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Temporal scales of water-level fluctuations in lakes

and their ecological implications

Hilmar Hofmann - Andreas Lorke - Frank Peeters

Abstract Water-level fluctuations (WLF) of lakes
have temporal scales ranging from seconds to hundreds
of years. Fluctuations in the lake level generated by an
unbalanced water budget resulting from meteorolog-
ical and hydrological processes, such as precipitation,
evaporation and inflow and outflow conditions usually
have long temporal scales (days to years) and are here
classified as long-term WLF. In contrast, WLF gener-
ated by hydrodynamic processes, e.g. basin-scale
oscillations and travelling surface waves, have periods
in the order of seconds to hours and are classified as
short-term WLF. The impact of WLF on abiotic and
biotic conditions depends on the temporal scale under
consideration and is exemplified using data from Lake
Issyk-Kul, the Caspian Sea and Lake Constance. Long-
term WLF induce a slow shore line displacement of
metres to kilometres, but immediate physical stress due
to currents associated with long-term WLF is negligi-
ble. Large-scale shore line displacements change the
habitat availability for organisms adapted to terrestrial
and aquatic conditions over long time scales. Short-
term WLF, in contrast, do not significantly displace the
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boundary between the aquatic and the terrestrial
habitat, but impose short-term physical stress on
organisms living in the littoral zone and on organic
and inorganic particles deposited in the top sediment
layers. The interaction of WLF acting on different time
scales amplifies their overall impact on the ecosystem,
because long-term WLF change the habitat exposed to
the physical stress resulting from short-term WLF.
Specifically, shore morphology and sediment grain
size distribution are the result of a continuous interplay
between short- and long-term WLF, the former
providing the energy for erosion the latter determining
the section of the shore exposed to the erosive power.

Keywords Water-level fluctuation - Waves -
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Introduction

Water-level fluctuations (WLF) and their ecological
and socio-economic consequences have been inves-
tigated in large lakes, e.g. Aral Sea (Usmanova, 2003;
Zavialov et al., 2003), Lake Chad (Guganesharajah &
Shaw, 1984; Coe & Foley, 2001), Great Salt Lake
(Stephens, 1990) or Salton Sea (Bourne et al., 2005)
and also in small lakes and reservoirs, e.g. (Hunt &
Jones, 1972; Coops et al., 2003; McGowan et al.,
2005; Naselli-Flores & Barone, 2005). The reasons
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and causes of WLF can be various: Hydrologically
induced WLF are connected to climatic changes,
changes in the constellation of large atmospheric
pressure systems (North Atlantic and Southern
Oscillation), or, most frequently, to seasonal varia-
tions in meteorological conditions. They can also be
the result of anthropogenic use of water resources, as
in the case of the Aral Sea (Usmanova, 2003).
Hydrologically induced WLF are the result of a
change in the water budget and, therefore, depend on
the amounts of precipitation and evaporation, catch-
ment size and characteristics, and on the discharge
conditions (inflow versus outflow) of the basin.
Prominent examples are Lake Constance (Luft &
van den Eertwegh, 1991; Johnk et al., 2004) or Lake
Issyk-Kul (Brennwald et al., 2004). The time scales
of the hydrologically induced WLF range from days
to centuries (and even up to geological time scales)
and will be referred to as long-term WLF throughout
this paper. Wind forcing and ship traffic affect the
surface-wave field and cause WLF on time scales on
the order of seconds to hours. These hydrodynami-
cally driven WLF are classified throughout this paper
as short-term WLF.

Here, we present examples for WLF at different
temporal scales from a physical oriented perspective
and discuss their implication on the lake ecosystem
with specific emphasis on the littoral zone. WLF are
presented in an order of decreasing time scales,
beginning with a time scale of centuries and ending
with a time scale of seconds. Examples are taken
from different lakes: Lake Issyk-Kul (Kyrgyzstan) for
century scales, the Caspian Sea for decadal scales and
Lake Constance for shorter time scales spanning
years to seconds.

