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Abstract:
The ¯ood pulse concept of Junk, Bayley and Sparks is a major contribution to our understanding of river±
¯oodplain interactions and has become an important paradigm in lotic ecology. The concept is based mainly on
large tropical lowland rivers. Floodplains may, however, develop in all geographical areas and at di�erent
locations along a river corridor. We extend this concept to temperate areas by including information derived from
near-natural proglacial, headwater and lowland ¯oodplains. Speci®c attention is directed to the role of temperature
as a major determinant of ¯oodplain ecology. Further attention is directed to the importance of expansion±
contraction cycles occurring well below bankfull (`¯ow pulse' versus `¯ood pulse'). Selected examples are presented
that highlight the complexity of expansion±contraction events and their consequences on habitat heterogeneity
and functional processes. Habitat heterogeneity is mainly a product of shifting water sources, di�erent ¯ow paths
and the relative importance of autogenic processes. In di�erent ¯oodplain systems, expansion may enhance habitat
heterogeneity (e.g. glacial ¯oodplain) or create homogeneity (e.g. Danubian ¯oodplain). Further, the ecological
consequences of episodic ¯ow and ¯ood pulses are discussed. Finally, a landscape approach is suggested in order
to document expansion and contraction processes and to elucidate how these processes in¯uence landscape
heterogeneity and biodiversity patterns. Such a landscape-based ecosystem model can be applied to rigorously
assess the ecological integrity of river±¯oodplain systems. Copyright # 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The fundamental concepts that underpin current scienti®c knowledge of riverine ecosystems have been

formulated over the past two decades. The river continuum concept (Vannote et al., 1980), the nutrient

spiralling concept (Newbold et al., 1981), and the serial discontinuity concept (Ward and Stanford, 1983) all

ignored ¯oodplain dynamics in their initial formulations, although subsequent modi®cations recti®ed this to

some extent (e.g. Sedell et al., 1989; Ward and Stanford, 1995a; Townsend, 1996; Fisher et al., 1998).

The most comprehensive approach focusing on river±¯oodplain dynamics is the ¯ood pulse concept

(FPC; Junk et al., 1989), which promulgated the view that rivers and their fringing ¯oodplains are integrated

components of a single dynamic system, linked by strong interactions between hydrological and ecological

processes. The major driving force is the pulsing of river discharge that determines the degree of connectivity

and the exchange processes of matter and organisms across river±¯oodplain gradients. The FPC has

stimulated a series of studies that examined the ecological signi®cance of ¯ooding across a wide range of

¯uvial ecosystems (Van den Brink et al., 1993; Bayley, 1995; Heiler et al., 1995; Prach et al., 1996; Knowlton
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and Jones, 1997; Lorenz et al., 1997; Michener and Haeuber, 1998; Spink et al., 1998; Tockner et al., 1999b;
Ward et al., 1999b,c).

The FPC is, however, derived mainly from research carried out in large tropical river±¯oodplain systems
with a predictable ¯ood pulse of long duration (Junk, 1997). Because nearly all rivers in Europe and North
America have been `trained' for many decades or even centuries (e.g. Amoros et al., 1987; Dynesius and
Nilsson, 1994), we may have a distorted view of ¯uvial dynamics and functional processes in temperate
rivers. Are biota capable of exploiting the less predictable ¯oods of shorter duration that typically occur in
headwater ¯oodplains or the marked expansion±contraction events that occur below bankfull (`¯ow pulse'
versus `¯ood pulse'; cf. Puckridge et al., 1998)?

The primary goal of this paper is to extend the FPC to temperate running waters, to ¯oodplains situated in
upper and middle reaches, and to expansion±contraction cycles below bankfull. We present data from three
semi-natural European ¯oodplains that have been investigated extensively in recent years: (i) the Val Roseg,
a glacial ¯oodplain in Switzerland (Tockner et al., 1997; Ward et al., 1999b; Malard et al., 1999); (ii) the
Tagliamento River in north-east Italy (Figure 1), the last morphologically intact river corridor in central
Europe (Ward et al., 1999c; Tockner et al., in press); and (iii) the Danube River in the Alluvial Zone National
Park, Austria (Tockner et al., 1998; Schiemer et al., 1999). These three systems represent a range of formerly
widespread temperate ¯oodplain types. The importance of thermal heterogeneity is clearly illustrated and
interactions between temperature and ¯ow are documented. We concentrate on the ecological rami®cations
of connectivity, habitat heterogeneity, functional processes and biodiversity.

COUPLING FLOW VARIABILITY AND THERMAL HETEROGENEITY

The major physical drivers in river±¯oodplain systems appear to be ¯uvial dynamics and temperature
(Ward, 1985; Po� andWard, 1989; Petts and Amoros, 1996; Richter et al., 1997; Po� et al., 1997). These two
parameters provide the ecological conditions necessary to assure rich biodiversity and bioproduction
through processes that shape habitats and create complexity. Flow regimes show regional patterns that are
determined by river size and by geographical variation in climate, geology, topography and vegetation cover.
Po� andWard (1989) and Puckridge et al. (1998) analysed hydrographs of a variety of di�erent river systems,
identifying distinct groups of rivers that di�er in respect to the magnitude, frequency, timing and
predictability of their hydrological regime. Therefore, Puckridge et al. (1998) suggested that the FPC could
be expanded to encompass hydrological variability of large rivers from di�erent climatic regions. The
magnitude of the ¯ow and ¯ow ( ¯ood) variability are the most signi®cant factors related to biological
variables (cf. Clausen and Biggs, 1997); however, there is a considerable unexplained variance in the
biological measurements not accounted for by the ¯ow regime. Nutrients and, in particular, temperature
resources are additional important variables explaining biological diversity.

