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Abstract This paper delivers a conceptual framework
for the ecological functioning and biodiversity patterns
of lakes that is based on the floodpulse concept
(FPC). The specific characteristics of rivers and lakes
considering water-level fluctuations are compared,
with respect to catchment linkages, temporal patterns,
and hydraulic forces of flooding and drawdown.
The influences of floodpulses on element cycles,
biodiversity, and adaptations of lake biota are analyzed,
and the importance of multi-annual flooding cycles
is highlighted. The degree by which these water-level
fluctuations influence lake ecosystems strongly depends
on lake morphology, where shallow lakes or those with
large shallow margins are the most sensitive. Although
floodpulses play a major role for ecosystem services
such as lake management and climate change mitigation
schemes, this issue is only scarcely dealt with. Tenets of
the extended FPC for lakes are formulated in order to
overcome this problem.
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Introduction

In rivers, the patterns of water-level fluctuations (the
floodpulse) have been recognized both for ecological
and biodiversity concepts (Junk et al., 1989; Tockner
et al., 2000; Junk & Wantzen, 2004) and for
management and restoration schemes (Sparks et al.,
1998; Schiemer et al., 1999). In lakes, however, these
pulses have yet to receive attention ( Keddy & Fraser,
2000; Coops et al., 2003; Mooij et al., 2005). How-
ever, this lack of knowledge stands diametrically
opposed to recent developments. Both climate and
human impacts tend to impair water-level fluctua-
tions in lakes. Current climate models affirm that the
frequency of irregular climate events (extreme rain-
fall, extended drought) is increasing, while
predictable hydrological events, such as long lasting
springfloods caused by snowmelt in the mid-elevation
mountains of the temperate zones are decreasing
(IPCC, 2001). Moreover, many direct man-made
manipulations of lake levels change timing, fre-
quency and fluctuations of water levels in lakes. For
example, Scandinavian lakes dammed for hydro-
power suffer untimely drawdown in the winter caused
by large energy demands. Many lakes of the world,
such as Lake Kinnereth (Israel), witness a continuous
drawdown due to drinking water demand.
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These current trends cause an additional need to
formulate an overarching concept for the effects of
water-level fluctuations such as floodpulses in lakes.
This paper summarizes the current studied effects of
water-level fluctuations in lakes, compares them with
similar processes in rivers, and formulates an exten-
sion of the floodpulse concept (Junk et al., 1989; Junk
& Wantzen, 2004) for lakes.

There are many open questions about effects of
water-level fluctuations in lakes:

e What are the differences in lake flooding com-
pared with river flooding?

e Is it possible to define “flooding-types” of lakes
according to their climatic and morphological
conditions?

e How is the biota of the lake littoral adapted to the
influences of floodpulses?

e How do human activities influence floodpulses in
lakes and how can they be managed better?

This paper attempts to answer these questions
based on four case studies which delineate the
extremes in climatic gradient (temperate to tropical)
and morphological gradient (deep to shallow).

Case study lakes
Lake Constance (Bodensee): temperate-deep

Today, only few lakes such as Lake Constance are left
unregulated in Central Europe (Fig. 1). Lake Constance
consists of subbasins, the deep “Obersee” (473 kmz,
maximum depth 254 m) with steeply sloped banks, and
the shallow “Untersee” (63 kmz, maximum depth
20 m). The lake has been subject to intensive studies
(e.g., Bauerle & Gaedke, 1999; Straile et al., 2007, and
several papers in this issue). Its annual water-level
fluctuations average 1.3 m. The littoral zone is affected
by strong seasonal dynamics in water level and water-
level-driven environmental factors caused by storage of
precipitation in the alpine parts of the catchment during
winter, and a superposition of rainfall and snowmelt in
early summer (Fig. 2). High-water phases lead to a
dislocation of gravel and the formation of gravel bars
which represent new habitats. Water levels drop from
summer to winter, and large littoral zones become
exposed. During the heart of winter (December to
March), the superficial sediments in the dry-fallen zone
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Fig. 1 Map of Lake Constance. Graph provided by Martin
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Fig. 2 Discharge of tributaries to Lake Constance (A)
Schussen (catchment size 791 kmz) at Gerbertshaus, (B)
Alpine Rhine (catchment size 6,119 km?), and (C) of Lake
Constance (catchment size of the Upper Lake 10,410 km?) at
Konstanz harbor. Note the “smoothening” of the discharge/
gage patterns with increasing catchment size. Daily data by
LUBW Baden-Wiirttemberg and BAFU, Switzerland. Graph
provided by Karsten Rinke

often freeze, while the lower-lying substrate layers—
which are often oxygen-poor to anoxic—remain
unfrozen. Subsurfaces in smaller streams remain in this
zone and represent ice-free refuges. From March
through mid-July, water levels rise and the epilittoral
zone becomes flooded. There is a large seasonal
variation in this type of flooding. In 1999, the water
level (measured at the Port of Konstanz) was 560 cm,
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exceeding the long-term average maximum of 420 cm
by far, and flooding large areas (Schmieder et al.,2004).

Neusiedler See: temperate-shallow

Neusiedler See (Lake Fertd, Fig. 3) is a steppe or
plain lake, situated on the Hungarian-Austrian border,
with a surface area of 309 km?”. It is an extremely

Fig. 3 Map of Lake
Neusiedler See (from Dinka
et al., 2004)

shallow lake with an average depth of 1.1 m. Outside
of two small permanent tributaries, the lake mainly
receives influxes of groundwater and direct rainfall.
Neusiedler See’s outflow is regulated (Loffler, 1997;
Dinka et al., 2004). Seasonal water-level fluctuations
in Neusiedler See show a relatively regular pattern
with annual amplitude of about 0.4 m (Fig. 4). These
fluctuations are governed by the seasonal interplay of
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Fig. 4 Hydrograph of Lake m a.s.l.
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evaporation and inflow (Dinka et al., 2004). Evapo-
ration from the lake surface is low early in the year,
when the air is moist and the lake water is relatively
cold. Hence, water levels rise in late winter and
spring. Maximum water levels occur in late spring to
early summer (May/June). Evaporation from the lake
surface and evapotranspiration from the extensive
reed belts are highest in the second half of the
vegetation period. Consequently, the water level
decreases during summer and autumn and reaches
its minimum in late autumn (October/November).
The overall seasonal patterns of water-level fluctua-
tions in Neusiedler See is comparable to the pattern
observed in Lake Constance; however, the seasonal
events occur about two months earlier in Neusiedler
See.

