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ABSTRACT / Recent research has emphasized the impor-
tance of riparian ecosystems as centers of biodiversity and
links between terrestrial and aquatic systems. Riparian eco-
systems also belong among the environments that are most
disturbed by humans and are in need of restoration to main-
tain biodiversity and ecological integrity. To facilitate the com-
pletion of this task, researchers have an important function to
communicate their knowledge to policy-makers and manag-
ers. This article presents some fundamental qualities of ripar-
ian systems, articulated as three basic principles. The basic

principles proposed are: (1) The flow regime determines the
successional evolution of riparian plant communities and eco-
logical processes. (2) The riparian corridor serves as a path-
way for redistribution of organic and inorganic material that
influences plant communities along rivers. (3) The riparian sys-
tem is a transition zone between land and water ecosystems
and is disproportionately plant species-rich when compared
to surrounding ecosystems. Translating these principles into
management directives requires more information about how
much water a river needs and when and how, i.e., flow vari-
ables described by magnitude, frequency, timing, duration,
and rate of change. It also requires information about how
various groups of organisms are affected by habitat fragmen-
tation, especially in terms of their dispersal. Finally, it requires
information about how effects of hydrologic alterations vary
between different types of riparian systems and with the loca-
tion within the watershed.

Riparian systems are transition zones between land
and water ecosystems, organized in networks across
landscapes. The characteristics of natural riparian
zones vary with the size of the river, from narrow and
relatively simple strips of land along headwater streams,
to heterogeneous floodplains many kilometers wide
along lower reaches of major rivers. Riparian ecosys-
tems encompass the stream channel between the low-
and high-water marks. They also encompass the terres-
trial landscape above the high-water mark where vege-
tation may be influenced by elevated water tables or
flooding and by the ability of the soils to hold water
(Naiman and Décamps 1997). Geomorphic structures
are helpful in delimiting riparian ecosystems, and also
distribution limits of plants that are intolerant to either
flooding or drought (Nilsson 1983).

Riparian ecosystems are unusually complex, dy-
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namic, and diverse and possess numerous economic,
societal, and biological values (Sharitz and others
1992). These qualities make them key ecosystems for
preserving biodiversity (Naiman and others 1993) and
for understanding how environmental change may af-
fect interactions between adjacent landscape elements
(Décamps 1993). Recent research has begun to express
these roles as ecosystem “goods and services”, and has
also started elucidating their connections with human
health issues (e.g., Gregory 1997).

Natural riparian ecosystems include a variety of com-
munity types, ranging from strips of spruce forest on
periodically frozen ground with dense moss carpets, to
floodplain landscapes with deciduous trees and shrubs
on heterogeneous substrates, and to deltas with distinct
plant zonation and well-developed forests having di-
verse animal communities. Some floodplain land-
scapes, such as those in South America, Europe, Africa,
and Asia, cover tens of thousands of square kilometers
of land (Welcomme 1979, Petts 1984).

Streams and their riparian zones are nonequilib-
rium ecosystems that provide habitat for a wide range
of plants with a variety of adaptations. Naiman and
Décamps (1997) grouped riparian plants into four ma-
jor categories: (1) invaders—produce large numbers of
wind- and water-disseminated propagules that colonize
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Table 1.

Water Regimes and Riparian Plant Communities
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Summary of some concepts in river ecology and their relation to riparian mechanisms?

Major mechanisms

Concept/model

General idea

Major predictions

Flow (1)

Flow (1)
Landscape interactions
(3)

Pathway/ corridor (2)

Pathway/ corridor (2)
Landscape interactions
(3)

Pathway/ corridor (2)
Landscape interactions

(3)

The natural flow regime
(Poff and others
1997)

The flood pulse concept
(Junk and others
1989)

The river continuum
concept (Vannote
and others 1980)

The boundary/interface
perspective (Naiman
and others 1988,
Naiman and Décamps
1997)

Four-dimensional
framework (Ward
1989b)

The natural flow regime sustains ecosystem integrity
and biodiversity in rivers and organizes the
ecosystem. Every river has a characteristic pattern
of flow components (magnitude, frequency,
duration, timing and rate of change).

The flood pulse is the principal driving force in
river-floodplain systems. Local generation and
rapid cycling of nutrients on floodplains are
emphasized. Lateral exchange between the river
channel and floodplains makes important impact
on biota. Littoral movement creates a dynamic
edge effect.

Longitudinal nutrient/energy transport and
decomposition along the river. A physical
gradient leads to a continuum of biotic
adjustments in space and time. Based on the
energy equilibrium theory.

A boundary is comparable to a semipermeable
membrane regulating flow of energy and matter
between resource patches. For example, riparian
forests control N and P movement. Boundaries
also distinctively limit processes in resource patch
zones.