Figure 1. Dimension of the riparian corridor (active ¯oodplain and riparian forest; ha kmÿ1) along the entire course of the Fiume
Tagliamento, Italy. Note the alternation of ¯oodplain reaches and constrained reaches along the river corridor (adapted from Ward et

al., 1999c)
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Relatively little is known about thermal heterogeneity in alluvial ¯oodplains (Nei�, 1996; Petts, 1996). In
tropical rivers, temperature is high but remains relatively constant (Figure 2a). Therefore, the regular pulsing
of the ¯ow has been considered as the dominant factor for the development of biorhythms, as was the
seasonal light±temperature regime in temperate regions. Junk et al. (1989) and Bayley (1991) indicated that
the timing of a ¯ood might be crucial for the recruitment of ®sh and for overall productivity. In temperate
systems, decomposition rates of organic matter could be faster or slower depending on the timing of
inundation. Cold winter ¯oods may decrease decomposition rates, whereas summer ¯oods may accelerate
rates. Nutrient uptake also declines or even stops during winter ¯ooding.

Seasonal patterns of ¯ow and temperature in three selected temperate ¯oodplains and a tropical river are
compared in order to emphasize the complex interaction between these two principle driving variables
(Figure 2). The River Jong is a tropical African river of medium size from which both ¯ow and temperature
data are available (Wright, 1982). There, a predictable ¯ood pulse of long duration is associated with
relatively stable temperatures (Figure 2a). The Val Roseg ¯oodplain, a glacial system, is characterized by a
predictable ¯ow with peaks during the major period of icemelt in mid-summer (Figure 2b). Temperature,
however, already levels o� in spring when the thermal capacity of the river is still low and solar radiation
already high. Temperature remains relatively constant throughout the whole summer till early autumn (cf.
Figure 3). The River Danube and the lowland River Morava form an intersection about 50 km downstream
of Vienna, Austria (Figure 2c and d). Altitudinal range of the River Morava catchment is between 130 and
1500 m compared with 130 to 4000 m for the Alpine River Danube. Therefore, snowmelt water in the
Morava produces a ¯ood during early spring with relatively cold temperatures. However, the Danube carries
meltwaters from high elevation areas that generate warmer ¯oods in early summer (Figure 3). In addition,
the Danube exhibits a less predictable and a `¯ashier' ¯ow regime compared with the Morava. The lower
section of River Morava is subjected to two ¯oods, one by active river ¯ooding in early spring (low
temperatures) and a second one in early summer caused by ponding back (c. 30 km) of Danube ¯ood waters
(high temperatures). This occurrence of ¯oods of di�erent thermal characteristics has major ecological
e�ects. For example, the ¯oodplain of the lower section of the River Morava is a unique habitat colonized by
both warm- and cold-water adapted species (e.g. LoÈ �er, 1993).

In the glacial ¯oodplain of Val Roseg, peak ¯ow in summer is associated with low temperatures and high
sediment loads that may reduce the bene®cial e�ect of such `¯ow pulses' (Ward, 1994; Tockner et al., 1997).
Uehlinger et al. (1998) identi®ed two potential windows of time, one in late spring (4±6 weeks) and a second
in early autumn (6±10 weeks), during which conditions (elevated water temperature but low turbidity) may
favour the accrual of benthic algae and the occurrence of benthic invertebrates. Concomitantly, low water
periods in spring and autumn are likely to be very sensitive to human impact (e.g. climate change). For
example, in the Danube River at Linz (catchment area: 79 490 km2), an average increase in water temperature
of c. 0�88C has occurred since 1901 (Webb and Nobilis, 1994). During low water periods in autumn and early
winter, however, water temperature increased more than 28C.

Traditionally, river temperature has been recorded only in the main channel (Figure 2). Including records
from di�erent ¯oodplain water bodies demonstrates that thermal heterogeneity across a river±¯oodplain
transect can be as high or even higher than along the entire main river course. Based on preliminary data
from the Tagliamento River, dramatic increases in thermal complexity occur when moving from single-
thread headwaters downstream to island braided ¯oodplains (Figure 4). The low-order streams with single
channels showed very similar seasonal and diel temperature patterns despite their location in di�erent
subcatchments and di�erent stream orders (Figure 4a). In headwater ¯oodplains, although groundwater±
surface-water interactions create relatively low diel and seasonal variations in temperature, individual
¯oodplain water bodies exhibit markedly di�erent temperature regimes (Figure 4b). In lowland ¯oodplains,
di�erences in surface water temperature of 158C have been measured at a given time across a river±¯oodplain
transect (Figure 4c). In braided New Zealand rivers, Mosley (1983) observed a similar maximum
temperature range between 17�2 and 358C. In the Tagliamento River, the high thermal heterogeneity re¯ects
the presence of a variety of ¯oodplain water bodies and the complexity of surface and subsurface
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hydrological connectivity. In pools far from the low ¯ow channel (`pool far', located at the outer side of the
active ¯oodplain), frequent surface connections (`¯ow pulses', indicated by arrows, Figure 4c) lead to sharp
decreases in temperature (up to 108C within a day). Backwaters, fed by upwelling alluvial groundwater, in
contrast, exhibit low and relatively constant temperatures. In summer, these backwaters may serve as
important `cold-water refugia' for ®sh and aquatic insects. In these locations, water temperature may be as
much as 78C lower than in the adjacent main channel. In winter, however, the groundwater-fed channels
exhibit higher temperatures than any other channel type (D. Arscott, personal communication). In this
lowland river section of the Taliamento (20 m a.s.l.) cold-adapted and warm-adapted species co-occur, albeit

