available to
aquatic primary producers, and production in many of
these systems (including the Amazon; Bayley, 1995)
exceeds decomposition. As the floodwaters stop rising,



decomposition in deeper, slower-moving parts of the
stream increases, often becoming anoxic. Terrestrial
plants, in the meantime, recruit into the sites of re-
treating waters and begin to build up terrestrial bio-
mass again.

The “moving littoral zone” is used by many fish as
a nursery for young and by aquatic invertebrates that
can utilize shallow environments, Many fish have
adapted to the pulse by spawning just before the floods,
so their offspring can be on hand when the pulse triggers
off the high primary production with associated high
secondary production.

E. Telescoping Ecosystem Model (TEM)

A recent paper by Fisher et al. (1998) presents another
way of looking at the holistic, biogeochemical function-
ing of river systems and their environs, and bears some
discussion. In contrast to the RCC that visualizes riv-
erine systems as continua, and in contrast with models
such as nuirient spiraling, which assumes rivers are
simple, uniform chemostats, these authors emphasize
heterogeneities in space and time:

“The landscape is a patchwork of many patch
sizes and shapes. Materials follow a large number
of routes from uplands to oceans. The path is
stochastic and often downhill because the pre-
dominant transporting vehicle is water. Because
these hydrologic linkages are driven by weather,
the path is episodic and jerky. Within patches,
characteristic rates of uptake, transformation, and
release occur: thus, as the vehicle (water) travels,
its load (elements) is adjusted in response to
patch-specific material dynamics.” (p. 20)

This perspective corresponds to the understanding
of variable source flow in watershed hydrology and
takes into account the patchiness and position of
patches in the landscape.

As connectors of landforms with lakes and oceans,
rivers with relatively fast throughput link land and wa-
ter units with considerably larger residence times; thus,
the connection of land—-river—lake or land-river—ocean
is (1o some extent) slow—fast-slow in terms of biogeo-
chemical movements or high-low-high in terms of
retention. Because of the difference in time constants
among these units of the landscape, Fisher et al. (1998)
focus on what landscape factors influence the ability of
rivers 1o retain matter.

River systems are composed not only of the surface
flow channel but of several adjacent parts (see Fig. 1).

The stream is embedded in a saturated zone called the
hyporheic (“underneath the flow”) zone, and around
that is a zone often seen as gravel bars at the surface,
with underlying saturated sediments termed the para-
fluvial. The riparian (bank side) zone beyond this forms
a larger bulfer between the stream and upland areas
and also overlies saturated soils. These zones are often
readily distinguishable, particularly in arid landscapes.
Fisher et al. (1998) term the spatially explicit arrange-
ment of these units as the configuration of the system,
and this can affect the rates of transfer, uptake, pro-
cessing, and release of materials.

Similar to the spiraling length index developed by
Webster (1975) and elaborated upon by Elwood et al.
(1983), Fisher et al. define a parameter they call the
processing length, or the length of subsystem required
for biogeochemical transformation of some substance
(note this is left intentionally vague). The key element
that is different about processing length vs spiraling
length is that the former applies to all these zones
(stream channel, hyporheic, parafluvial, and riparian)
and that these characteristic processing lengths are
expected to be quite different. For example, NO; con-
centration in the authors’ study stream, Sycamore Creek
in Arizona, is controlled by algal uptake rate (the
predominating N-transforming process), with a pro-
cessing length of 42 m. In the paralluvial zone, nitrate
is controlled by nitrification (due to microbial
decomposition) and has a shorter processing length of
13 m.

The RCC posits that classical ecological succession
does not occur in river systems, because the physical
constraints dominate the development of ecological
communities. Fisher and colleagues, who work in de-
sert ecosystems where rains are infrequent and episodic,
view river systems as going through succession with
processing lengths becoming shorter over time, until
an episodic disturbance (flood, fire, dumping toxicants)
resets the system.

Fisher et al. (1998) liken their observation of stream
system zonation, and dynamic differences in processing
lengths within each, to the cylinders of a telescope
(hence the model name). In particular, with respect to
disturbance, they hypothesize that

1. When a stream system is disturbed, the different
subsystems will alter their processing lengths, but dif-
ferently. The resistance of the system, or how liule it
changes when perturbed, is inversely proportional to
processing length change and will be greatest away from
the center of the “telescope.”

2. The resilience of the stream telescope (how fast
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FIGURE 6 Diagram of the telescoping ecosystem model (from Fisher et al., 1998). The
cylinders represent different zones of the system. See text [or explanation.

the system returns to the previous state) decreases away
from the center.

These two emergent properties of the TEM are
shown in Fig. 6. However, cross-links (interactions be-
tween the subsystems) are proposed to enhance resil-
ience of the system. Thus, the TEM is a model that can
predict the rates of system change, but also maintains
a hierarchical structure.

F. Geomorphic-Trophic Hypothesis
and Other Geomorphological Controls
on Ecology

Recent work in relatively undisturbed ecosysiems has
demonstrated how topography and landscape position
can influence not only the biogeochemistry of waters
within a catchment but even the invasibility of aquatic
habitats by organisms, which sets the stage for subse-
quent ecological interactions. At a Long-Term Ecologi-
cal Research (LTER) site in northern Alaska, research-
ers have found that the fish communities of lakes,
connected by streams, are determined by such factors
as basin steepness (which determines waterfalls that
may not be passable by certain fish species), lake depth
and size, etc. (Hershey et al., 1999). This results in a
limited number of fish communities, and the species
present appear to regulate the presence and abundance
of other organisms (invertebrates and phytoplankton).
Within this simple, Arctic ecosystem, the “geomorphic—
trophic™ hypothesis provides insight into how ecologi-
cal communities develop and, in particular, how basin

geomorphology can constrain the mix of species. This
would be much more difficult, if not impossible, to
observe in temperate systems subject to human alter-
ation,

V. RIVERINE BIOTA

A. Microbiota

Microbiota are widely recognized as being the most
abundant and diverse organisms on Earth. One cubic
centimeter of water can hold over 10? bacteria. Microbes
are responsible for most of the biogeochemical pro-
cessing of nutrients and organic matter in rivers. Some
important {unctional groups of bacteria are nitrifiers
(which convert organic N into nitrate and nitrite), the
denitrifiers (which convert nitrate and nitrite back into
atmospheric N), sulfate reducers, and methanogens
(which convert carbohydrates into methane). Microbes
can be free-swimming or attached 1o particles; they are
found in the hyporheic and riparian zones as well as
in the water column itself. Microbial diversity, although
recognized as vast, is difficult to assess, but new tech-
niques involving DNA are improving the process of
identification and classification.

B. Plants

Riverine plants fall into two general groups, the littoral,
mostly rooted vegetation (macrophytes, or, literally,
large plants), and the microscopic, free-living phyto-
plankton. Macrophytes can be further divided into those