Long-term WLF and their ecological impacts are
subject of a number of papers throughout this special
issue. Here, we will put special emphasis on the
discussion of short-term WLF. Often, the latter are
not considered in the context of WLF, although they
can have a major impact on the abiotic and biotic
processes in the littoral zone. Several studies have
investigated the impact of short-term WLF on coastal
and shelf regions (Clark, 1997; Eriksson et al., 2004;
Soomere, 2005; Erm & Soomere, 2006). Only a few
investigations, however, have focused on lake-littoral
zones (Luettich et al., 1990; Eggleton et al., 2004;
Scheifhacken, 2006). Information on short-term WLF
are required for the understanding of shore formation,

which is the result of the interaction between short-
and long-term WLF. Furthermore, short-term WLF
impose physical stress on aquatic and riparian plants
and organisms. This stress varies with the properties
of the substrate (e.g. sand or stones), which, in turn, is
altered by long-term WLF moving the boundary of
the aquatic habitat up or down the shore. Hence,
short-term WLF are important for an understanding
of the ecological consequences of long-term WLF for
aquatic organisms living in the littoral zone.

In the following sections, we first provide infor-
mation on the materials and the methods used in this
study. Then we present data on long-term and on
short-term WLF at the example of Lake Constance.
The subsequent discussion is focused on the impact
of long- and short-term WLF on the littoral ecosys-
tem, and specifically emphasises the importance of
the combined effect of both. In the final section we
summarise the main conclusions of the paper.

Materials and methods

Daily readings of water levels at gauge Konstanz for
the time period 1817 2005 were provided by the
State Institute for Environment, Measurements and
Nature Conservation Baden-Wiirttemberg (LUBW).
The water levels are measured relative to the
reference level of the gauge (391.89 m a.s.., level
Amsterdam). The water level time series was cor-
rected for reading errors between 1817 and 1825
(Johnk et al., 2004). Note that between 1817 and
1876 the resolution of water level readings was only
3 cm, thereafter 1 cm.

Short-term WLF were measured using a pressure
sensor with a resolution of 0.1 mbar, corresponding
to about 1 mm water level. Measurements were
carried out in the western part of Upper Lake
Constance at a site called Littoral Garden (LG;
47°4129" N, 09°12'11"" E). The pressure sensor was
deployed 1 m above the sediment at 2.0 2.5 m water
depth and measured at a sampling frequency of 16 Hz
throughout the entire year 2005. Pressure is a direct
measure of water level only under hydrostatic
conditions. However, the assumption of hydrostatic
conditions is valid only if the wave length of the
WLF exceeds a critical wave length of about 20 times
the local water depth. WLF generated by surface
gravity waves usually have a wave length that is
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significantly shorter than this critical wave length.
Hence, the calculation of water level and WLF from
pressure measurements requires a correction for
pressure attenuation that depends on the water depth,
the depth of the sensor and the wave length (Kundu &
Cohen, 2002; Hofmann et al., 2008). In the procedure
wave length was calculated from wave frequency
using the approximation to the dispersion relation of
surface gravity waves by Fenton & McKee (1990).

Maximum near-bottom current velocities gener-
ated by surface waves, i, (m s_l), were estimated
using (Brown et al., 2005):

n-H (m S 1) (1)

Umax = = 797
T - sinh 222

where H denotes the wave height (m), i the water
depth (m), A the wave length (m) and T the wave
period (s). The remobilisation of particles is related to
Umax and can be determined from empirical equations.
For non-cohesive sediments with a mean grain size
dsy between 0.063 and 2 mm (sand fraction) the
formulation by Hallermeier (1980) was used to
estimate the remobilisation of particles at 1 m water
depth in the littoral zone of Lake Constance.

An Acoustic Doppler Velocity Meter (ADV) was
deployed close to the pressure sensor at the site LG
throughout the entire year 2005. The instrument
measured the 3-dimensional current velocity 0.05 m
above the sediment (at 1 2 m water depth) with a

Table 1 Temporal scales of WLF with the corresponding
amplitudes and estimated maximum near bottom current
velocities. Whereas long term WLF are generated by meteo

sampling frequency of 8 Hz. Current velocities
associated with distinct frequencies (e.g. 54.6 min
for the first-mode surface seiche in Lake Constance;
see Table 1) were estimated using spectral analysis
(Emery & Thomson, 2001).