Figure 2. Temporal relationship between ¯ow and temperature regimes in four river systems (hydrological year, 1 October to 30
September). (a) Tropical River Jong in Sierra Leone (catchment: 7500 km2, Wright, 1982; average monthly values). (b) Glacial river Val
Roseg in Switzerland (catchment: 66�5 km2, Tockner et al., 1997; U. Uehlinger, personal communication). (c) Danube River in Austria

(catchment: 104 000 km2, WSD, Vienna). River Morava in Lower Austria (catchment: 26 600 km2, WSD, Vienna)
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in di�erent ¯oodplain water bodies. For example, cold alluvial groundwater habitats are occupied by high
densities of salmonids (mainly the grayling, Thymallus thymallus); whereas isolated ¯oodplain lakes provide
habitats for characteristic lowland species such as Tinca tinca and Esox lucius (Tockner et al., in press). The
high within-reach thermal heterogeneity characterizing intact river±¯oodplain systems (Ward, 1985;
Stanford et al., 1996) was ignored in the development of classic ®sh zonation concepts.

In summary, temperature is a fundamental property contributing to high habitat heterogeneity. E�ects of
temperature and hydrological regimes on biota are likely to be critical; therefore, both temperature and ¯ow
patterns need to be considered in order to understand ¯oodplain functioning.

FLOODPLAINS AS EXPANDING AND CONTRACTING SYSTEMS

Rapid changes in ecosystem size, although generally neglected by stream ecologists, is a fundamental
property of lotic systems (de Vries, 1995; Stanley et al., 1997). This is especially true for riverine ¯oodplains
that are by their nature expanding and contracting (and often fragmented) ecosystems (Ward et al., 1999b;
Malard et al., 1999). The ¯ood pulse concept is based upon overbank inundation as the key ecological
determinant of river±¯oodplain system function. However, distinct expansions and contractions of river
¯oodplains occur well below `bankfull'. The bottom photograph in Figure 5 shows a `¯ood pulse', but the
upper two photographs clearly illustrate marked changes in surface waters below bankfull (`¯ow pulse').
Moreover, over¯ow of river water is not the only cause of inundation in river±¯oodplain systems.

Several water sources, referred to as `local water', may contribute to the expansion of ¯ooded surfaces:
direct rainfall, tributary water, overland runo�, soil water and rising groundwater. Hughes (1980) and Lewin
and Hughes (1980) summarized the hydrological processes involved in the movement of water between a
river and its ¯oodplain and also showed that these processes operated in a speci®c order as a ¯ood rose
(inundation sequence) and receded (recession sequence). Each ¯ooding process is likely to have a speci®c
e�ect on various ecosystem attributes. For example, ¯ooding with hyporheic water may result in a pulse of
nutrients that stimulates primary production but does not allow ®sh migration. Active over¯ow may
simultaneously produce a pulse of nutrients and favour ®sh migration but a strong current generally
depresses primary production. Finally, backwater ¯ooding may have a positive e�ect on both primary
production and ®sh migration. Thus, the ¯ood pulse is likely to have little bene®cial e�ect on production if
active ¯ow predominates over seepage and backwater ¯ow. Increase in the extent of lentic waters during
¯ooding occurs when a ¯oodplain is traversed by a slowly moving littoral (e.g. `creeping ¯ow'). Although this

Figure 3. Temporal variations in discharge and temperature (normalized deviations from mean values based on monthly averages) in
three central European ¯oodplains (Val Roseg, Danube, Morava). Discharge data for Danube and Morava from WSD Vienna (1969±
1995) and for Val Roseg from Swiss Hydrological and Geological Survey (1955±1994); temperature data from U. Uehlinger, personal

communication (1997±1998)
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Figure 4. Temperature patterns (May to August 1998) in di�erent aquatic habitats of three river reaches of the Tagliamento River. (a)
Headwater constrained reach including three tributaries (river-km 1±5); (b) Headwater ¯oodplain (river-km 13); (c) Island-braided
lowland reach (river-km 120). (D. Arscott and K. Tockner, unpublished data). Arrows mark `¯ow pulses'. Please note di�erent scales
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Figure 5. Tagliamento River downstream of Pinzano (river-km 83) at low, mean and ¯ood water levels (Photographs: K. Tockner). At
this location, active corridor width is c. 1�0 km
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typically happens in many large lowland river systems such as parts of the Amazon (Bayley, 1995), this is far
from being the case in all natural river±¯oodplain systems (e.g. Figure 6). Mertes (1997) examined the
inundation patterns along several reaches of large rivers using remote sensing and showed that a variety of
water sources led to ¯ooded conditions prior to inundation from over¯ow of river water. In many cases, this
early ®lling with relatively clear water impeded the intrusion of silty water arising from the overbank ¯ow of
the river. With analogy to the hyporheic zone, Mertes (1997) introduced the term `perirheic zone' to denote
the transition zone where river water mixes with local water.

Although changes in size are thought to exert major control on environmental conditions, as well as
biodiversity patterns and ecological processes, very few studies have examined patterns and processes
associated with below bankfull ¯ooding in river±¯oodplain systems (Lewin and Hughes, 1980; Mertes et al.,

Figure 6. Expansion and contraction cycle in a glacial ¯oodplain (Val Roseg, Switzerland; modi®ed from Malard et al., 1999)
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1995; Mertes, 1997; Galat et al., 1998). The following section documents patterns of expansion and
contraction events in three European rivers, the Roseg River (Switzerland), the RhoÃ ne River (France) and
the Danube River (Austria).