Superimposing the typical seasonal patterns the
long-term fluctuations in the water level of Neusiedler
See are important drivers of ecological processes
(Loffler, 1997). Consecutive wet and cold years cause
an increase in water levels, whereas a sequence of
warm and dry years can cause a decrease. When the
water levels are high, reed stands and open water areas
are connected. However, at low water levels, the water
surface is discontinuous and some areas with water
become disconnected. Moreover, the water levels have
a great influence on the chemical composition of the
lake water. Conductivity and ion concentrations
increase in low water years (Dinka et al., 2004).
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Lake Titicaca: tropical-deep

Lake Titicaca is a high-mountain (3809 m altitude)
endorheic lake in the Andes of Bolivia and Peru
(Fig. 5, Roche et al., 1992). Its climate is cold and
semiarid with mean annual temperatures of 8°C and
precipitation between 790 mm and 950 mm a year.
The surface water temperature ranges from 10°C to
16°C. The lake catchment covers an area of
49,010 km?. The lake itself has an approximate size
of 8,490 km?. The mean depth of the main basin is
more than 100 m, its maximum depth 280 m, the
mean volume 930 x 10° m>. It has pronounced
annual and multi-annual water-level fluctuations
(Fig. 6). The annual minimum occurs in December,
just before the start of the rains. The increase of water
occurs more quickly, as all inputs are concentrated
during a 5-month period, whereas losses due to
evaporation are spread more evenly over the year.
From a time series of daily records from 1914 to
1989, Roche et al. (1992) identified an annual range
of 0.4-1.8 m and a total interannual range of 6.27 m.
The lake shows pronounced phases of higher and
lower water levels. Fluctuations in water levels are
decisive in determining the separation and re-estab-
lishment of communication (flow) between the two
subbasins. They have a direct impact on the zonation
of the aquatic macrophytes in the lake. A palynolog-
ical reproduction of the lake environments revealed
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Fig. 5 Map of Lake
Titicaca (modified after
Villwock, 1993)
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Fig. 6 Water-level fluctuations of Lake Titicaca, measured at
Puno (modified after Pawley et al., 2001)

that the quillwort Isoetes occurred during the pleist-
ocenic low-water periods; however today, it occurs
only in lakes in higher regions of the Titicaca catchment
(Ybert, 1992). The recent macrophyte vegetation is
characterized by submerged Myriophyllum and exten-
sive “totora” bulrush belts (Schoenoplectus californicus
ssp. tatora) stands, which form the basis for traditional
management practices (Villwock, 1993).

Lake Chad: subtropical-shallow

Lake Chad is a shallow lake in an endorheic basin in the
semiarid Sahel Zone of northern Africa (Fig. 7). The
lakeshores and shallow water areas are covered by
aquatic macrophytes. Its climate is characterized by a
pronounced annual dry and wet season that results in
annual water-level fluctuations of about 1 m (Fig. 8A).
Because of the shallow landscape gradient, large areas
fall dry during low-water periods, consequentially
favoring terrestrial herbivores and insectivores. With
the onset of the rains water levels rise, and macrophyte
growth in the mud flats is accelerated due to the release
of nutrients that were recycled during the low-water
period. The new habitats are quickly occupied by
aquatic fauna. Lake Chad receives water both from
direct precipitation and from the southern Logone-
Chari Rivers. The adults of many fish species of the
lake perform extensive reproduction migrations to the
rivers and their floodplains (Carmouze et al., 1983). In
the 1960s Lake Chad had an area of more than
26,000 km?, making it the fourth largest lake in Africa.
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Fig. 7 Recession of Lake Chad after 1972, and development,
as of 1975, of different facies in the surviving parts of the lake,
based upon aquatic plants and phytoplankton. (1) Evolution
towards a natron pond; (2) Towards a swamp; (3) Towards a
river delta (modified from Carmouze et al., 1983)

In the 1970s, a drop in water level had caused a
separation of the lake into two subbasins (Fig. 8B). By
2000, its size had decreased to less than 1,500 km?.
This is due to reduced rainfall combined with a greatly
increased demand for irrigation water which was being
drawn from the lake and the rivers which feed it. The
largest of these is the Logone-Chari River system. The
probability exists that Lake Chad may shrink further
and perhaps even disappear altogether in the course of
the 21st century.

Water-level fluctuations (WLF) and floodpulsing
in lake systems compared to rivers

Some definitions

In a graphical plot, a fluctuating water level in a natural
water body appears more or less like a sinoidal curve
(Fig. 9). All properties of the curve can be used to
define the qualities of the changes: the steepness of rise
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Fig. 9 Characteristics of a floodpulse (strongly modified after
Welcomme & Halls, 2001)

and drawdown, the total duration, the amplitude, and
the frequency by which it recurs (Puckridge et al.,
1998). To be able to define interferences to the life
cycle of the biota by flood/drought events, it is
important to analyze the resilience of organisms to
such changes (“phenological window of susceptibil-
ity”) and/or their ability to use floodborne resources at
that time (“window of opportunity,” Gafny & Gasith,
1999; Junk & Wantzen, 2004).

Water level fluctuation (WLF) is a neutral term
that is not limited by any of these dimensions. As
shown elsewhere (Hofmann et al., this issue), in
extreme cases a WLF can be as short as seconds (in
the case of waves) or last centuries (in the case of
lake drawdown). An analogy: the spatial dimension
can range from millimeters to hundreds of meters. In
our paper, we want to limit the scope of water-level
fluctuations to those events that are within the
temporal and spatial scale of most living organisms,
i.e., limit the temporal dimension to a range from
hours to several years, and the spatial (vertical)
dimension from several centimeters to meters of
water level. In the transverse dimension, the same
flood size can translate into a small or large extension
of flooded area (Aquatic-Terrestrial Transition Zone,
ATTZ), depending on the slope of the landscape.
Because the term “flood pulse” has gained wide
acceptance in international ecological literature for
similar phenomena in rivers, we will adopt this term
here; however, we will stress the differences between
river and lake flooding. Moreover, there may be
recurrent patterns that are responsible for interannual
variation which we term “multi-annual patterns.”

Water-level fluctuations in rivers and lakes

Do floods and droughts affect rivers and lakes in the
same way? There are distinct properties in each
system type, such as the unidirectional flow and the
higher kinetic energy of river water, which has
consequences for transport and turnover of sediments
and solutes. Aquatic-terrestrial interactions tend to be
more intensive in rivers than in lakes as they are more
tightly intertwined with their catchments. The oblong
shape of rivers makes them perfect corridors in the
landscape to favor gene flow between remote areas,
compared with the generally more or less rounded
shape of lakes.