Results
Long-term WLF

In the following we analyse long-term WLF from
Lake Constance, the second largest prealpine lake in
Europe with a surface area of 536 km® and a
maximum water depth of 254 m (Braun & Schirpf,
1990). Lake Constance and its main tributary, the
river Rhine, are almost unregulated and the lake level
shows a strong seasonal cycle. The level declines
during winter and typically reaches the annual min-
imum at the end of February, when precipitation in the
catchment area is, to a large extent, stored as snow.
The lake level typically reaches an annual maximum
in June/July due to increased snow melt in spring
(Luft & van den Eertwegh, 1991; Johnk et al., 2004).
Long and intense precipitation in the catchment area
in combination with snow melt can result in extreme
floods with rapidly increasing water levels. Some
examples of major flood events are marked in Fig. 1a.
The relative height in the figure indicates the

rological and hydrological processes, short term WLF are
generated by hydrodynamic processes

Example Temporal Amplitude Near-bottom
scale (m) velocity (m s_l)
Issyk-Kul ~2,000 yr ~250
Caspian Sea 20-100 yr ~2.54
Long-term 1-10 yr 1-3 <107?
WLF 1 yr 0.5
0.5 yr 14
1 day 0-0.5
Lake Constance 54.6" min 0.02-0.05 1073
Short-term 6.3" s ~0.04 1072
WLF 33%s 0.1-0.5 107!
2°s 0-0.8 107!

* Surface seiching and " surface waves generated by fast catamaran ferries (6.3 s), passenger ships or ferries (3.3 s) and wind (2 s)

measured at Lake Constance
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Fig. 1 Lake level time series at gauge Konstanz (Lakep
Constance) based on daily measurements from 1817 to 2005.
(a) Annual course of the maximum water levels. Major floods
are marked by the individual year or period, whereas the height
corresponds to the importance of the flood. (b) Mean annual
water levels with linear regression line. (¢) Seasonal variations
within a single year (filled grey surface) determined as the
difference between the maximum and minimum water level of
the respective year. Linear regression lines emphasise the trend
of the maximum and minimum water levels. The solid line
fluctuating around zero shows the annual deviation from the
mean of the seasonal WLF (over the whole time series) with its
linear regression line. (d) Diurnal change of the water level
shown as the difference between the daily mean values

importance of the events (Luft & van den Eertwegh,
1991; Johnk et al., 2004). The greatest flood within
the time period considered here was observed in 1817
with 623 cm above reference level. Other floods
between 525 and 575 cm occur more frequently with
an average recurrence time period of about 12 yr.
Maximum water levels between 400 and 500 cm seem
to be a regular range within the gauge Konstanz time
series (Fig. 1a).

Linear regression reveals that the annual mean
water level shows a significant long-term trend and
declined by about 21 cm between 1817 and 2005
(slope: —0.11 + 0.03 cm yr~', P <0.01; Fig. 1b).
From 1817 to 1940 the annual mean water level
shows no  significant trend  (slope: —
0.008 £+ 0.05 cm yr_l, P = 0.87), but from 1941 to
1980 the level started to decrease (slope: —
0.12 £ 0.14 cm yrfl, P = 0.40). This decrease is
even more pronounced during the last two and a half
decades (slope: —0.41 & 0.57 cm yr~ !, P = 0.48)
and is mainly caused by decreasing maximum water
levels in summer. The reasons for the obvious break
point around 1940 and the ongoing decline in water
level has been widely discussed and was explained by
changes in hydraulic discharge conditions and cli-
matic changes in the catchment area (Luft & Vieser,
1990; Johnk et al., 2004).

Inter-annual WLF, determined from the difference
between the annual mean water levels of consecutive
years (Fig. 1b), are about 20 cm £ 17 cm (SD) on
average. The maximum of the inter-annual WLF was
75 cm between 1921 and 1922.

Seasonal WLF can be quantified by the difference of
the minimum and maximum water level with respect to
the mean water level of the particular year (Fig. 1c).
Extreme seasonal WLF reach up to more than 300 cm

1817 (a)
600+

1821 187600
-55

1999
1849 19101926

1965 1987

5004

Max water level (cm)

4004

400+

3204

Water level (cm)

Seasonal variation (cm)

Diurnal change (cm)