The spatiotemporal hierarchy is a distinguishing
feature of lotic ecosystems. Four dimensions are
described: longitudinal (channel-channel), lateral

A wide range of ecological and physical
responses to alterations of the five
flow components is listed, including
both animal and vegetation
responses. )

In large rivers, the major riverine
animal biomass is produced within
the floodplains. Small rivers have
short and unpredictable pulses to
which organisms are little adapted.
Large rivers with predictable and
long duration pulses are easier to
adapt to.

Total community diversity is greatest in
medium-sized streams (3rd-5th
order) where temperature variations
are maximized. Downstream
communities capitalize on
inefficiencies of upstream
communities.

A biodiversity maximum occurs where
the mixture of edge and patch
habitat is at maximum. Boundaries
between terrestrial and freshwater
ecosystems show early responses to
human influence.

The intermediate disturbance
hypothesis as a possible model for
diversity patterns.

(channel-floodplain), vertical (channel-aquifer)
and temporal. Disturbances are explained as
forces disrupting major interactive pathways.

“The numbers in the first column indicate the three basic principles outlined in the paper.

alluvial habitats; (2) endurers—resprout after breakage
or burial of either the stem or roots from floods or after
being partially eaten; (3) resisters—withstand flooding
for weeks during the growing season, moderate fires, or
epidemics; and (4) avoiders—Ilack adaptations to spe-
cific disturbance types: individuals germinating in an
unfavorable habitat do not survive. Riparian plant com-
munities are generally arranged along the local eleva-
tion gradient into more or less distinct zones. In many
parts of the world growth form ranges from a forest
margin, succeeded by shrub communities, and herba-
ceous plants from highest to lowest positions along this
gradient (Junk and Piedade 1993, Hughes 1997, Nils-
son 1999).

Several processes and characteristics at both land-
scape and local levels govern the attributes and func-
tions of riparian plant communities. The basin charac-
teristics (topography, geology, climate, etc.) set the
stage (Stanford and others 1996, Hughes 1997), con-
nections along the river and with adjacent systems reg-
ulate the openness of the system (what is imported or
exported), and animals and the frequency and magni-
tude of physical disturbances determine the patterns of
succession and rate of species turnover. At the local
scale, biotic interactions are also important (Wilson
and Keddy 1985, Bertness and Ellison 1987).

The various connections within the watershed pro-
vide an important framework for understanding the

ways in which rivers function. During recent years, a
number of conceptual models have been proposed to
explain these patterns (Table 1). Basically, rivers inter-
act in three dimensions—along their course [i.e., up-
stream—downstream connections, (Vannote and others
1980, Ward and Stanford 1983) ], with their floodplains
(Junk and others 1989, Bayley 1995, Naiman and Dé-
camps 1997), and with their soil and groundwater en-
vironment (Stanford and Ward 1988). The three spatial
dimensions—longitudinal, lateral, and vertical—to-
gether with the temporal dimension have been de-
scribed as the four dimensions of rivers (Ward 1989b).
Each of the three spatial dimensions can be viewed as
gradients, albeit sometimes with a patchy organization
(Townsend 1989). On a continental scale, the river
itself is also a gradient, mediating between the terres-
trial system and the sea (Bretschko 1995).

In sum, rivers are viewed as continuous systems that
redistribute material across landscapes and show terres-
trial-aquatic interplay all along their lengths (Naiman
and others 1988, Ward 1989b). River communities ex-
hibit predictable downstream change in various struc-
tural and functional properties, including biotic diver-
sity, organic matter characteristics, and metabolism
(Vannote and others 1980). These concepts do not
treat plants and riparian systems in any great detail, but
because many river processes are common to both
aquatic and riparian biota, some information about
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Figure 1. Simplified conceptual model
showing how the three basic characteris-
tics of riparian ecosystems are governed
by their biogeographic, geomorphic and
climatic settings, and how they relate to
mechanisms operating at various spatial

CHARACTERISTICS MECHANISMS

Flow regime H Flow related processes ‘

and temporal scales. The three sets of SETTING
mechanisms are the same as those in Ta-
bles 1 and 2. A summary of how these
mechanisms are represented in the gen- X

. L . Biogeography
eral concepts of river ecology is given in Geomorphology
Table 1. Ecological responses to alter- Climate
ations of these mechanisms are summa-

rized in Table 2. Feedbacks are not in-
cluded.

riparian plant communities can be outlined (Table 1).
On a local scale, however, more detailed models on
vegetation dynamics are available (e.g., Naiman and
others 2000).