On the other hand, there are some general patterns
concerning processes and effects during the cyclical
rise and fall of water that occur in the Aquatic-
Terrestrial-Transition Zone (ATTZ) of any freshwa-
ter body. During rising water levels, habitat
conditions worsen for terrestrial animals and plants.
If the pattern of flooding is predictable (i.e., occurring
during a predictable time of the year), terrestrial
organisms of floodplains may have adapted their
lifecycles to cope with these adverse conditions,
either by producing water-proof propagules and
resting stages, or by migrating into non-flooded areas
(see reviews on plants by Bornette & Amoros, 1996;
Gurnell et al., 2003 and for invertebrates by Adis &
Junk, 2002). Aquatic organisms can then occupy
these habitats, many of which make use of floodborne
resources such as drowned terrestrial organisms,
fruits from floodplain trees, and primary production
in floodplain water bodies (Junk, 1985; Bayley, 1991;
Wantzen et al., 2002). Such flooding triggers the
development of a highly complex habitat mosaic with
sites of variable stages of succession and with steep
gradients in ecological factors (e.g., oxygen satura-
tion, salinity, temperature, flooding period, current) in
the floodable areas (Amoros & Bornette, 2002; Poole,
2002; Ward et al., 2002; Wantzen et al., 2005a);
however, floods may also homogenize the character-
istics of otherwise uncoupled water bodies (Thomaz
et al., 2007). Generally, biodiversity is higher in the
ATTZ than in a permanent water body (Tockner &
Ward, 1999; Ward et al., 1999; Junk et al., 2005;
Marchese et al., 2005). Organic and inorganic matter
that becomes dissolved or suspended during rising
water levels causes increased turbidity and release of
nutrients from the rewetted floodplain. Moreover,
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waters conveyed by floods often contain dissolved
and particulate-bound nutrients from catchments that
additionally enhance the productivity of floodplains.
These floodborne nutrient inputs may cause an
increased growth of algae and macrophytes. During
later stages of succession in floodplains, algae may be
outcompeted by aquatic macrophytes due to their
more efficient shadowing, release of allelochemical
substances, and nutrient uptake by macrophytes. This
causes “alternating stable states” also found in
shallow lacustrine environments (Scheffer & Jeppe-
sen, 1998). Large proportions of organic carbon may
become accumulated during the aquatic phase in the
ATTZ due to mostly anoxic conditions in the
sediments (Nogueira et al., 2002). In rivers, feeding
on terrestrial resources and floodborne primary
production by floodplain species compared to per-
manent river channel dwellers causes a better growth
rate known as “floodpulse advantage”(Bayley, 1991).

During decreasing water levels, these processes
become partly inverted, i.e., aquatic organisms
migrate back into permanent water-bodies, and the
stranded aquatic substances become used by terres-
trial organisms (Adis et al., 2001; Junk & Wantzen,
2004) or mineralized by microbes. It is remarkable
how fast flooding and drawdown may mobilize a
large part of the available carbon and nutrients in the
ATTZ (Nogueira et al., 2002). This “system-reset”
mechanism is especially effective in shallow flood-
plains that oscillate between flooded and arid
conditions, e.g., in tropical and subtropical zones
(Wantzen & Junk, 2006). The steep redox gradients
of the floodplain sediments that support a vivid
microbial activity are triggered as well by the regular
changes between wet and dry conditions (Boon et al.,
1996).

While these processes are increasingly well under-
stood in pulsing river-floodplain-systems, there is a
large demand for information on pulsing lakes. This
is largely due to the fact that most lakes (e.g., in
Central Europe) have been regulated for centuries,
and therefore, reference conditions of natural flood-
ing and drawdown are hardly known. On the other
hand, many classical studies of lakes have considered
these ecosystems as closed systems that hardly
interfere with their terrestrial environment (“The
lake as a microcosm,” Forbes, 1887), or the open
water column has been studied isolated from its
benthic and littoral zones. Indeed, the water volume
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stored in the littoral zone is often negligibly small
compared to the open water zones, but current
research indicates that the contribution of the littoral
zone to the whole organic matter turnover is dispro-
portionally high compared to the central part of the
lake (Sala & Giide, 2006). Most lakes, if not all, are
heterotrophic, i.e., dependent on the organic inputs
from their catchments (Sobek et al., 2007), and it is
especially so for their floodplains.

Landscape gradient

The degree by which floodpulses interfere in ecosys-
tem processes of flooding systems compared to
regulated systems (see discussion in Junk & Want-
zen, 2004) depends very much on landscape
morphology. For example, in steep rocky valleys,
such as alpine lakes and reservoirs, the ATTZ is only
scarcely developed and the number of biota affected
by WLF is small even during larger fluctuations
(Fig. 10A). Conversely, shallow littoral zones of low-
gradient landscapes provide much more space for
aquatic-terrestrial interactions, as larger areas become
flooded. This is the case, e.g., in the Untersee of Lake
Constance, and in shallow lakes, e.g., Lake Chad or
the Neusiedler See (Fig. 10B). Most of these lakes
have large reedbelts (see Scheffer, 2004 for further
case studies). Many lakes have elements of both deep
and shallow lakes, e.g., Lake Titicaca or the Obersee
part of Lake Constance (Fig. 10C). These lakes have
a deep lake basin with steep sublittoral slopes, but the
eulittoral zone includes shallow slopes that bear
extensive floodplain areas. In this situation, extreme
fluctuations may trigger a die-back of the floodplain
vegetation by drought or unusually high floods
(Schmieder et al., 2004). Most lake types, however,
have a slope that is intermediate between these
extremes, that is, the water-level fluctuations cover a
moderately steep gradient so that the biota may
migrate along the ATTZ (Fig. 10D). These patterns
are basically the same for rivers and lakes.

Catchment linkages

Apart from the landscape gradient, there are several
other morphological metrics that describe the mor-
phological linkages between the lake main water
body and its ATTZ. Due to the limited length of
lakes, several of these metrics ranges are of lower
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Fig. 10 Morphological lake types with different importance of
water-level fluctuations (minimum and maximum water levels
indicated by horizontal lines): (A) Large, deep lake with steep
banks, (B) Shallow lake, entirely influenced by the floodpulse,
(C) Combined type of A and B with deep central trough and
extensive shallow floodplains, (D) “Average” lake with
moderate floodplain area and permanent central trough

dimensions in lakes compared to rivers (e.g., basin
diameter, basin perimeter, basin shape, compactness
ratio, shoreline development; see Wetzel, 2001, for a
comprehensive comparison of lake and river sys-
tems). The catchment aspect is especially important
for the lake-river comparison. Lakes rarely integrate

over such a large range of areas with heterogenous
geochemistry (reflecting in water quality), rainfall
patterns (floodpulse patterns), and biogeographical
units (species exchange) as rivers do. Consequently,
lakes receive much less heterogenous sources of
water, dissolved and suspended solids, and allochth-
onous organic matter than rivers. On the other hand,
lakes may reflect regional rainfall patterns better than
rivers, although real-world conditions may vary
strongly from these hypothetical considerations due
to regional climatic patterns, and the way water
accesses the lake. Large shallow lakes with a high
amount of on-site rainfall and lakes with a strong
riverine influence will have more pointed hydro-
graphs than those fed mainly by diffuse inflow from
groundwater and riparian wetlands (Fig. 2).