-20

1850 1900 1950 2000

Year

and occur in years with unusually high maximum
water levels. The linear regressions of the annual
maximum (slope: —0.17 & 0.06 cm yr~', P < 0.01,
+45cm  yr 'SD)  and minimum  (slope:
—0.02 £ 0.02 cmyr~', P = 0.33, £14 cm yr~' SD)
water level indicate a significant decline in the
seasonal WLF from about 215 cm at the beginning
of the 19th century to about 185 cm at the beginning of
the 21st century (Fig. 1c). The long-term decline is
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caused by the decrease in the annual maximum water
level, where in contrast the annual minimum water
level remained constant. This also explains the
observed trend of the annual deviation from the mean
of the seasonal WLF (slope: —0.15 + 0.06 cm yr ',
P < 0.01, £42 cm yr~' SD; Fig. 1c) which is mainly
stated by the deviation of the annual maximum water
level and, thus, shows the same significant decline. The
decrease in the seasonal WLF especially during the last
decades can be partly explained by the construction of
hydropower reservoirs in the catchment (Luft & van
den Eertwegh, 1991; Johnk et al., 2004).

Over a single day, the water level can change by
up to 40 cm (Fig. 1d). Such rapid increases in water
level are always caused by extreme discharge events
of the river Rhine resulting from intense precipitation
in the catchment. Large water level increases contin-
uing over several consecutive days can lead to major
flood events (Luft & van den Eertwegh, 1991).
However, the typical daily decrease or increase in
water level is much smaller than the extreme case
mentioned above and typically ranges only from —5
to 10 cm (Figs. 1d, 2a).

Short-term WLF

Short-term WLF, at scales from seconds to hours,
are mainly caused by hydrodynamic processes. In
the following section we analyse high-frequency and
high-resolution data of surface water level (esti-
mated from pressure measurements) and current
velocity from the littoral zone of Lake Constance.
Single-day time series were chosen to explain the
temporal variability of hydrodynamic processes on
17 and 26 January 2005 (Fig. 2a, b). Both days
differ considerably due to different surface forcing
generated by strong on-shore wind on 26 January
2005 and no wind on 17 January 2005.

A very prominent feature of enclosed water
bodies are basin-wide oscillations of the surface
level, often referred to as surface seiching (Morti-
mer, 1974; Lerman et al., 1995). The periods of such
basin wide oscillations, called “modes”, are deter-
mined by the morphology of the basin. The first-
mode surface seiche in Lake Constance has a period
of 54.6 min and can be seen in the running average
applied to the surface level time series shown in

Fig. 2 High frequency
(16 Hz) and high resolution
(1 mm) measurements of

1.45 4
the water level over a single
day. (a) On 17 January 2005 1.40

under a no wind situation.
(b) On 26 January 2005
under a strong (wind speed
was about 9 10 m s ') on
shore wind. The different
arrows point out examples
of different temporal scales
of WLF, e.g. long term
decrease in water level

|(@) basin-scale oscillation

running average

ship waves

y:

(diurnal change), basin
scale oscillation and short
term WLF generated by
ship waves. The 1 min
running average highlights
the basin scale oscillation
with a magnitude of about
2 cm (emphasised by the
dashed grey ellipse with
arrow)
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Fig. 2a, b, although the period may differ slightly
depending on the actual water level of the lake
(Hollan et al., 1981). The vertical displacements of
the water surface associated with the first-mode
surface seiche are only a few centimetres and were
measured to be about 2 cm at the measuring site LG
(Fig. 2a, b). These lake level oscillations are excited
by wind forcing at the water surface or due to
atmospheric pressure gradients. Power spectra of
high-frequency pressure time series show several
spectral peaks with periods between minutes and
one hour. Numerical calculations suggest that these
peaks correspond to level fluctuations due to second-
, third- or even higher-order modes of basin-scale
surface oscillations of Lake Constance (Biuerle,
pers. comm.).

From an ecological perspective, travelling surface
gravity waves are probably the most important short-
term WLF. Such waves are generated by wind or by
ships and are usually classified as wind waves and
ship waves. Both types of waves were measured,
characterised and analysed at Lake Constance
(Fig. 2a, b; Hofmann et al., 2008). Ship waves cause
very harmonic and regular surface oscillation and
their periods are determined by their excitation,
which is characteristic for each individual ship. The
frequency of occurrence and the wave heights of ship
waves are highly predictable in time for Lake
Constance. They are controlled by the regular
sailings of various ferry lines throughout the year
with each individual wave group identified as a
distinct signal (Fig. 2a; Hofmann et al., 2008). Wind
waves in contrast are irregular and are determined by
the length of the effective wind fetch and the wind
speed, which changes from site to site. Ship waves
generated by ferries, passenger ships, or by the
recently introduced fast catamaran ferries have wave
periods of 2.9 6.3 s, characteristic wave heights of
0.04 0.5 m and wave lengths of 13 50 m (assuming
deep-water waves); whereas the wave periods,
heights and lengths of wind waves are 1.5 2.3 s, up
to 0.8 m, and 2 8 m, respectively (Fig. 2a, b;
Hofmann et al., 2008). If no wind is present, the
wave field is dominated by ship waves (Fig. 2a),
which are masked by the higher wind waves during
periods of strong on-shore wind (Fig. 2b). Depending
on the duration of wind forcing, wind waves can
dominate the wave field for hours or even days
(Fig. 2b).