The annual cycle of expansion and contraction of the glacial ¯oodplain of the Roseg River (Switzerland)
was analysed in detail by Malard et al. (1999). The authors demonstrated that the seasonal changes in the
extent and spatial pattern of the channel network were linked to the shifting dominance of di�erent
hydrological reservoirs and ¯ow paths within the catchment. The expansion of the channel network
comprises two distinct phases (Figure 6). During the ®rst phase of expansion, recharge of hillslope and
¯oodplain aquifers by snowmelt water resulted in a progressive rise of the groundwater table. As river
discharge (Q) increased from 0�3 to 1�5 m3 sÿ1, total channel length increased from 6 to 15 km. However,
increased surface ¯ow was largely restricted to groundwater-fed tributaries and alluvial channels and
occurred without substantial changes in upstream surface connectivity between the river and ¯oodplain
water bodies. Expansion of the channel network re¯ected the linkage between the ¯oodplain and
groundwater reservoirs of the catchment (Figure 7). During the second phase, increase in discharge ( from
1�5 to 6 m3 sÿ1) was caused successively by the melting of the snow pack on the glacier surface and the
ablation of ice. This resulted in a further expansion of the channel network from 15 to 21�4 km and a marked
increase in upstream surface connectivity (Figure 7). In this glacial ¯oodplain, water was con®ned to stream
channels during the seasonal ¯ow pulse. Even larger unpredictable ¯ood events (Q4 20 m3 sÿ1) caused by
extreme rainfall did not increase the proportion of lentic habitats. With the exception of marshes on the
¯oodplain terraces, the aquatic habitats consist only of lotic waters.

Flooding of the French RhoÃ ne exhibited a quite di�erent pattern. The spatial pattern of inundation during
a 50-year ¯ood of the RhoÃ ne River was mapped using aerial photographs and ®eld measurements (Figure 8;
Roux, 1982). Active over¯ow from upstream to downstream was restricted to a relatively narrow band of
circa 2 km width that comprised permanent anastomosed channels and the low elevation islands separating
them. On all other surfaces, ¯ooding was caused by a `backwater e�ect'. The main-channel water back up
through low elevation areas, including old meander bends, tributaries and drainage channels. This double
¯ooding process has a di�erential e�ect on several physical and biological processes, including erosion and
sediment deposition, organic matter transport and processing, and primary production (Galat et al., 1998;
Sparks et al., 1998). For example, Irion et al. (1997) have shown that initial backwater ¯ooding into a
¯oodplain lake of the Amazon River resulted in the deposition of ®ne silts and clays, whereas coarse silts and
®ne sands were deposited during periods of upstream connection (high-water periods).

Figure 7. Relationship between surface hydrological connectivity and channel expansion over an annual cycle in the Val Roseg
¯oodplain. Surface connectivity: relative proportion (%) of total channel length having an upstream connection with the main channel/

total channel length (modi®ed from Ward et al., submitted)
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Figure 8. Inundation patterns of the RhoÃ ne river±¯oodplain system during a 50-year ¯ood event (8 February 1980; discharge � 1800
m3 sÿ1; IR images, 2300 m above ground level; after Roux, 1982. Reproduced by permission of CNRS Editions.)
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Yet another pattern of ¯ooding occurs in the Alluvial Zone National Park of the Austrian Danube
(Figure 9; Tockner et al., 1998, 1999b). Based on the relationship between the water level of the Danube and
the surface water dynamics in the ¯oodplain, three major phases of hydrological connectivity were apparent:
(1) a disconnection phase, (2) a seepage connection phase and (3) an upstream surface connection phase.
During the disconnection phase, ¯oodplain water bodies covered an area of 75 ha and were dissected into
di�erent water bodies. Floodplain water level was relatively stable and about 1 m higher than that of the
river. During the second phase, upstream surface connection with the river was not established but the extent
of ¯oodplain water bodies increased in response to seepage in¯ow through porous aquifers. Because water
was retained in the ¯oodplain channels by check-dams, there was almost no change in ¯oodplain discharge
to the main river channel. Upstream surface connection with the river (via in¯ow channels) resulted in a
sharp increase in ¯oodplain discharge and a further expansion of ¯ooded areas (phase 3). As in the Roseg
River ¯oodplain, overbank ¯ow of river water corresponded to a critical threshold during which the degree
of hydrological connectivity and the relative proportion of lotic habitats suddenly increased. However, at
very high water level (c. 147 m a.s.l.; Figure 9), the relative extent of lentic water bodies increased again
drastically because large areas of the ¯oodplain forest were inundated. Tockner et al. (1999b) have
demonstrated that each of the three phases of river±¯oodplain connectivity has an ecological corollary. This
is described below.

EXPANSION±CONTRACTION EVENTS AND RIVERINE LANDSCAPE HETEROGENEITY

In the following section, we used the term landscape in its simplest sense, i.e., a spatially heterogeneous area
(Turner and Gardner, 1991; Wiens, 1995). The riverine landscape corresponds to the surface area composed
of intersecting terrestrial and aquatic units that are directly in¯uenced by the river (i.e., aquatic habitats,
¯oodplain surface, and riparian zone) while the term `riverscape' refers only to the aquatic components of
the riverine landscape. The pulsing of the river discharge creates a shifting mosaic of aquatic and terrestrial
habitats that is responsible for the high habitat heterogeneity that generally characterises riverine ¯oodplains
(Junk et al., 1989; Ward and Stanford, 1995a). The manner in which a ¯ow pulse generates spatial
heterogeneity depends upon the connectivity across the riverine landscape, i.e. its capacity to facilitate
exchange between resource patches (Taylor et al., 1993).