Because of their great values, riparian ecosystems
belong among the environments most disturbed by
humans and with the longest history of human distur-
bance. Today, the majority of the world’s large rivers
have a regulated water flow (Petts 1984, Dynesius and
Nilsson 1994), and this has changed riparian condi-
tions dramatically (Jansson and others 2000a; Nilsson
and Berggren 2000). Embanking, clear-cutting, trench-
ing, channelization, and pollution have also contrib-
uted to damaging riparian habitats. For example, only
2% of the 5.2 million km of streams in the contiguous
48 states of the United States are of sufficiently high
quality to warrant federal protection status (Benke
1990). To reduce the threats to biodiversity and natural
ecosystem functions, and to favor a sustainable use of
rivers, restoration of riparian systems will become in-
creasingly important (e.g., Naiman and others 1993,
Stanford and others 1996, Ward and others 1999).

We here present three basic principles that deter-
mine the important qualities of riparian vegetation.
The principles are:

1. The flow regime determines the ecological pro-
cesses and the successional evolution of riparian
plant communities and ecological processes.

2. The riparian zone serves as a pathway for redistri-
bution of organic and inorganic material that in-
fluences plant communities along rivers.

3. The riparian system is a transition zone between
land and water ecosystems and is disproportion-
ately plant species-rich when compared to sur-
rounding ecosystems.

| |
Riparian pathway —’—{ Longitudinal dispersal |

Landscape interactions,
community dynamics

Species-rich
transition zone

In sum, these principles are governed by the biogeo-
graphic, geomorphic, and climatic settings and deal
primarily with how the flow regime, especially floods,
determines local riparian communities; the corridor
function of the riparian zone; and the riparian system
as a center of biodiversity and landscape interactions
(Figure 1). Additionally, these principles are comple-
mentary to those proposed for rivers as ecological sys-
tems (Naiman and others 2002), for nitrogen cycling
(Pinay and others 2002), and for biodiversity (Bunn
and Arthington 2002) in the accompanying articles.
Table 1 indicates how these principles relate to the
general concepts of river ecology. In the next three
sections, examples to illustrate each of these three prin-
ciples will be given.

Flow Regime Shapes Successional Evolution of
Riparian Plant Communities and Ecological
Processes

There is general agreement within the scientific
community that the flow regime is the grand structur-
ing factor in rivers (Walker and others 1995, Hughes
1997, Poff and others 1997, Richter and others 1997,
Ward 1998). Running water determines river form and
is the driving force in riparian habitats because of its
temporal and spatial variability. In other words, rivers
with stable flow would not at all be as complex as
naturally hydrologically variable rivers. Running water
also redistributes organic and inorganic matter among
riparian reaches (see the next section), and variation in
flow is a vital factor for determining nutrient dynamics
and plant production in riparian ecosystems (Spink
and others 1998). Individual rivers have different hy-
drographic signatures or “fingerprints.” Puckridge and
others (1998) analyzed 52 rivers from all over the world
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Large geomorphic

features

Ecosystem
components
Individuals

Magnitude of flooding

Size of responding feature

Figure 2. Simplified model showing the relationship between
flooding magnitude and the size of the variable that is af-
fected. High magnitude, infrequent floods influence large
geomorphic features whereas small, frequent floods have ef-
fects at the level of individuals.

and identified 11 groups of rivers according to signa-
ture. Twenty-three hydrologic measures thought to be
of ecological significance were used to identify the
signature, corresponding mainly to five key facets: tim-
ing, duration, frequency, rate of change, and magni-
tude (Walker and others 1995, Richter and others
1996).

Floods of different magnitude affect different flood-
plain components and are differently frequent. There-
fore, spatiotemporal hierarchy is useful for understand-
ing the stability of riparian ecosystems (Brinson 1990,
Hughes 1997). High-magnitude floods influence large
geomorphic features such as deltas or new channels
that persist for hundreds of years, floods of intermedi-
ate size determine ecosystem components such as plant
community patches, and minor floods have effects at
the plant species level (Kangas 1990, Hughes 1997)
(Figure 2).

Water availability in the riparian zone is directly
related to water stages and soils. It ranges from com-
plete drowning of plants during high-water conditions
to desiccation during periods of low water. When soil
moisture conditions coincide with the water-level gra-
dient along free-flowing rivers, zonation of riparian
vegetation occurs (Stromberg 1997). However, not all
plants are dependent on water availability in the river
channel. For example, some mature riparian trees are
phreatophytic, i.e., rely on groundwater (Dawson and
Ehleringer 1991), and are thus able to cope with vari-
able flows. Even small changes in water-level regime
may induce detectable changes in vegetation structure.
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Increased flow, such as during large floods, may cause
mechanical injury to plants, ranging from scarring of
stems or the removal of single leaves, to uprooting and
removal of entire plants. In rivers with ice formation,
the erosive effect of water is further strengthened by ice
floes (Bégin and Payette 1991, Nilsson and others
1993). Elimination of annual flooding in such rivers
often leads to expansion of forest vegetation toward the
waterline (Gill 1973, Grelsson and Nilsson 1980, John-
son 1994, Toner and Keddy 1997). In dry regions,
however, substantial reduction in flow downstream of
large dams may cause decline of floodplain forests be-
cause of water scarcity (Rood and Heinze-Milne 1989,
Pettit and Froend 2000). Another change following
flood elimination is that litter decomposition rate de-
clines (Ellis and others 1999). The riparian areas thus
become less biologically active.