Discussion
Impacts of long-term WLF

Since long-term WLF are associated with large shore
line displacements, the major impact of long-term
WLF on lake ecosystems is a change in habitat.
Long-term WLF flood formerly dry shore areas or
expose submerged sediment surfaces to the atmo-
sphere. Thus, long-term WLF play a role in the
selection of sessile species adapted to dry or wet
conditions. In addition, long-term WLF result in a
change of the properties of the sediment surface in
the littoral zone, because the grain sizes in the shore
region are not homogeneously distributed but change
from large to small towards deeper regions of the
lake. In the following we provide examples for the
range and consequences of long-term WLF.

Based on noble gas concentrations in sediment
pore water Brennwald et al. (2004) concluded that the
water level of Lake Issyk-Kul, one of the largest and
deepest lakes in the world (volume: 1,740 km?> , max.
depth: 668 m) located in Kyrgyzstan, has been at least
250 m lower during the mid-Holocene than today. As
Lake Issyk-Kul is a closed basin lake, its water level is
very sensitive to changes in the meteorological
conditions. The drop in water level by 250 m during
the mid-Holocene implies a shore line displacement
of 20 60 km and a reduction of water volume by more
than 40%. During low water level the salinity was
more than twice its present value of 6%o as indicated
by noble gas data from the pore water (Brennwald
et al., 2004). WLF induced salinity changes between
6%o0 and above 12%o can be expected to have had
severe effects on the species composition, because
most freshwater animals cannot survive in waters with
salinities of more than 10%. (Wetzel, 2001). This
long-term WLF had clearly visible consequences for
the basin morphology. During low water level, rivers
caused large gully erosion especially in the eastern
shallow region, which was dry at this time, resulting in
channels of 100 m depth (Tsigelnaya, 1995). Today,
these ancient shallow regions are 20 m below water
level and the flooded channels play an important role
in the renewal and the oxygenation of the deep water
in Lake Issyk-Kul (Peeters et al., 2003). Hence,
today’s high oxygen levels in the deep water can be
considered as an indirect consequence of the long-
term WLF.
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Long-term WLF on decadal time scales have been
recorded for the Caspian Sea, the largest inland water
body (with respect to surface area and volume) on
earth. Between 1880 and 1978 the level of the
Caspian Sea decreased by 4 m and then rose again by
2.5 m within 20 yr. According to Rodionov (1994)
the sea level fluctuations of the Caspian Sea are
caused by variations in the inflow, which resulted
from natural fluctuations of the North Atlantic
Oscillation (NAO) and, to a minor extend, by
anthropogenic influences, e.g. the use of Volga water
for irrigation (Klige & Myagkov, 1992). The vertical
amplitudes of the WLF of the Caspian Sea are small
compared to those mentioned above for Lake Issyk-
Kul, but the associated change in surface area is much
higher with about 50,000 km?. The inflow of fresh-
water related to the water level increase during the
1980s and 1990s caused a significant reduction in
vertical mixing, which resulted in nearly anoxic
conditions in the deep water (Peeters et al., 2000).
The consequence of a long-term increase in water
level for internal mixing processes is particularly
important in saline lakes, e.g. Mono Lake (Romero &
Melack, 1996) or Caspian Sea (Peeters et al., 2000),
because a change in water level is usually associated
with freshwater inflow that leads to an increase in
water column stability, and thus, hinders convective
mixing processes. In freshwater lakes and reservoirs
long-term WLF have an impact on vertical mixing
only if the level is altered substantially, e.g. if the
level is reduced sufficiently that wind forcing or
nocturnal convection reaches down to the lake
bottom of a formerly dimictic or monomictic lake.