Two di�erent processes, erosive ¯ooding and ¯ow pulses, acting at di�erent time-scales control
connectivity in a riverine landscape. At the annual or supra-annual scale, erosive ¯oods create and maintain
habitat patches in a diversity of successional stages that determine the overall permeability and complexity of
the landscape matrix (Galat et al., 1997; Metzger and DeÂ camps, 1997). Kollman et al. (1999), for example,
investigated changes in the landscape pattern of the island-braided ¯oodplain of the Tagliamento River
based on aerial photographs taken in 1984, 1986 and 1991. Erosive ¯oods caused dramatic changes in
landscape con®guration although the composition, i.e. the relative proportion of river channels, gravel bars
and vegetated islands, remained very constant. Between 1984 and 1986, the turnover of landscape elements
ranged from 15% for established islands to 83% for large woody debris and pioneer islands. In meandering
and forested (`low energy') ¯oodplains, however, channels can be relatively stable even for decades (Harper
et al., 1997). At shorter time-scales (days to months), and for a given riverine landscape matrix, hydrological
connectivity between existing landscape elements varies in response to water level ¯uctuations well below
bankfull (`¯ow pulses'). Expansion±contraction are thus expected to result in repeated changes in landscape
heterogeneity. Few data are, however, available to compare landscape heterogeneity in river±¯oodplain
systems characterized by distinct patterns of expansion or to analyse temporal changes in spatial
heterogeneity at the ¯oodplain scale in response to ¯uctuating discharge. Mertes et al. (1995) used percentage
cover and semivariance calculated from three Landsat Thematic Mapper images to examine the relationships
between spatial heterogeneity of seven wetland classes and the pattern of ¯ooding in three geomorpho-
logically distinct reaches of the Amazon River in Brazil. The highest diversity of wetland classes, as measured
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Figure 9. Inundation area (black) of the Danube ¯oodplain (river-km 1896±1900�5) at di�erent water levels (m a.s.l.); uncorrected for
slope (slope 40 cm kmÿ1; modi®ed after Tockner et al., 2000. Reproduced by permission of Backhuys Publishers). Arrows mark major

in¯ow channels
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by semivariance, was observed in the reach where expansion occurred in response to a variety of ¯ooding
processes, including di�use and channelled overbank ¯ow of water.

A landscape approach, based on the dynamic spatiotemporal distribution patterns of physicochemical
parameters, has been developed recently to quantify riverscape heterogeneity in the ¯oodplains of the
Danube and Roseg Rivers. The coe�cient of variation (CV) was calculated as a compound index of habitat
heterogeneity (Palmer et al., 1997). Indeed, variance rather than mean environmental values proved to be a
valuable parameter for understanding how patterns and processes are linked in ¯oodplain systems. In the
following section, we demonstrate that expansion±contraction events had contrasting e�ects on habitat
heterogeneity in a headwater ¯oodplain (Val Roseg) compared with a large lowland river (Danube).

In the ¯oodplain of the Roseg River, CVs of speci®c conductance and nitrate were positively related to
discharge (Figure 10a). For a similar discharge, the CV for speci®c conductance was higher during the
expansion phase than during the contraction phase. This observation clearly suggested that spatiotemporal
heterogeneity depended more on the processes generating the expansion and contraction of the channel
network than on the extent of the channel network. Malard et al. (in press) demonstrated that most
physiochemical variables (e.g. Nitrate±N, Figure 10a) responded to the extent of expansion and contraction,
as did speci®c conductance. Based on the correspondence between hydrological connectivity and
physiochemical parameters, six major channel types were distinguished in the Val Roseg ¯oodplain
(Tockner et al., 1997; Ward et al., 1999b; Table I). In summer, each of these types contributed to the total
channel network. In winter, however, tributaries, side channels and intermittently-connected channels
disappeared almost completely. The remaining main-channel and mixed-channel segments were transformed
into groundwater channels lacking upstream surface connectivity. Overall, the glacial ¯oodplain shifted from
a complex mosaic in summer to a simpler, more homogeneous physicochemical riverscape during winter. In
this glacial ¯oodplain, greater spatial habitat heterogeneity in summer is expected to mitigate the negative
ecological e�ects of bed movement, shear stress, high turbidity and cold temperature caused by glacial
meltwater. A 10-year erosional ¯ood event in 1998 led to a decrease in ¯oodplain heterogeneity by
substantially increasing surface connectivity (F. Malard, unpublished data). Such resetting events are,
however, of key importance for maintaining overall heterogeneity of alluvial ¯oodplains.

In the Danube ¯oodplain between 35 and 49 sites were sampled at di�erent water levels and seasons. The
CV for speci®c conductance remained constant irrespective of the water level, river water being the
predominant source in most ¯oodplain water bodies (Figure 10b). In contrast, spatial heterogeneity of
nitrate decreased signi®cantly with increasing water level. Expansion created uniformity (low CV); during
contraction phases ¯oodplain water bodies diverged and `individuality' of water bodies was re-established
(high CV). The CV of chlorophyll-a peaked around mean water level. At this water level, di�erent rates of
nutrient input, water resistence times and primary production led to a high spatial heterogeneity of sestonic

Table I. Val Roseg ¯oodplain: relative proportion (%) of individual channel types during high summer and low win-
ter ¯ow conditions. Channel typology from Tockner et al. (1997)

Relative proportion (%)

10 July 1997 26 January 1998
(7�8 m3 sÿ1) (0�1 m3 sÿ1)

Main channel 16�3 27�4
Side channel 15�0 3�4
Intermittently-connected channel 14�4 0�4
Mixed channel 15�3 24�1
Groundwater channel 25�9 43�0
Tributary 13�1 1�5
Total channel length (km) 20�9 5�9
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algal biomass (i.e. `primary productivity phase', see Table II). Hamilton and Lewis (1990), who investigated
¯oodplain lakes along the Orinoco River reported similar results. The lakes diverged in their physical,
chemical and biological characteristics as the water receded after ¯ooding. Overall, heterogeneity was much
higher in the Danube ¯oodplain compared with the Val Roseg glacial ¯oodplain.