Riparian Corridor Serves as a Pathway for
Downstream Redistribution of Organic and
Inorganic Material that Influences Plant
Communities

Many of the recent discoveries about river ecology
have dealt with the importance of rivers as conduits for
movement. Rivers transport water but also sediment,
nutrients, contaminants, and carbon. Because of the
downstream vector, the redistribution of material along
rivers is not cyclic in the way that an atom or molecule
returns to its starting point after having completed a
cycle. Instead, the visualized cycle is stretched into the
shape of a spiral along the river (Fisher and others
1998). The length of a spiral loop is the average dis-
tance required for a given material to complete a cycle.
Because of the slope, form, successional stage, and
other characteristics of a river, the longitudinal dis-
tance associated with one cycle varies among rivers
(Fisher and others 1998, McClain and others 1998)
(Figure 3).

The riparian corridor can also be a pathway for the
upstream distribution of nutrients. For example,
anadromous salmon (Oncorhynchus spp.) transport ma-
rine-derived nutrients in their bodies to streams when
they return from the sea to spawn (Helfield and
Naiman 2001). Fish carcasses may be removed from the
stream channel by predators and deposited in riparian
areas, thus adding nutrients to the terrestrial system.
Nutrients from fish carcasses may also be deposited
secondarily as predators’ feces in areas quite far from
the stream (Ben-David and others 1998). Such marine-
derived nutrients may be a particularly significant
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Confined river

Figure 3. Conceptual model show-
ing two contrasting examples of
chemical cycles along rivers. Top:
the confined river has internal nu-

trient spiraling but little interaction
with its surroundings. Bottom: in
the floodplain river nutrient spiral-
ing in the channel interacts with

nwr'\ Y nwn

chemical cycling in adjacent wet-
lands. Modified from Ward
(1989a).

source of nutrients in oligotrophic systems (Bilby and
others 2000).

Waterborne sediments usually carry adsorbed nutri-
ents. When fine-grained sediments are deposited in the
riparian ecosystem, soil fertility and, thus, productivity
increase. The potential for nutrient supply in flood-
plains can be understood by an example from the
Amazon Basin where the annual net production of a C,
grass species on a floodplain was estimated to be 99
tons of dry matter per hectare (Piedade and others
1991). This value stands among the highest for natural
vegetation. The C, physiology in combination with a
continuous supply of nutrients during the several-
months’-long flooding season, make productivity con-
ditions excellent (Piedade and others 1991).

Virtually all fractions of soil can be redistributed
within riparian zones, but fine soils constitute the dom-
inant fraction by mass (e.g., Prosser and others 2001).
The redistribution of sediment in a river can be de-
scribed as an interplay between areas of erosion and
deposition, both of which may disturb established
plants but favor young and productive stages of vegeta-
tion. Dense riparian vegetation helps to minimize soil
erosion, both by covering the soil, reducing current
velocity during periods of high discharge, and by pro-
viding stability to underlying soils through root growth
(Rowntree and Dollar 1999).
cover reduces soil erosion, plants may eventually be

Although vegetation

uprooted and the ground opened for colonization by
new plants. Waterborne sediments may be deposited as
a thin veneer on plant leaves and stems, reducing pho-
tosynthesis and growth, or sediment may be deposited
in much larger quantities, partially or completely bury-

UU@}UUU

ing plants and causing stress or mortality (Kent and
others 2001). In the latter case, invasible patches are
formed, but some riparian plants also have a great
ability to withstand accretion. Xiong and others (2001)
added up to 12 cm of alluvial silt to herbaceous vege-
tation in a floodplain along the Vindel River in north-
ern Sweden and found a reduction of plant growth
during the first season but no remaining effect after two
growing seasons. Plants able to adventitiously root and
to spread vegetatively were best fit to recover from silt
burial.