The above examples demonstrate that long-term
WLF can influence the oxic state of saline lakes,
which in turn affects sediment water exchange and
the chemical composition of the deep-water. Long-
term WLF have also implications on socio-economic
circumstances. The Aral Sea is a very drastic example
(Usmanova, 2003). However, in the Caspian Sea the
comparatively small decline until 1978 caused rapidly
decreasing ground water levels, which resulted in a
drastic reduction of agricultural production (Kosarev
& Yablonskaya, 1994). The rising sea level in the
1980s and 1990s destroyed infrastructure built along
the shore line during the period of low water level
(Dumont, 1995). Furthermore, the strong decline in
the abundance of sturgeon in the Caspian Sea during
the last decades has been explained by the reduction

of appropriate spawning grounds (Khodorevskaya &
Krasikov, 1999). Impacts of long-term WLF on fish
reproduction have been demonstrated in Lake Con-
stance as well as in other lakes. The temporal
variability of seasonal WLF affects the fish specific
substrate availability for spawning, and hence deter-
mines egg mortality and breading success (Gafny
et al., 1992). Also water birds are affected by long-
term WLF at Lake Constance (Werner, pers. comm.).
Especially low water levels in spring reduce the
availability of appropriate breeding-sites, and hence
increase the mortality due to predation. Seasonal or
even longer-lasting WLF also cause shifts and vari-
ations of the riparian plant community, e.g. diversity,
abundance and structure (Kotowski & Piofkowski,
2005). In contrast, flood events as specifically drastic
long-term WLF can have severe effects on a former
established plant community. Schmieder et al. (2004)
has documented the degradation of reed belts after
early spring floods at Lake Constance.

Impacts of short-term WLF

Since short-term WLF do not induce large horizontal
shore-line displacements but are accompanied by
high current velocities near the sediment (Table 1),
their major impact on the lake ecosystem is the
imposition of hydrodynamic stress on organisms
living in the shore region and on the sediment
surface. The hydrodynamic stress affects ecological
processes such as competition between individual
organisms, short-term production and losses in bio-
films and erosion of sediments. The impact of the
short-term WLF is, however, variable in strength and
time.

Wind and ship waves can be observed throughout
the entire year and at any lake shore as long as no ice
cover exists. However, wave heights and frequencies
can vary substantially due to the different exposure to
wind or ship traffic (see section “Short-term WLF”).
Particularly affected by short-term WLF are the
shallow littoral zones of lakes, even if wave heights
are small. Note that the littoral zone is of specific
importance to the entire ecosystem because they are
characterised by high species diversities and abun-
dances and are important for the reproduction and the
life cycle of many fish species.

The availability and intensity of light, as an
indispensable resource for primary production of
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Fig. 3 Wave generated high frequency water level and light
fluctuations. (a) Water level fluctuations measured in Lake
Constance on 18 September 2005 during a period of strong on
shore wind. Light intensity fluctuations at the ground are given
as percents of the incoming light intensity at the water surface.
(b) For clear water. The light intensity was calculated for an
exponential decay of light with depth using an average
extinction coefficient (Kg) of 0.27 m™ representative for
pelagic waters (IGKB, 2002). (¢) Considering the additional
shading effect due to resuspended particles in the shallow
littoral (Kg4ss  0.27 4+ 0.025*Cy;) (van Duin et al., 2001). The
particle concentration Cy, was measured to 140 mg 17" during
the time of measurement

phytoplankton in the water column or of periphyton
on stones and on the sediment surface, is affected by
short-term WLF. Fluctuations of the under water light
intensity associated with short-term WLF due to wind
waves are exemplified in Fig. 3. During on-shore
wind on 18 September 2005, short-term WLF (wind
waves) with a period of about 2 s and wave heights
between 0.1 and 0.4 m were observed (Fig. 3a) and
caused light intensity fluctuations at the ground of
2 8%, based on exponential light decay with an
average extinction coefficient (Ky) of 0.27 m!
representative for pelagic waters (Fig. 3b; IGKB,
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Fig. 4 Potential forcing of short term WLF in the littoral
zone. (a) Maximum wave generated near bottom current
velocity (upyax) at 1 m water depth as a function of wave
height and wave period (7) for wind generated (T 2 s) and
ship generated (T 3.3 and T 6.3 s) waves, respectively.
(b) Minimum wave heights required for the remobilisation of
particles of different grain sizes as a function of wave period
(as under (a)) at the water depth of 1 m