In the Danube ¯oodplain, nitrate-N was also used as an indicator of hydrological connectivity (between
the nutrient-rich main channel and individual ¯oodplain waters). At low water conditions (LW), nitrate
concentrations were uniformly low in most ¯oodplain water bodies, except in the main river channel and in a
few sites in¯uenced by seepage in¯ow from the Danube (Figure 11). A concentration gradient formed as
discharge approached mean water level (MW), but disappeared at high water level when nitrate
concentrations were uniformly distributed across the entire ¯oodplain. During HW, MW and LW, nitrate
concentrations in 97, 41 and 18% of all sampling sites, respectively, were controlled primarily by river water
input (cf. arrows in Figure 11).

The above examples showed that changes in spatial heterogeneity during expansion and contraction events
were controlled by regional processes operating at the catchment scale and by local processes occurring at the

Figure 10. (a) Val Roseg: relationship between river discharge (m3 sÿ1) and habitat heterogeneity measured as the coe�cient of variance
(CV) of speci®c conductance and nitrate±N. Number of replicates per sampling date: 9±27. Arrows indicate expansion±contraction
phases. MQ � mean annual discharge. Sampling period: January 1997 to February 1998. (b) Danube: relationship between water level
and habitat heterogeneity measured as the coe�cient of variance (CV) of speci®c conductance, nitrate±N and sestonic chlorophyll.
Number of replicates per sampling date: 35±49. Curves are ®tted by eye. Sampling period: 1 November 1998 to 4 September 1999 (data:

K. Tockner and C. Baumgartner, unpublished). MW � mean water level
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¯oodplain scale. Regional processes include the shifting contribution of di�erent hydrological reservoirs and
their linkages with landscape elements of river±¯oodplain systems. Local processes include hydrological
exchange processes across the river±¯oodplain and autogenic processes within individual water bodies. In
the Val Roseg ¯oodplain, increase in riverscape heterogeneity was attributed to the diversi®cation of water
sources (i.e. groundwater, snow pack, ice) and ¯ow paths (surface, shallow and deep subsurface pathways)
(Malard et al., in press). Autogenic processes within the ¯oodplain played an insigni®cant role. In the
Danubian ¯oodplain, however, the balance between autogenic and allogenic processes was observed to
mainly control habitat heterogeneity.

The relationship between riverscape heterogeneity and discharge (or river stage) is a functional
characteristic of any river±¯oodplain system that is likely to exert a major in¯uence on biodiversity patterns.
Using this relationship to classify river ¯oodplains is suggested as a way in which the ¯ood pulse concept
could be expanded to encompass a wide range of river systems. Although the choice of variables and indices
to calculate riverine landscape heterogeneity remains problematic, it should not be restricted in any way.
Environmental variables may include surface features (e.g. gravel bars, vegetated islands, ¯ooded areas, etc.),
sediment and soil characteristics, or physicochemical parameters of ¯oodplain waters. Ward et al. (1999c)
used shoreline length to evaluate the strength of aquatic±terrestrial linkages in the island-braided reach of
the Tagliamento River. Shoreline length was maximum (up to 22 km per river-km) around mean water level
and decreased only slightly during further contraction or expansion of ¯ooded areas. In the Danube
¯oodplain, maximum shoreline length occurred well above mean water level, and decreased rapidly as
individual ¯oodplain water bodies merged (cf. Figure 9).

Table II. Functional processes in a Danubian ¯oodplain (Austria) during a 15-month sampling period in 1995±96
(modi®ed from Tockner et al., 1999b)

Process/Property Disconnected phase Seepage phase Connected phase

Phase duration (%) 67�5 29�3 3�2
Retention time Very high High Low
Nutrient dynamics Closed system cycling Open system cycling Open system spiralling
Nutrient uptake Autogenic Autogenic Allogenic
Primary productivity Medium High Low
P/R +1 4 1 5 1
Sink or source Sink (autochthonous) Source (DOC,Chl-a) Sink (particulates)
DOC:POC ratio 1�27 0�22 0�07
Ecological state Biotic interactions Primary productivity Transport

Figure 11. Danube ¯oodplain: sampling sites are arranged from highest to lowest nitrate-N concentrations. Arrows indicate the
transition from primarily hydrological to biological controlled sampling sites. LW, low water level (n � 45); MW, mean water level

(n � 47); HW, high water level (n � 35)
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Numerous statistical methods including indices of overall variability (Cooper et al., 1997), geostatistical
methods (Rossi et al., 1992), and indices of landscape patterns (Gustafson, 1998) may be used to
quantitatively describe the di�erent aspects of riverine landscape heterogeneity. For example, Malard et al.
(in press) used categorical maps of turbidity and speci®c conductance and calculated various indices of
landscape patterns (e.g. total channel length, richness, number of patches, contrast) to evaluate the extent,
composition and con®guration of the physicochemical riverscape in the glacial ¯oodplain of the Roseg
River.