For seeds, patterns are more complicated. One of
the general questions that has remained unanswered
for a long time is whether differences in floating ability
among seeds regulate distribution patterns of riparian
species. Andersson and others (2000a) used wooden
cubes to mimic dispersal and deposition of seeds in a
free-flowing river in northern Sweden. They found that
species richness of established vegetation increased
with the number of cubes that were deposited. In con-
trast, the proportions between long-floating and short-
floating species in the established vegetation did not
vary with cube deposition. If floating ability had been
important, the riparian areas that trapped most water-
borne cubes should have had a higher proportion of
long-floating plants. Apparently, hydrochory is so effec-
tive in free-flowing rivers that even short-floating seeds
are well dispersed. In regulated rivers of the same re-
gion, however, where current velocity has been reduced
and the area of open water increased, both the number
of plant species and the proportion of short-floating
species have decreased (Jansson and others 2000a).
The most likely explanation is that short-floating spe-
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cies do not float long enough to disperse successfully
across impounded, lakelike river sections.

Plant debris ranges from leaves, buds, and flowers to
entire tree trunks with attached root masses. The effects
of redistribution of plant debris are somewhat similar to
those of silt. Leaves and wood produced in the riparian
belt are removed during floods, transported by the
river, and deposited on the river bottom or in the
riparian zone or delivered to the sea. Some of the litter
is consumed or broken into smaller pieces by aquatic
organisms. Much of the litter is also deposited along
the high-water level, mostly on the ground but some-
times also in trees and other obstacles to flow. Accumu-
lation of leaf litter buries plants, adds nutrients or
phytotoxins following leaf decomposition, and provides
plant propagules that are transported together with the
litter (Xiong and Nilsson 1997). When large woody
debris (LWD) is trapped, it can accumulate and some-
times block entire channels of small rivers, creating
pools and waterfalls and affecting channel width and
depth (Bilby and Bisson 1998). Woody debris in forest
streams contributes to the maintenance of a more vari-
able and complex range of habitats compared to
streams with grass banks and no woody debris (Mont-
gomery 1997). The masses of LWD can be extremely
high, e.g., in the western United States, where figures
ranging from 2.2 to 74.2 kg/m2 have been reported
(Bilby and Bisson 1998). The presence of LWD facili-
tates accumulation of finer sediment and organic mat-
ter that provides a substrate for early-successional plant
species. In this way, the dynamics of LWD can have a
major influence on the successional patterns of ripar-
ian plant communities. Its relative importance varies
with stream size because logs are more easily trapped in
small rivers (Gippel 1995, Gurnell and others 1995,
Hughes 1997). LWD acts hydraulically as large rough-
ness elements providing a varied flow environment and
reducing average velocity (Gippel 1995).

Plants have several morphologies that facilitate dis-
persal by water (Johansson and Nilsson 1993, Malanson
1993), and long floating times have been documented
for many plant propagules (Romell 1938, Danvind and
Nilsson 1997). Free-flowing rivers carry whole plants;
propagated modules such as rhizomes, stolons, tubers,
and turions; and live seeds of many riparian plant spe-
cies. Although hydrochory is one of the major dispersal
mechanisms for plants along rivers (Johansson and
others 1996), relatively few studies have linked such
dispersal to the structure of riparian vegetation. Johan-
sson and Nilsson (1993) studied the vegetatively dis-
persed plant Ranunculus lingua L. in a small river in
northern Sweden and found a close correlation be-
tween the dispersal pattern of vegetative diaspores and
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the local distribution of individual clones. Barrat-Seg-
retain and others (1999) studied aquatic plant species
in the Rhone River, France, and found that species
growing in frequently disturbed (flooded) habitats had
higher regeneration and colonization abilities than
plants in rarely disturbed habitats.

Riparian System Is a Transition Zone Between
Land and Water Ecosystems and Is
Disproportionately Plant Species-Rich When
Compared to Surrounding Ecosystems

The riparian zone is unique in that it connects
aquatic, terrestrial, and groundwater ecosystems and at
the same time is ruled by dynamic hydrologic processes.
Recent reports describe the complex nature of the
riparian zone in terms of boundary, interface, ecotone,
and transition zone (Naiman and Décamps 1990, 1997,
Gregory and others 1991). Riparian communities are
considered to be disproportionately species-rich com-
pared to their surroundings (Naiman and others 1993,
2000). For example, in the Santa Monica Mountains in
southern California in the United States, less than 1%
of the land area consists of riparian communities and
associated wetlands but approximately 20% of the na-
tive vascular plant species have their primary habitat
there (Rundel and Sturmer 1998). Nilsson (1992) re-
ports 13% (>260 species) of the entire Swedish flora of
vascular plants occurring along the Vindel River in
northern Sweden. Junk and others (1989) report that
all periodically flooded forests in the Amazon Basin
may have about 20% of the 4000-5000 estimated Am-
azonian tree species. Planty-Tabacchi and others
(1996) report 1396 vascular plant species along the
Adour River riparian corridor in France, representing
30% of the French flora (World Conservation Monitor-
ing Centre 1992). An even more striking example is
that the riparian corridor along the main channel of
the Vindel River includes 60% of the vascular plant
species in the entire Vindel River watershed (Nilsson
personal observations).