Temporal patterns of the floodpulses

Like in rivers, flood pulses in lakes may be
multimodal (i.e., many flood events per year) or
monomodal. They may be predictable (i.e., occurring
at a given time, e.g., snowmelt events in spring) or
unpredictable (e.g., effects of a strong summer rain).
Regional climatic patterns affect riverine and lacus-
trine floodplains in similar ways, notwithstanding the
general differences in their linkages to the catchments
described above.

Lakes have a much higher residence time than
rivers. Therefore, multi-annual patterns have a much
stronger influence on the habitat structures of the
ATTZ of lakes compared to rivers. In deep lakes with
shallow floodplains (Fig. 10C), long-term low-flood-
years may cause a disconnection of the floodplain
from the main water body and a die-back of the
aquatic flora and fauna (see case study of Lake
Titicaca). Longer periods of high-flood-years (includ-
ing higher water levels during the “low-water
period”) in turn may raise the organic matter belts
in floodplain zones of lakes and create a “floating
littoral” including riparian vegetation. This phenom-
enon has frequently been observed, e.g., in lakes that
were artificially impounded or in floodplain lakes of
naturally oscillating areas (Wantzen et al., 2005a).

Hydraulic forces

The main difference between flooding riverine and
lacustrine systems is the (mostly) unidirectional flow
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in rivers compared to the multidirectional and weaker
currents in lakes. This difference reduces the predict-
ability of the occurrence of hydraulically shaped
habitats in lakes.

Both rivers and lakes have erosional and deposi-
tional sites; however, their arrangement is different.
In rivers, the low-order sections are generally
erosional, the mid-river sections have a balanced
ratio of erosional and depositional sites, and the
lowermost sections and deltas are mostly deposi-
tional. Floodpulses shape the “riverscape” (Ward,
1998; Allan, 2004) by creating and abandoning
meanders and their substructures (e.g., Wantzen et al.
2005a). There are no analogous structures in lakes,
apart from those that are created by riverine activities
(oxbow-lakes). In lakes, the position of erosional and
depositional sites is defined by the main wind
direction and internal currents (which may be influ-
enced by tributary rivers). Due to this difference, the
habitat dynamics and the attainable diversity of
floodplain habitats are higher in rivers than in lakes.

In rivers, particulate organic matter and suspended
inorganic sediments either become accumulated in
the lentic zones of the main channel, in the
floodplain, or they become transported downriver.
The analogous sites in the lake littoral are deposi-
tional lake ends that receive large amounts of
sediments from tributaries, and bights that accumu-
late wind-driven particles. Hydrological events that
mobilize these sediments in rivers are generally flood
events known as “system reset flooding” (see Want-
zen et al., 2005a), while in lakes additional wind
forces are needed to develop sufficient water move-
ment. Due to tighter aquatic-terrestrial linkages, the
overall inputs of inorganic and organic substances are
much higher in rivers than in lakes; therefore, the
development of floodplains (and the process of
terrestrialization with inorganic sediments in flood-
plain water bodies) is much faster in rivers. For
example, the deposition of drifting large woody
debris often acts as condensation nuclei for sediment
accumulation in rivers (Gurnell et al., 2001). How-
ever, backflooding in river mouths of tributaries often
creates organic matter-rich depositional sites (that
can become part of the ATTZ) in a similar fashion for
both rivers and lakes.

Due to the reduced current in lakes compared to
rivers, the sediment structure of the ATTZ may differ
tremendously between both system types. The current
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in rivers permanently mobilizes the fine particles,
creating an upstream-downstream sorting of grain
sizes. In lakes, the zone that is exposed to waves for
the longest time of the year has the coarsest
sediments, while the average grain size decreases
with wave exposure (i.e., downwards on the flood-
plain gradient). During drawdown in lakes, the
moving surf-zone touches very different types of
sediments than those that result from a zonation
during the high-water phase. For deep lakes with an
extensive eulittoral zone, this phenomenon has
important consequences for littoral currents and for
deposition patterns. In the Upper Part of Lake
Constance, fine-grained sediments become suspended
in the surf-zone during the low-water period and are
locally transported to the edge of the steep sublittoral
zone. Because the sediment-loaded water has a very
high density, it plunges down into the profundal zone
thereby co-precipitating organic matter particles and
bacterial “lake snow” (Grossart & Simon, 1998).
Sediments of different depth zones may also be
chemically different so that the surf zone mobilizes
variable qualities and quantities of dissolved sub-
stances during changing water levels.

Influences of floodpulses on the ecology of lakes
Element cycles and productivity

Floodpulses represent biochemical hot moments
(McClain et al., 2003) for the ecosystem. The timing
of the flood cycle during the activity period of the
biota is crucial for the biologically mediated matter
turnover (Wantzen & Junk, 2006).

During the flood phase, several processes facilitate
the deposition and temporal storage of organic matter
in the ATTZ of lakes. Apart from drowned terrestrial
biomass, rising water collects the organic matter that
has become deposited during a drought and carries it to
the surf zone. This terrestrial leaf litter becomes
degraded by waves and is then contributed to the
littoral zone as FPOM (see contribution by Pabst et al.
in this issue). In the shallow and light-penetrated
littoral zones, benthic algae and aquatic macrophytes
are fertilized by nutrients from terrestrial mineraliza-
tion thus producing additional (“floodplain-
autochthonous”) biomass. Large amounts of organic
matter derived from pelagial phytoplankton become
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deposited or reused in the flooded sediments. The
retention of seston in the littoral is fostered by adhesion
of particles on sticky biofilm surfaces and by the
current-reducing effect of the macrophytes. In carbon-
ate-rich lakes, macrophytes, especially characean
algae, precipitate calcium carbonates which create a
matrix of fine organic and inorganic particles (Kufel &
Kufel, 2002). Below the oxidized surfaces of these
sediments, there are anoxic layers that temporarily
store or release large amounts of reduced carbon
compounds. Studies in Finnish lakes have shown that
there is a close interplay between vegetation type in the
littoral and the changes of net productivity due to
flooding of the ATTZ: high water levels may decrease
productivity due to reduced production of biomass;
however, net productivity may increase at other sites
where decomposition of litter is reduced due to high
water levels (Larmola et al., 2004).