2002). The remaining mean light intensity at 1-m
water depth is then about 77% of the incoming light
at the water surface. Fluctuations of the under water-
light intensity can be further amplified by wave
focussing which increases the light intensity within
milliseconds up to five times of the mean value (Dera
& Gordon, 1968; Stramski & Legendre, 1992;
Schubert et al., 2001; Hofmann et al., in press). In
the shallow littoral the observed surface waves induce
resuspension of particles with grain sizes up to 1 mm
at 1-m water depth (Fig. 4b). The increased back-
scatter of light due to suspended particles leads to
intense shading and reduces dramatically the light
intensity at the sediment surface down to 2 3% of the
incoming light at the water surface (Fig. 3c; van Duin
et al., 2001). During an individual wind event, which
can last for more than one day, primary production
can be reduced or even inhibited (van Duin et al.,
2001). In the aftermath of such events the remobilised
and suspended particles settle down and cover
biofilms and periphyton on stones. The frequency of
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Fig. 5 Sketch of a typical
prealpine shore line for
different water levels. The

transport of suspended particles

sketch indicates the
interactions and impacts of
long term versus short term
WLF on remobilisation,
resuspension, transport and
distribution of particles in
the littoral zone
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occurrence of strong wind events determines the
density and appearance of periphyton in the shallow
littoral, and hence indicates the habitat exposure to
hydrodynamic disturbances (Cattaneo, 1990; Airoldi
& Cinelli, 1997; Francoeur & Biggs, 2006).

Also higher developed organisms are influenced
by hydrodynamic stress due to waves. The compar-
ison of zoobenthos and fish communities at surface
wave exposed and non-exposed shores revealed the
different sensitivity, selectivity and species composi-
tion of these communities in many studies (Clark,
1997; Abdallah & Barton, 2003; Eggleton et al.,
2004).

The high productivity of the shallow littoral zone
results in intense microbial decomposition rates of
organic material (Wetzel, 2001). The sequence of
production and decomposition is forced by boundary
conditions as nutrient availability or the renewal of
diffusive gradients for deoxidisation of organic
material to carbon dioxide and methane. High current
velocities and strong turbulence associated with
shoaling surface waves enhance solute diffusion
across the sediment water interface (Lorke et al.,
2003), lead to remobilisation of particles and reallo-
cation of sediment layers (Fig. 4b), and hence reset
the adjusted gradients due to increased pore-water
exchange (Precht & Huettel, 2003; Precht et al.,
2004). An important implication is the rapid release
of recycled nutrients and methane (Li et al., 1997;
Asmus et al.,, 1998; Heyer & Berger, 2000; Schulz
et al., 2001).

Interacting long- and short-term WLF

The discussion above exemplifies the impacts of
WLF on abiotic or biotic processes at very different

decreasing grain size

temporal scales. In the following we demonstrate that
the interaction between different time scales, i.e. the
interaction between long-term and short-term WLF,
has important ecological consequences.

With respect to WLF, Lake Constance can be
considered to represent natural conditions typical for
prealpine lakes before their regulation. The seasonal
change in water level is about 2 m. During summer,
the entire shore region up to the very shallow littoral
is covered with water, whereas in winter the littoral is
reduced to a very narrow zone along the steep slope
of the lake (Fig. 5). At low water levels the shallow
littoral is not submersed, and hence widely exposed
to atmospheric decomposition, weathering and defla-
tion. These processes change the former sediment
composition, where rock will break up and fine
particles will be blown away or deposited.