EXPANSION/CONTRACTION, ECOSYSTEM PROCESSES AND BIODIVERSITY

The understanding of (natural) functional processes in river±¯oodplain ecosystems is in a primitive state
(e.g. Bayley, 1995). Anderson et al. (1996) stated that `¯oodplain processes can be considered as a four-
dimensional jigsaw (x±y±z through time) in which most of the pieces (data) are missing'. A possible way to
investigate functional river±¯oodplain interactions is to measure the balance between transport and
biological transformation processes (Lewis et al., 1990; Walker et al., 1995). For example, three phases of
hydrological connectivity between the Danube channel and its ¯oodplain (Alluvial Zone National Park,
Austria) were distinguished: (1) a disconnection phase, (2) a seepage connection phase and (3) a surface
connection phase (Tockner et al., 1999b; Table II). These hydrological phases were tightly linked with
ecological processes. Generally, the ¯oodplain shifted from a mainly biologically controlled system during
phase 1 (`biological interaction phase') to an increasingly open and more hydrologically controlled system
during phases 2 and 3 (see also Figure 11). Corresponding oscillations between heterotrophy (phase 3) and
autotrophy (phase 2, less during phase 1) were regarded as a general phenomenon of many large rivers (cf.
Admiraal and Zanten, 1988). Highest algal biomass and primary production were observed during phase 2.
During this phase large amounts of nutrient-rich groundwater entered the ¯oodplain, yet water residence
times were high. Phase 2 was classi®ed as the `primary production phase'. Additionally, there is some
evidence that frequent shifts between individual phases fostered primary production (Tockner et al., 1999b;
Hein et al., 1999a,b). Thus, water-level ¯uctuations well below `bankfull' may considerably enhance
¯oodplain productivity. Finally, transport of matter was restricted mainly to the short periods with an
upstream surface connection (`transport phase'). Mass balance calculations revealed that the ¯oodplain was
alternately a `sink' and a `source' of material (Table II; Tockner et al., 2000). Knowlton and Jones (1997) also
found that some intermediate level of connectivity between the Missouri River and ¯oodplain lakes was
optimal for autochthonous primary production. In contrast to many lowland rivers, the Val Roseg
¯oodplain was not a major source for material. The ¯oodplain served primarily as a transit area,
transporting matter from di�erent reservoirs downstream (Malard et al., 1999). Transport patterns of a
range of given materials were associated with expansion±contraction phases (Tockner et al., 1997; Malard et
al., 1999; Figure 12). Transport of snowmelt water via subsurface pathways produced a pulse of nitrate in all
¯oodplain water bodies, although di�erent peaks in individual ¯oodplain channels re¯ected the spatial
heterogeneity of snow melt within the catchment. Runo� of glacial water resulted in a peak of suspended
solids only in channels having an upstream connection with the river (M15, X2; Figure 12). Dissolved
organic carbon (DOC) was spatially more homogeneous and unrelated to discharge despite highest
concentrations in winter.

In river±¯oodplain ecosystems, the relative importance of allochthonous and autochthonous organic
matter has to be re-examined. In both large temperate (Thorp et al., 1998) and tropical rivers (Lewis et al.,
1990), it was shown that autochthonous primary production was the predominant energy basis rather than
terrestrial organic matter as suggested by the FPC (Junk et al., 1989). Thorp and Delong (1994) hypothesized
that riparian and instream shoreline habitats are of crucial importance for ecosystem processes in large rivers
(`riverine productivity model', RPM). Thorp et al. (1998) showed that the RPM rather than the FPC more
adequately addressed food-web structure in constrained and ¯oodplain sections of the regulated Ohio River
(USA). In forested mid-order ¯oodplains, however, inputs of allochthonous organic matter from the
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¯oodplains were the primary source of carbon (e.g. Cu�ney, 1988). In glacial ¯oodplains, terrestrial plants
contributed virtually nothing to the food web; therefore, the food base presumably was limited to benthic
algal production. The availability of the algae food base, however, was restricted mainly to low water periods
in spring and autumn (Uehlinger et al., 1998). During high ¯ow in summer, turbidity and bedload transport
hindered algal development, except in groundwater-fed channels. In bar-braided ¯oodplains (cf. Figure 1)
devoid of perennial vegetation, instream primary production in pools, backwaters and secondary channels is
expected to drive metabolic processes, in particular during low water and expansion periods. Vegetated
islands (cf. Figure 5), however, may substantially contribute to instream riparian ecotone development in

Figure 12. Val Roseg: seasonal patterns of discharge, and concentrations of nitrate±N, inorganic suspended solids (ISS) and dissolved
organic carbon (DOC) in di�erent ¯oodplain channels (Tockner and Malard, unpublished data): G1, hillslope groundwater channel;
G4, alluvial groundwater channel; X2, mixed-channel type; M15, main channel at the downstream end of the ¯oodplain (channel

typology and location of sampling sites from Tockner et al., 1997)
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island-braided rivers, thereby enhancing the input of terrestrial organic matter. In the island-braided section

of the Tagliamento River, riparian ecotone length is up to 20 km per river-km (Ward et al., in press).

Generally, we expect spatial and temporal shifts in the relative importance of autochthonous/

allochthonous matter corresponding to the location of the ¯oodplain in the drainage system and the degree

of expansion and contraction. Similarly, the spatial position of source, retention, transformation and sink

areas for organic matter and nutrients is also expected to shift with variations in discharge. For example, the

main channel of the Danube River is a major source for nutrients, which are either deposited together with

®ne sediments on the ¯oodplain (during high water), transformed into algae biomass in ¯oodplain waters

(during mean water level), or released again (after extended low water conditions) into the main channel.

Recent investigations of biodiversity in ¯oodplains emphasize the importance of di�erent degrees of

connectivity and habitat heterogeneity for a high biodiversity (Van den Brink et al., 1996; Naiman and

DeÂ camps, 1997; Bornette et al., 1998; Ward et al., 1999a). In a Danubian ¯oodplain, for example, species

diversity of individual groups (molluscs, ®sh, amphibians, macrophytes and benthic invertebrates), reached

their maxima at di�erent points along the river±¯oodplain connectivity gradient (Figure 13). Total species

diversity of all faunal and ¯oral groups peaked in ¯oodplain water bodies with an intermediate degree of

connectivity (Tockner et al., 1999a). Similar results were found in other types of expanding±contracting

ecosystems. For example, Desender and Maelfait (1999) sampled terrestrial arthropods in a large number of

tidal marshes (Belgium) and found no relationship between diversity and marsh area. However, diversity

peaked in habitats with an intermediate degree of connectivity between marine and fresh waters. In a glacial