During drawdown, large areas of organic sediment
deposits become exposed to light and air. In northern
temperate lakes, such as Lake Constance, the draw-
down occurs in autumn when most of the
allochthonous leaf litter inputs take place. Frost and
wave action break down this organic matter into
small particles that are either carried into deeper
zones of the littoral or remain in the dry zone. In
other systems, e.g., in Mediterranean climates, the
drawdown occurs during the vegetation period. Here,
macrophytes become stranded and consumed by the
terrestrial biota or are mineralized. The drawdown
also lowers the pressure of the surface water body on
the surface-near groundwater layers. Consequently,
groundwater seepage into the littoral zone becomes
strongly enhanced. The dissolved (mostly reduced)
organic and inorganic substances of these outflows
locally enrich the remaining lake water and may
cause considerable algal and bacterial growth. These
seepage sites can be easily visualized by the mass
occurrence of algae or iron-oxidizing bacteria, espe-
cially in the area below extensive reed belts. Rainfall
on exposed sediments can mobilize large amount of
nutrients and increase the already-high nutrient
concentrations in the remaining water bodies, espe-
cially in reservoirs (Geraldes & Boavida, 2004).

Biodiversity patterns

The permanent change between dry and wet condi-
tions affects the biodiversity patterns of biota in the

ATTZ of lakes in several ways. First, the alternating
of habitat characteristics allows a sequential use of a
given habitat by different species. This means that
although the diversity of a biotic assemblage at a
given time may be low, the chronological sequence of
different assemblages during an entire flood cycle
may yield a very high biodiversity (Junk & Wantzen,
2006). Flooding creates a spatiotemporal mosaic of
connected and unconnected water bodies that are
beneficial for the co-occurrence of organisms, e.g.,
shallow-water refuges for small animals that are
otherwise heavily predated by fish. Especially in
lakes, the size of sediment particles varies with depth
along the ATTZ and variable water levels precede
over variable physical habitat structures (Beauchamp
et al., 1994; Gasith & Gafny, 1998). Gasith et al.
(2000) showed that fish in Lake Kinnereth vary their
habitat preference according to water-level fluctua-
tions, as their risk of predation depends on sediment
size.

Secondly, the pulse shape changes between years
(Fig. 9). This allows a meta-effect on diversity. In
different years, different groups of organisms may be
successful, considering their windows of opportunity
(Gafny & Gasith, 1999) and phenological windows of
susceptibility (Junk & Wantzen, 2004). In Lake
Constance, different flood situations have been shown
to trigger the occurrence of various plant strategies
(Peintinger et al., 2007). For example, the endemic
forget-me-not (Myosotis rehsteineri) flowers only
during the low-water phase and focuses on survival
during sediment shifts of the flood phase (Schulz,
2007). In years with intensive water-level fluctua-
tions, this species is very successful; however, in
consecutive years of low water level, it is nearly
outcompeted by purely terrestrial plants.

Another potential reason for a high biodiversity in
the ATTZ compared to other habitats is that the
ATTZ represents a switchboard of aquatic and
terrestrial conditions that can be colonized by both
aquatic and terrestrial “visitors” and by an autoch-
thonous fauna and flora (Junk & Wantzen, 2006).
This theoretically high number, however, may be
reduced in the case of severe stress which acts
differently for different biotic groups. Wisheu &
Keddy, (1992) have developed a centrifugal model
for the distribution of shoreline wetland plants that
includes both the gradients of distribution and the
competitive processes between the species. Several
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authors have highlighted the importance of the
intermediate disturbance hypothesis (Connell, 1978)
for the assessment of the effects of floods in
freshwater systems (e.g., White, this issue, Witthoft-
Miihlmann et al., 2002). The hump-shaped biodiver-
sity curve indicates that the highest co-occurrence of
species is possible at a moderate level of disturbance
which results in a reduction of competition, but that
does not exercise a severe physical stress on organ-
isms (Ward & Tockner, 2001).

Floodpulse adaptations of lake littoral species

Adaptation of species traits to floodpulses requires
that either the species encounters a somehow pre-
dictable floodpulse (e.g., a monomodal floodpulse, or
a set of polymodal pulses occurring at the same time
of the year) or the floodpulse pattern occurs over a
sufficiently long enough time to evolve adaptations
(Junk et al., 1989). We argue that adaptation to
floodpulses represents a selection advantage for
riverine species colonizing the littoral zones of lakes
and vice versa. Mass mortality of the clam Corbicula
fluminea in Lake Constance during winter drought is
an example of how an invasive species can become
hampered by water fluctuations (see Werner et al.,
this issue). On the other hand, the invasive amphipod
Dikerogammarus villosus migrates into greater
depths of the lake during winter drought that affects
the upper littoral zone and has been shown to be a
successful invader of Lake Constance (Hes-
selschwerdt & Wantzen, unpublished manuscript).
The occurrence of macrophytes is strongly con-
trolled by water-level fluctuations, especially in
shallow lakes (Beklioglu et al., 2006). Many flood-
pulse-adapted species have survival strategies that
include production of drought-resistant seeds, escape
from drought via apical meristems that are released
during autumnal storms (e.g., the water weed
Ceratophyllum demersum), or a sequestration of
nutrients into drought-resistant tubers before water
levels drop. Sensitive phases during life cycles are
still not fully understood. For example, a long-term
study on the vegetation of the ATTZ of Lake
Constance revealed that of two specialist species,
Ranunculus reptans showed a positive effect during
flooding but not Littorella uniflora (Peintinger et al.,
2007). Reed (Phragmites australis) is generally
adapted to flooding; however, reed belts were
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severely damaged by an extraordinary flood in
1999 (Dienst et al., 2004). Apart from direct impacts
(e.g., water stress, oxygen stress), WLF may indi-
rectly affect even floodpulse-adapted species. In
reed belts, high water levels and high water
temperatures during summer floods foster the devel-
opment of pathogenic fungi, which may kill the reed
plants (see paper by Nechwatal et al., this issue).

Flooding is a strong selector for woody plant
species in the ATTZ (Keogh et al., 1999; Nunes da
Cunha & Junk, 2001; Wittmann et al., 2004); there-
fore, only species equipped with a number of
adaptations to flooding are found in these systems
(Waldhoff & Junk, 1998; Waldhoff et al., 2002;
Parolin et al., 2004). Once the root systems are
flooded and become anoxic, trees switch from
respiration to alcoholic fermentation, which reduces
the energetic yield (Kreuzwieser et al., 2004). Apart
from direct oxygen stress, anaerobic soil conditions
also foster denitrification, which favors the existence
of tree species with nitrogen-fixing symbionts, e.g.,
Alnus glutinosa in Central European lakes (Nickel
et al., 1999). These physiological constraints limit the
occurrence of trees in flood zone; therefore, Keddy
and Fraser (2000) use the tree line to delineate the
ATTZ of lakes.