There are several reasons why riparian communities
of vascular plants are so species-rich, and all three
principles outlined here are involved in explaining this
richness (Naiman and others 1993, Pollock 1998, Pol-
lock and others 1998): (1) Floods are intense and
frequent resulting in spatial and temporal heterogene-
ity. (2) There are small-scale variations in topography,
soils, and groundwater as a result of lateral migration of
river channels. Disturbances caused by natural floods
are interactive with geomorphic features, forming a
mosaic of landforms with different disturbance history.
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The individual elements of this mosaic show different
stages of vegetation succession with different diversity
(Harris 1999). (3) The climate varies as streams flow
from high to low altitudes or across biomes, implying
that a river will encounter a large proportion of a
region’s flora. (4) Upland environments impose vari-
ous disturbance regimes on the riparian corridor, in-
cluding fire, landslides, mud flows, and herbivory. (5)
Plants have an excellent migration capacity along ripar-
ian corridors. Hydrochory is the most important means
of dispersal, but anemochory (dispersal by wind) and
zoochory (dispersal by animals) can also be important
(Johansson and others 1996). Recent reports suggest
that riparian communities are easily invaded by exotic
plants (e.g., Planty-Tabacchi and others 1996), but
there is also evidence that invasion by exotics is further
promoted by flow alterations (e.g., Busch and Smith
1995, Friedman and others 1998).

Riparian corridors vary in species richness along the
river’s course. Ward (1998, see also Ward and Stanford
1995) identified three types of river landscape units or
reaches that differ in terms of biodiversity: constrained
river units increase in biodiversity downstream whereas
braided river units have relatively low diversity, and
meandering river units have high biodiversity. Nilsson
and others (1989, 1991) examined entire rivers in
northern Sweden and found that riparian vegetation
was most species-rich in the middle reaches of free-
flowing rivers. This pattern is analogous to that sug-
gested for “total biotic diversity” in the river continuum
concept (Vannote and others 1980), although this hy-
pothesis was based on aquatic invertebrate communi-
ties. Décamps and Tabacchi (1994) found similar pat-
terns in French rivers. The peak in plant species density
along the free-flowing rivers in northern Sweden coin-
cides with the former highest coastline formed during
early Holocene, and in the French rivers with the pied-
mont area, thus providing another example of the im-
portance of geomorphology in structuring plant com-
munities.

How Can the Principles Be Incorporated into
Management Strategies?

It is a key challenge for researchers to integrate the
various models and information pieces about river eco-
systems, thus revealing strengths and weaknesses of the
present knowledge. Such an integrative modeling effort
is necessary for a fuller understanding of the ways by
which rivers and their riparian zones function (Walker
and others 1995) and is also necessary for translating
the present knowledge into proper management direc-
tives for riparian systems. This achievement should give

full credit to the different spatial dimensions, their
nature (continua or patch series), and their interac-
tions within watersheds, but should also include inter-
actions between adjacent watersheds and between wa-
tersheds and the sea (Nilsson and Berggren 2000,
Helfield and Naiman 2001). It should deal with both
short and long time scales to incorporate more regular
as well as extreme events. A major shortcoming of the
present concepts is that they are supported by few data
and that only subsets of organisms and habitats are
treated (Tockner and Ward 1999, Lorenz and others
1997). These limitations make it difficult to predict the
more specific differences in ecological responses
among different categories of rivers, and hence the
different requirements for management. For example,
seemingly simple questions such as which are the
“toughest” and “weakest” rivers or river reaches, i.e., the
rivers or river reaches that can be predicted to change
little or a lot relatively independent of the degree of
human impact, are difficult to answer with reasonable
accuracy (cf., Rosgen 1994, Naiman 1998).

The three basic features of riparian zones outlined
above are all affected by changing hydrologic regimes
and all require specific management efforts to be re-
stored. Table 2 summarizes the mechanisms related to
each of the three principles, the alterations they are
affected by, and the ecological responses to these alter-
ations. It also summarizes some of the management
measures that would restore the basic mechanisms.
Some basic examples are given below:

1. The flow can be described in terms of its mag-
nitude, frequency, timing, duration, and rate of
change. Each modification of these variables affects the
riparian plant communities, and the effects vary from
increased scouring of vegetation to succession toward
woodlands. Invasion of exotics also increases following
such modification. The suggested management mea-
sures are straightforward and all imply flow manipula-
tion toward more pristine flow conditions.