¯oodplain, however, habitats with the highest `environmental stability' (spring brooks, alluvial groundwater-

channels) contained the highest species diversity. Diversity decreased with increasing surface connectivity to

the main channel (Klein and Tockner, in press; P. Burgherr, personal communication). Glacial ¯oodplains

are de®ned as harsh ecosystems with low biodiversity. Forested ¯oodplains, however, with relatively stable

channels are also characterized by a lower biodiversity. Island-braided ¯oodplains, however, are somewhere

between these two extremes and, based on the intermediate disturbance hypothesis (cf. Connell, 1978), may

contain a higher diversity. Habitats associated with islands such as backwaters or ephemeral and permanent

pools lead to a non-linear increase in the length of water±¯oodplain ecotones. Within its geographical

location, however, each individual ¯oodplain is regarded as a `hot spot' of biodiversity, signi®cantly

contributing to overall regional biodiversity (e.g. Stanford et al., 1996). Unfortunately no data are yet

available to directly compare biodiversity patterns in di�erent ¯oodplain systems.

Figure 13. Danube river±¯oodplain system: idealized species diversity patterns of di�erent biota across a river±¯oodplain transect
(modi®ed after Tockner et al., 1998. Reproduced by permission of John Wiley & Sons, Ltd.)
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According to the FPC, expansion±contraction events of short duration and low predictability correspond
more to catastrophic events for the biota. More recent investigations clearly demonstrated that `stochastic
events' are fundamental phenomena responsible for maintaining biodiversity in temperate ¯oodplains (e.g.
Plachter and Reich, 1998). Species traits of organisms in temperate rivers with short and unpredictable ¯oods
di�er to some extent from those in large tropical rivers with predictable ¯ood pulses. In the tropics, the
formation of large numbers of ¯ood and drought resistant seeds and resting eggs is one of the most common
adaptations to ¯ow variation (Junk, 1997). In addition, life cycles of many species are synchronized with the
¯ood pulse. Predictable ¯ood pulses with long terrestrial and aquatic phases allow a greater exploitation of
available resources. In both temperate and tropical ¯oodplains, mobility is a strategy for coping with
¯uctuating water levels (reviewed in Ward, 1992). In temperate ¯oodplains, ¯exible life cycles (e.g. the
amphibian Bufo bufo; Kuhn, 1993), retreat to ¯oodplain refugia, or the formation of metapopulations (e.g.
the endangered grasshopper Bryodema tuberculata; Stelter et al., 1997) are common strategies to survive in
highly ¯uctuating systems. Relatively little is known, however, about the ecological consequences of rapid
expansion±contraction events. Mosley (1982), for example, has shown that with increasing discharge some
channels in a braided river became larger and deeper, and frequently merged, while other channels were
created with similar characteristics as the former channels at low discharge. One ecological consequence was
that total area available for spawning salmon remained constant despite great changes in inundated area.
Holcik and Bastl (1976) documented that a seasonal increase in river discharge favoured productivity and
diversity of ®sh in ¯oodplain waters along the Danube. Vanhara (1994) reported that a unique fauna
colonizes areas subjected to frequent inundation in ¯oodplain forests along the River Morava. At a smaller
spatial scale, species diversity of benthic invertebrates within the main channel of the Danube River peaked
in bank areas that exhibited an intermediate level of ¯ooding and drying (Reckendorfer et al., 1996).

General predictions on the ecological `bene®t' of episodic expansion±contraction events are not yet
possible. In both tropical and temperate ¯oodplains, however, many species depend on expansion±
contraction events or erosional ¯oods that create open space and new habitats. We may expect that aquatic
and terrestrial communities react di�erently on short-termed expansion±contraction events yet data are not
available at present. Simultaneous investigations of aquatic and terrestrial communities are required in order
to understand diversity patterns in alluvial ¯oodplains and how they are linked to each other (Tockner and
Ward, 1999).

CONCLUSION

The ¯ood pulse concept (Junk et al., 1989) has greatly contributed to our understanding of riverine
¯oodplain interactions and has become an important paradigm in lotic ecology. In the present paper we
expand the FPC to more fully integrate temperate river±¯oodplain systems. There, the interaction between
temperature and ¯ow plays a major role in structuring habitat conditions and biotic communities. In
addition, we stress the ecological signi®cance of expansion±contraction events below bankfull ¯ooding,
thereby adding `¯ow pulses' to the `¯ood pulse' concept. Furthermore, headwater ¯oodplains di�er
substantially from lowland ¯oodplains in their functioning, with di�erent processes controlling
environmental heterogeneity and biodiversity patterns. There are urgent needs for more empirical data
that address the dynamic nature of di�erent riverine ¯oodplains. River±¯oodplain restoration projects, for
example, can be used as large-scale manipulation experiments to better understand river±¯oodplain
interactions. Most current restoration schemes of river corridors are based on a re-establishment of the ¯ood
pulse (Molles et al., 1998; Tockner et al., 1998; Toth et al., 1998). Their success will depend not only on their
capacity to reproduce the ¯ow variability (e.g. magnitude, frequency, duration, timing and predictability of
¯oods) but also on their ability to recreate the diversity of ¯ooding processes. A landscape approach is
required in order:
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(1) to document spatial patterns and processes of ¯ooding (patterns of expansion and contraction and the
processes generating them);

(2) to quantify the relationship between ¯uvial dynamics and landscape heterogeneity;
(3) to identify the numerous ¯ow characteristics that are important for the maintenance of habitat diversity

and biological diversity.

Such a landscape approach also can be applied to evaluate the e�ectiveness of river±¯oodplain restoration
schemes.
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