Terrestrial invertebrates can escape flooding by
vertical or horizontal migrations, or they remain in
the flooded habitat in a flood-resistant life stage.
Flood drives many terrestrial species out of their
refuges making them an easy prey for predators and
scavengers just above the surf zone (e.g., hunting
spiders, carabid, and cicincelid beetles). While these
phenomena are relatively well understood in river
floodplains, especially in the tropics (see Zerm &
Adis, 2000; Adis et al., 2001; Adis & Junk, 2002;
Paetzold et al., 2005), studies from lakes are scarce
(Strand, 2005). We expect that due to the smoother
shape of the floodpulses in lakes compared with those
in rivers, flood-adapted terrestrial migrators (that
evade the flooded area) suffer less from floodpulse-
caused mortality in lakes than in rivers. Conse-
quently, the number of scavengers specialized in
feeding on carcasses that accumulate at the surf zone
should be lower in lakes.

Several studies have shown that aquatic inverte-
brates clearly react to floodpulses in lakes (see
contributions by White et al., Baumgirtner et al.,
and Brauns et al., this issue). Many benthic
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invertebrate species are able to survive in the upper
part of the flood gradient during droughts and may
profit by the warm and predator-free conditions
during early flooding. For example, eggs of the
mayfly larvae of the genus Ecdyonurus survive winter
droughts above the water level and use the small
ponds in the upper zone of the ATTZ in Lake
Constance for the development of early larval instars
(Wantzen et al., 2005b). The same occurs with the
most common mosquito of Lake Constance, Aedes
vexans. This species oviposits on moist soils just
above the surf zone. Consecutive years of decreasing
flood maxima may then cause the accumulation of
large egg banks, as eggs may survive several years. If
these years are followed by a high flood that activates
these egg deposits, catastrophic mass emergences of
mosquitoes may occur (Kless, 2003). Adults of other
aquatic insect groups were regularly observed ovi-
positing directly on the already dry-fallen parts of the
ATTZ of Lake Constance, e.g., several species of the
dragonfly genus Sympetrum and of the dipteran genus
Tipula (KMW, pers. obs.).

When water levels rise, many fish species quickly
colonize the flooded ATTZ either to find food
resources for themselves or their offspring (Welcom-
me, 1979; Bayley, 1991; Wantzen et al., 2002) or
adequate spawning sites (Humphries & Lake, 2003).
In Lake Kinnereth, Gafny et al. (1992) could show a
direct dependence of the fish species Mirogrex
terraesanctae on the water-level fluctuations that
provide algae-free, clean stone surfaces for their
adhesive eggs.

High trophic-level organisms such as birds and
mammals have received much less consideration in
recent WLF-related studies (see review paper by
Leira & Cantonati, this issue); however, there is a
large database on wading bird species that depend on
the floodpulse for foraging in shallow waters and
exposed sediments, and for breeding on the dessicat-
ed ground (e.g., Erwin, 1985; David, 1994).

The impact of multi-annual flood pulses on lakes:
a comparison between Lakes Chad and Titicaca

Multi-annual patterns of several (2-100) consecutive
years of higher or lower WLF ranges are crucial for
the establishment or local extinction of species in the
ATTZ. Drivers for this multi-annual climate vari-
ability vary regionally, e.g., ENSO phenomena in

South America, the Sahelian Precipitation Anomaly
in North Africa, and the North Atlantic Oscillation
(NAO) in Europe (Blenckner et al., 2007). Large
rivers and large deep lakes recover relatively quickly
from these events, because water masses are large
and subpopulations of plants and animals can find
refuges for surviving such a critical period, but
shallow lakes or lakes with extensive shallow mar-
gins (Type B and C, Fig. 10) may become seriously
affected, as shown by a comparison between Lake
Chad and Lake Titicaca.

Lake Chad is affected by Sahelian precipitation
anomalies (Thompson, 1996). Every couple of
decades, multi-annual extreme droughts hit the Sahel
Zone (Fig. 8A). During these periods, the lake area
shrinks dramatically as shown in the drought that
started in 1972, (Dumont, 1992). In 1965-1968,
during a multi-annual wet period, the lake covered an
area of 18,000 km? with a mean depth of 4 m and a
maximum depth of 12 m. In 1972 an exceptionally
strong drought period began. When a certain water
level was reached, the lake basin split into a northern
and a southern basin (Fig. 8A, B). In the northern
basin that has only insignificant tributaries, the water
level resided about 3 m. Transparency decreased
from 90 cm to 10 cm and electric conductivity
increased. Because of high evapotranspiration rates,
the water accumulated mineral salts, and during the
dry season the lake reduced further to a series of
temporary natron pools. The southern basin contin-
ued as a comparatively small lake because it received
water from the southern Lagone-Shari Rivers, but its
water level fluctuated annually by about 2 m
(Fig. 8B). At the beginning of the next wet cycle in
1976, the southern basin covered an area of about
6,000 kmz, but the northern basin remained dry.

During the following 4 years the aquatic macro-
phyte covering the lake basin expanded about fivefold
and algal biomass increased but the diversity
decreased. Salt-intolerant species such as Cyperus
papyrus were reduced. In the saline northern basin a
species-poor algal community established itself that
was dominated by very resistant and toxic Cyano-
bacteria. As a result, zooplankton diversity decreased.
Increased silt loading led to a reduction of bivalves.
Mass mortalities of fish occurred, and several species
became locally extinct. Within one year (1974)
species richness in the fish community dropped from
34 to 5-8; only those species showing high tolerance
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to low oxygen concentrations and high feeding
plasticity survived. After 1976, Lake Chad seemed
to stabilize at a new level, but in the 1980s a new
extended drought started that lasted about 10 years.
In 1984, the southern pool shrunk to a size of only
2,000 km?. From the mid-1990s increasing rainfall
led to a rise in water level (Fig. 7) and late 1999 saw
the heaviest rains in central Africa in the last
30 years. Since 1973, the annual flood amplitude is
about twice as high as it was before (Dumont, 1992).

This example shows that multi-annual large
changes in hydrology can represent a heavy stress
factor in shallow lakes, especially when the water
level is decreasing. If this stress situation occurs over
a period of a few years only, abundance patterns shift
towards species that can survive in refuges or resting
stages in the sediment. The other species return once
the lake regains its original setting. Such environ-
mental changes may even increase habitat diversity
and species diversity in comparison with stable
systems through the control of populations of highly
competitive species. However, if the stress increases
towards desiccation and surpasses the thresholds of
the system, local extinction of species may occur in a
very short period of time, as shown in the northern
basin of Lake Chad.

The capacity of recovery of those lakes depends on
the available refuges, for instance, in permanent
swamps in their surroundings and especially on
feeder rivers where relict populations of the lake
fauna can survive. Recovery will require years or
decades depending on the complexity of the commu-
nities and the level of specialization and may even
lead to a new biocoenosis. For Lake Chad, Dumont
(1992) postulates a simplification of the biocoenosis
because of an increasing number of multi-annual
droughts. The fact that shallow lakes have almost no
endemic species points to the relative frequency of
such heavy disturbance events. A similar reaction to
multi-annual dry and wet periods can be observed in
large tropical and subtropical wetlands, e.g., the
Okawango Delta in Botswana (Ramberg et al., 20006),
the Central Delta of the Niger River in Nigeria, (Lae,
1994), and the Pantanal in Brazil (Junk et al., 20006).
Diversity of aquatic species is maintained by the
connection with large river systems that act as
refuges for wetland subpopulations.