2. When dams disrupt the longitudinal pathway,
plant dispersal is reduced and plant communities be-
come fragmented. The dispersal process is difficult to
restore without opening or removing the dams.

Many rivers have been converted to stairs of lake like
waterbodies interrupted by dams and underground
passages. In Sweden, nine of 13 major river channels
have been altered this way (Jansson and others 2000b).
Dams are barriers to the movement of fish and water-
borne vascular-plant propagules, and regulated ripar-
ian zones harbor fewer vascular plant species than free-
flowing ones (Nilsson and others 1991). In free-flowing
rivers, floating propagules are rapidly transported far
downstream during floods. Andersson and others
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Ecological responses of vegetation to alterations in riparian mechanisms (section 1 modified from Poff

Mechanisms

Specific alteration

Ecological response

References

Management measure action

1. Flow/hydrology
1 1. Magnitude/
frequency

1 2. Timing

1 3. Duration

1 4. Rate of
change

2. Pathway/corridor
2 1. Dispersal

3. Landscape
interactions
3 1. Connectivity

3 2. Disturbance

Increased variation

Stabilized flow

Loss of seasonal flow
peaks

Prolonged low flows

Prolonged
inundation

Rapid changes in
river stage

Longitudinal pathway
disrupted by dams,
impoundments
and diversions

Riparian zones
disconnected from
surrounding
habitats

Altered disturbance
regime

Increased scour and washout of
plants and organic matter
Invasion of exotic plants

Reduced water and nutrients to
floodplain vegetation, leading to
reduced disturbance, ineffective
seed dispersal and reduced
regeneration

Reduced plant recruitment and plant
growth rates

Invasion of exotic plants
Succession towards wooded wetlands

Reduced plant cover and diversity

Physiological stress leading to
reduced plant growth rates,
morphological change, and
mortality

Altered plant communities

Washout of riparian plants, failed
seedling establishment

Fragmented and altered plant
communities and reduced plant
migration

Reduced plant diversity and
compromised ecological integrity

Reduced diversity of plant
communities and landscapes

Petts 1984, Rorslett and Johansen 1996

Ward and Stanford 1979, Busch and
Smith 1995, Stanford and others 1996

Fenner and others 1985, Shankman and
Drake 1990, Johnson 1994, Rood and
others 1995, Scott and others 1997,
Cordes and others 1997.

Reily and Johnson 1982, Fenner and
others 1985, Rood and Mahoney 1990

Horton 1977, Friedman and others 1998
Toner and Keddy 1997

Busch and Smith 1995, Stromberg and
others 1996

Reily and Johnson 1982, Perkins and
others 1984, Kondolf and Curry 1986,
Stromberg and others 1992, Rood and
others 1995

Connor and others 1981, Bren 1992,

Crivelli and others 1995, Toner and
Keddy 1997, Friedman and Auble 1999

Grelsson 1986, Rood and others 1995,
1999

Andersson and others 2000b, Jansson and
others 2000b

Sparks and others 1990, Theiling 1995,
Ward and Stanford 1995, Brunke and
Gonser 1997, Ward and others 1999

Ward and others 1999, Marston and
others 1995

Reduce frequency of flow
variation

Increase seasonal variation in
flow (Springer and others
1999, Hill and others
1998), remove exotics

Reintroduce seasonal flow
peaks and higher
minimum flows (Rood
and Mahoney 1990,
Richter and others 1997)

Remove exotics

Reintroduce second flow
peak (Toner and Keddy
1997)

Increase seasonal high flows
(Richter and others 1997,
Galat and Lipkin 2000)

Reduce high flows, especially
when badly timed (Toner
and Keddy 1997, Galat
and Lipkin 2000)

Reduce rates of water-level
change

Remove dams, restore
riparian corridors
(Shafroth and others
1998)

Reconnect riparian zones
with their environments
(Galat and others 1998,
Schiemer and others
1999)

Reintroduce seasonal floods
(Hill and others 1998),
remove dams, allow
minimum flows

(2000b) showed that in a free-flowing river, the species
composition of drifted propagules was similar to the
riparian vegetation of sites upstream. In a regulated
river, this similarity was significantly lower (Andersson
and others 2000b). The underlying mechanism is prob-
ably that the effective dispersal makes it possible for any
riverbank site to be colonized by species from a large
portion of the river valley, thus favoring homogeniza-
tion of the floristic composition.