Even in deep lakes annual and multi-annual fluctu-
ations may affect at least parts of the system as shown
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for Lake Titicaca. There are two major shallow areas in
the lake: the subbasin Lago Pequeno and the Puno bay.
The annual water level oscillations of 1 m have little
impact on the lake and the ATTZ, but there are also
multi-annual water level changes related to El Nino
phenomena (Fig. 6, Pawley et al., 2001). In the first
half of the 20th century, the difference between the
highest water level in 1933 and the lowest water level
in 1943 reached about 4 m. This difference had a
strong impact on the shallow water areas. During the
high-water period, the harbor of Puno, the rail road, and
the adjacent plains were inundated and the harvest
destroyed. During extreme low-water levels large
shallow areas along the shores fell dry and nearly all
stands of the bulrush totora (Schoenoplectus califor-
nicus ssp. totora) dried out. In the Puno subbasin alone,
23,000 ha of totora swamps were destroyed with
negative economic consequences for the local popu-
lation that uses the plants for boat and roof construction
and as food item. There were dramatic effects on the
Uru people who lived in the totora swamps and whose
social structure became disintegrated when they had to
leave the drying swamps (Monheim, 1956). In 1986,
during the peak of the multi-annual high-water period,
the Chara stands and the deep water Potamogeton
stands in Lago Pequeno died because of reduced light
conditions. The decomposition of large amounts of
organic matter led to anoxia and the death of benthic
animals. When the lake level decreased, Chara stands
quickly re-established but not the deep water Pota-
mogeton stands. In Lago Grande, lake level rise had
little effect on the macrophyte stands, because of
higher water transparency.

The ecological consequences on the lake have not
been studied in detail, but the following hypotheses
can be established. Lake Titicaca is an oligotrophic
lake with very low algal production as indicated by a
secchi depth of up to 10 m. A considerable part of
aquatic primary production takes place in shallow
water areas that are colonized by dense stands of
emergent and submersed aquatic macrophytes. These
stands are important habitats and spawning grounds
not only for the endemic fish subfamily Orestinae, but
also for birds and amphibians (Pawley et al., 2001).
Fast changes in water level of several meters
considerably reduce the productive area and the
habitats for the aquatic fauna because the plants
cannot adjust their distribution quick enough to offset
the changing hydrological conditions.
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Floodpulses in lakes and man

Ecosystem services of an intact ATTZ
and a natural floodpulse regime in lakes

The floodplain zones of lakes generally fulfill the
same ecological functions and ecosystem services as
the riverine ones do (Manring, 2005; Bohensky et al.,
2006). The most prominent ecosystem services of
lake floodplains are:

climate buffering

flood control

buffering of allochthonous nutrient inputs

storage and release of carbon compounds

self-purification of water

sites of increased plant and bacterial productivity

sites of reproduction, feeding and growth of

invertebrates, fish, amphibia and birds

e sites of high biodiversity, including endemic and
rare species

e tourism/recreation/aesthetic value

In lakes that are aligned with river courses, the
function as hydrological buffers is especially impor-
tant. The ATTZ of these lakes acts as a reservoir that
dampens the discharge of the rivers. For example,
Lake Constance buffers a considerable part of the
floods that affect the cities along the Rhine river.

The positive effects of enhanced primary produc-
tion and fish productivity in floodplain zones of lakes
has been shown mostly for tropical lakes (e.g., Lim
et al., 1999; Welcomme & Halls, 2001). The case
studies of the Chad and Titicaca lakes have shown
how entire human social groups depend on the
functioning of the ATTZ of lakes. In temperate lakes
it can be assumed that flooding is equally or even
more important than in the tropics, as the shallow
floodplain waters heat up disproportionally compared
to their deeper water bodies (Giide et al., 2004).

The importance of lake floodplain zones as
temporary carbon storage sites is still severely
underestimated in global climate models. Although
it is evident from the occurrence of deep black
sediment layers (consisting largely of organic carbon)
in the ATTZ, they are rarely mentioned in climate
models. A recent study on small water bodies in the
US has shown how important these aquatic habitats
are for the storage and release of carbon (Euliss et al.,
20006).

Lake management

Human activities interfere with natural hydrological
regime of lakes in several ways. On a local scale, the
natural fluctuations of lakes have been reduced by
regulation of the lake in- and outflow. Many lake
floodplains in the “developed” countries have been
isolated from their main water bodies. Moreover,
damming has created a number of new lakes with
management schemes that often differ strongly from
natural WLF. On a regional scale, sealing of the
surfaces by urbanization and systematic regulation of
all tributaries has led to an increased flashiness of
lake hydrographs, as the buffer function of the ATTZ
has been cut off, and all regional precipitation
immediately arrives in the main water bodies. On a
global scale, climate change effects interfere strongly
with the water regime, due to extended drought
periods and increased probability of storm flow
events (IPCC, 2001).

The management of water levels in lakes follows
several principles: (i) to keep the water level high
until an increased demand for water (drinking water,
hydroenergy) occurs, (ii) to keep the water level
permanently low in order to gain land from the
ATTZ, (iii) to keep the water level stable on an
average level in order to guarantee flood-protection
and permanent navigability due to stabilized water
levels in river channels that connect lakes. Principle I
is valid for many Mediterranean lakes and for dams.
In the Mediterranean region, however, lakes have
suffered a permanent drawdown in the past years due
to lacking rainfall and an increased demand on
drinking water for a growing population (e.g., Lake
Kinnereth, Gasith, pers. comm. and see Beklioglu
et al., 2007). As an example for Principle II, many
lake levels have been lowered in the medieval period
in order to gain fertile land in Central Europe (e.g.,
“Federsee” in Southern Germany) or to create
permanent access to islands (e.g., Greater Ploner
See, Northern Germany).

Many examples for Principle III are known from
prealpine lakes which were stabilized to protect the
cities at the lake margins. The old sluices in the cities
of Luzerne and Zurich (Switzerland) give impressive
proof of the tradition of water level regulation.
Considering the current climate change -effects,
principle III is likely to become increasingly impor-
tant because many more lakes than before will be
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included in flood and drought management schemes.
Now that climate models have gained sufficient
predictive power, efforts are strongly needed to
improve our knowledge about these effects and to
develop scenarios of how to deal with it on the
landscape planning level. It follows clearly from the
arguments delivered above that the preservation of
still-existing floodpulse regimes and of the ATTZ in
lakes should become first priority in lake manage-
ment schemes. Moreover, already-existing regulated
lakes (e.g., dam lakes) may either be deregulated or
regulated in a management scheme that reduces
environmental impacts. The REGCEL project from
Finland (see contributions by Aarovita et al., this
issue) is a positive example of how winter drawdown
can be limited or regulated according to requirements
of natural populations.