In impounded rivers, current velocity is low and
floating propagules either sink or become swept ashore
by winds (Jansson and others 2000b). Very few prop-
agules pass dams through turbines or spillways because
passages are hard to hit, but long floating-times in-
crease the probability of success. Therefore, about 30
years after dam erection, adjacent impoundments in
similar environmental settings in northern Sweden

have been found to develop different riparian floras
because species with poor floating capacity become
unevenly distributed among impoundments (Jansson
and others 2000b). Such discontinuities have not been
observed in free-flowing rivers, suggesting effective dis-
persal of riparian plants in the absence of dams. Given
that dams regulate most of the world’s rivers, floristic
disruptions of riparian corridors may be a global phe-
nomenon. The extensive fragmentation of other eco-
systems may have caused similar obstructions to organ-
ism dispersal, with subsequent changes in species
composition.

3. When riparian communities are disconnected
from the rivers, they no longer receive and release
plant propagules as during natural conditions. They
thus become more isolated in a landscape context and
overall diversity decreases (Bravard and others 1997).
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Alterations to the riparian disturbance regime may give
similar results. The suggested management measure is
to reconnect the riparian zones with their environ-
ments, a target that is easiest to achieve by reintroduc-
ing seasonal floods.

The lower third of the Missouri River in the United
States was channelized and diked between 1937 and
1955, while the middle third was impounded (Galat
and others 1998, Schiemer and others 1999). River
water was used for navigation, hydropower, and flood
control, causing disconnection of the river from its
floodplain. In 1993 the “Great Midwest Flood” over-
topped the levees of the Missouri River, reconnecting the
river with most of its floodplain. Record flooding also
occurred in 1995 and 1996. This provided an opportunity
for restoring riparian wetlands along the Missouri River.

Large areas of floodplain have been protected since
the flooding, by state and federal programs, potentially
to be rehabilitated (Galat and others 1998, Schiemer
and others 1999). “Passive” management can recreate
braided channels and wetlands. This management strat-
egy is based on nonstructural techniques such as recon-
struction of natural river floodplain geometry by “let-
ting the river do the work” and only allowing a few
low-elevation structures. For the Missouri River, this
means taking advantage of the many scours produced
by the high floods during the 1990s. In other rivers,
such as the Danube, more active restoration measures
have been undertaken. For example, riverside embank-
ments have been lowered, and completely opened at
inflow channels, and weirs in side channels have been
lowered (Schiemer and others 1999).

The vegetation responded quickly to the reconnec-
tion of the lower Missouri River with its floodplain
(Galat and others 1998, Schiemer and others 1999).
For example, perennial plants recovered, and new op-
portunities were provided for invasive plants on sites
scoured by the 1993 flood. However, flooding in 1995
and 1996 removed many plants established after the
1993 flood.

Most of the suggested management actions could be
implemented without further research. However, be-
cause the measures will interfere with societal interests,
and compromises are likely to be asked for, further
research will be needed to provide an understanding
about the ecological responses that are likely to result
from each individual management measure (Jackson and
others 2001). There are also uncertainties about long-
term effects and more holistic responses. Some examples
of required research efforts are given in Table 3.

In sum, riparian zones are an integral part of river
ecosystems and a landscape component that has to
function well if ecologically vital rivers are to be main-

Table 3.  Examples of research needed for improving
the ecological understanding of various management
measures in riparian areas®

1. Flow/hydrology
Relationships between effect and response variables: Are
there certain thresholds of water needs that cannot be
exceeded (in both directions) without devastating
environmental effects?

2. Pathway/ corridor
Effects of fragmentation by dams on organism dispersal:
How do effects vary between different organisms? Which
organisms are most (or least) susceptible to
fragmentation by dams? Does genetic diversity show
similar fragmentation patterns as species diversity?
Which parts of a river are most affected ecologically by
dam fragmentation? Which are the results of various
approaches to reducing fragmentation effects without
removing dams?

3. Landscape interactions
Effects of hydrologic alterations on land-water
interactions: How do responses vary with the location
along a river? How do responses vary between different
types of riparian systems (substrate, slope width,
ecoregion)? Which are the effects of short-term artificial
floods on riparian integrity?

“Needs for knowledge about long-term effects and of patterns of
change on the scale of watersheds are common for all three groups of
principles. Many research topics require integrative approaches to
principles 1-3.

tained in the long term. This task may require a com-
bination of measures, such as protection, restoration,
rehabilitation and substitution (Naiman and others
2000), but also the integration of many different soci-
etal institutions. Restoration of highly altered riparian
areas will be constrained by structures such as dams,
dikes, and pavements that prevent reestablishment of
natural functions. Restoration will also be confined by
conservative policies and laws governing the commod-
ity of instream flow, by a complexity of institutions
managing water resources, and also by an increasing
human population demanding more and more water.
Despite such obstacles, however, there are several re-
cent examples of major advances that offer hope for
significant improvements of watershed management
during the 21st century (Naiman and others 2000).
Researchers must realize the potential of such a devel-
opment and design their work in such a way that their
science will be used, for the mutual benefit of both
humans and the environment.
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