Climate change

Climate models predict an increase of stochastic events
(unpredictable floods and droughts) and a reduction of
so-far predictable elements of the hydrologic regime
(snowmelt and summer drought). Moreover, a general
trend towards drier conditions can be anticipated for
many regions worldwide, thus creating multi-year low
water phases as discussed above. Current trends within
long-term series, e.g., for Lake Constance, indicate an
increase in exceptional hydrological events (Joehnk
et al.,2004). The effects to the whole lake ecosystem are
manifold: Like many other prealpine lakes, the upper
section of Lake Constance is largely characterized by a
steep trough shape, and a shallow “rim” for the littoral
(Type “C,” Fig. 10). Extreme droughts would cut of the
shallow margins of the lake and strongly affect the biota.
In winter, larger areas of exposed sediments freeze,
leading to increased mortality of surface-dwellers (e.g.,
Dreissena mussels), and in summer when water levels
are supposed to be highly important habitats for aquatic
organisms that depend on the littoral are lost. Consid-
ering that large populations of wintering waterbirds
depend on these mussels (Werner et al., 2005), and that
a large part of the fish community depends on the
shallow lake areas (Fischer & Oehl, 2005), multi-annual
low-water phases should lead to tremendous losses in
biodiversity and productivity of the whole ecosystem.
As a result of the extraordinarily hot summer temper-
atures at Lake Constance in summer 2003, carp
(Cyprinus carpio) yields have skyrocketed. Along with
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the spread of warm-water adapted organisms, a range of
parasites and pathogens that did not previously appear
deleterious to the fauna and flora, e.g., fungal diseases in
reed, have increased (see contribution by Nechwatal
et al., this issue) as well as a large number of fish
diseases. The heating-up of the dry part of the ATTZ
attracts migrating birds from southern regions and the
number of northern migrators is declining (H. G. Bauer,
pers. comm.) showing a shift in migrators. Shallow lakes
(Type “B”, Fig. 10) would periodically cease com-
pletely during multi-annual droughts (Mooij et al.,
2005; Beklioglu et al., 2007).

Untimely floods, on the other hand, are unlikely to
be met by resource-use traits of floodplain species.
For example, aquatic invertebrates only slowly
colonized the recently flooded ATTZ after a rapid
flood in summer 2005 (Wantzen et al., unpublished
data). In contrast, terrestrial species that rely on
continuous dry conditions are supposed to suffer high
mortalities. Notwithstanding, not only the habitat
structures become severely altered by irregular
floodpulses but also human constructions. For exam-
ple, recent changes in the hydrological regime have
led to an increased erosion of archaeological sites in
the littoral of Lake Constance.

Moreover, shallow lakes in central Europe were
predicted to suffer arange of negative alterations due to
climatic changes, including increased disturbance,
reduction of biodiversity, especially of birds and other
biota depending on a clear water stage, an increase of
cyanobacterial dominance in phytoplankton commu-
nities, increased botulism and waterborne diseases, and
a benefit invasive species (Mooij et al., 2005). In
summary, the functions and importance of the ATTZ
and of flood events deserve more attention in concep-
tual models of climate-related effects on lake
ecosystems (Blenckner, 2005; Blenckner et al., 2007).

Based on long-term studies and transplant exper-
iments with macrophytes, Keddy & Fraser (2000)
have established management guidelines for wetlands
in large lakes, which recognize the maintenance of
the floodpulse as the most important factor in
shoreline wetlands.

Conclusions: an extension of the FPC for lakes

Our analysis has shown that the floodpulse concept
applies to lakes, however with some adaptations that
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consider the specific characteristics of lake ecosys-
tems. Due to structural differences between rivers and
lakes, floods tend to develop less erosive forces;
therefore, less inorganic and organic sediments are
mobilized and repositioned in lakes than in rivers.
Consequently, flood-mediated landscape patterns
such as meandering etc. as found in rivers (e.g.,
Schumm, 1977) do not occur in lakes; however, their
bank structures (erosional/depositional sites) are
more strongly influenced by wind forces. Therefore,
the habitat diversity in the ATTZ of lakes is supposed
to be generally lower than in rivers. Due to the
increased residence time in lakes, their floodpulse
pattern tends to be less spiky and the drawdown tends
to be slower than in rivers. The more depositional
characteristics of lake ecosystems facilitates the
storage of organic matter in the ATTZ compared to
the more dynamic floodplain structure of rivers. The
oblong shape of rivers results in their more intensive
aquatic-terrestrial interactions than lakes; however, in
lakes with a large ATTZ this general pattern can
vary. In terms of biodiversity, the corridor shape of
river systems increases their resilience to catastrophic
flood events and multi-annual drought periods com-
pared with lakes. Hence, the ATTZ acts as a reservoir
of resilient species that may recolonize the permanent
water body after catastrophic events in both rivers
and lakes.

Reformulating the tenets of the Floodpulse Con-
cept (Junk et al., 1989; Junk & Wantzen, 2004) for
lakes, it can be stated that:

e natural floodpulse patterns vary between years
and show multi-year phases of drier and wetter
years

e the cross-sectional morphology of the basin and the
hydrological regime of the catchment are decisive for
the spatiotemporal pattern of the flooding and drying

e the floodpulse acts as a strong filter that selects
flood-adapted species to colonize the ATTZ,
thereby fostering evolutionary processes

e species occurring in the ATTZ are adapted to
maximize the use of floodborne resources during
their lifecycles (“windows of opportunity”) and
to minimize losses due to negative effects of
floods and droughts on specific lifecycle stages
(“phenological windows of susceptibility”)

e the timing of the occurrence of a given water level
and the period by which an organism can use the

floodborne resources or cope with adverse condi-
tions caused by the floodpulse is crucial for the
survival of the species in the ATTZ

e the higher the predictability of the floodpulse
pattern (including a long-term temporal pattern
that allows evolutionary processes) the better the
biota are adapted

e due to the increased decomposition and reminer-
alization of nutrients and additional inputs from
the catchment or the main water body during the
wet-dry cycle, aquatic systems with a pulsing
floodplain are more productive than those with a
stable water level (floodpulse advantage)

¢ the interannual variation of the water level allows
a sequential use of the ATTZ by different species
and thus fosters biodiversity

e the natural intra-annual variation of floodpulses
interferes with the species-specific adaptations of
the biota and therefore fosters the variable
dominances of different species between years

e management schemes for floodplain systems should
take advantage from the natural processes triggered
by the floodpulse (including increased productivity)
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