Waves impose hydrodynamic shear stress on the
lake bottom and initiate sediment remobilisation,
resuspension and transport due to background currents
in cross- or along-shore direction. Remobilisation of
particles at the sediment surface depends on water
depth, grain size, wave height and wave period. The
maximum near-bottom wave-generated current veloc-
ity Umax at the sediment surface at 1-m water depth
was estimated for wave heights of 0 0.5 m and for
wave periods of 2, 3.3 and 6.3 s (Eq. 1, Fig. 4a).
These represent typical values at Lake Constance for
wind waves, for ship waves generated by permanent
ferries or passenger ships and for ship waves gener-
ated by fast catamaran ferries, respectively (Hofmann
et al., 2008). Long-periodic ship waves induce much
higher velocities at the ground and remobilise much
larger particles in comparison to wind waves with the
same height (Fig. 4a, b). For example, with a wave
height of 0.2 m, wind waves remobilise particles of
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grain sizes up to 0.3 mm, whereas ship waves are able
to remobilise particles with grain sizes up to 0.6 mm.
This demonstrates the importance of ship waves for
sediment remobilisation at exposed shores. Although
wind and ship waves occur throughout the whole year,
they develop their main impact at different sections of
the littoral zone due to seasonal, long-term WLF
(Fig. 5). Due to the shore line displacement by
seasonal WLF the substrate at the ground at shallow
depths varies substantially over the year. During
summer, when the water level is high, the substrate
consists mainly of boulders, cobbles, gravel and sand.
In winter, the substrate at low water levels is formed
by much smaller particles like fine sand, silt and clay
(Fig. 5). Therefore, the same wind and ship waves
result in much higher rates of remobilisation, resus-
pension and transport into the pelagic zone during
winter than during summer (Figs. 4b, 5). The inter-
action between seasonal WLF (long-term WLF) and
waves (short-term WLF) is a permanent process
leading to a continuously decreasing grain size
distribution from boulders to clay in off-shore direc-
tion (Fig. 5). Over the decades, small particles that
can be remobilised by waves, are transported to
deeper zones. At the site LG the lake floor falls off
gently from the shore line towards the open water. At
a water depth of about 1 2 m below the average
annual minimum water level, the slope of the lake
floor increases significantly, thus, forming the so-
called “Haldenkante”. The location of the “Haldenk-
ante” and the presence of the fine-grained sediments
at this location reflect the combined action of long-
and short-term WLF in Lake Constance.

The export of fine particles from the littoral zone
to the pelagic, and thus, erosion is expected to
increase with the decreasing mean water levels
observed during the recent past. In combination with
the increasing exposure of the shore region to ship
waves due to increasing ship traffic on Lake
Constance, i.e. due to passenger ships and the
recently introduced fast catamaran ferries, erosion
of the shore region may be even more dramatic.
Observations of divers investigating oak poles in the
context of maritime archaeology suggest that many
historic and archaeologically important under water
heritages like pile dwellings are more and more
threatened by the interaction between surface waves
and long-term WLF, i.e. previously sand covered
sites became uncovered by erosion and are now

directly exposed to oxygen rich water, and thus, faster
biological decomposition (Biirgi & Schlichterle,
1986; Korninger, 2005).

Conclusions

WLF in lakes exist on temporal scales from seconds
to even hundreds of years (Table 1). The ecological
impact of WLF depends on the time scale of the level
fluctuation and can be amplified by the combined
action of long- and short-term WLF. In this paper,
WLF are classified as long- and short-term WLF
based on the generation mechanism of the WLF with
long-term WLF being the consequence of changes in
the hydrologic conditions and short-term WLF being
the result of hydrodynamic processes, namely waves
and basin-scale oscillations.

Long-term WLF can have large amplitudes and
induce a slow shore-line displacement of metres or
even kilometres, whereas the immediate physical
forcing due to currents is negligible. Although the
physical forcing of long-term WLF is low, the
impacts on the entire ecosystem can be versatile:
long-lasting changes in habitat availability for organ-
isms adapted to terrestrial and aquatic conditions,
lake salinity, vertical mixing, deep water renewal, or
oxygen supply to the deep water. In the case of Lake
Constance, the annual mean water level has changed
only very little over the last 189 yr and also the inter-
annual variation of the annual mean water level did
never exceed 0.75 m. However, seasonal changes in
water level can reach up to more than 3 m, and thus,
cause shore-line displacements of up to hundreds of
metres. Hence, seasonal WLF are probably the most
important component of long-term WLF affecting
competition and survival of species in the littoral
zone.

Compared to the seasonal WLF, short-term WLF
have much smaller amplitudes and do not signifi-
cantly displace the boundary between the terrestrial
and aquatic habitat but provide high amounts of
mechanical energy to abiotic processes, e.g. remobil-
isation and resuspension of particles, sediment
transport, release of nutrients and methane and
abrasion of biofilms. The change in abiotic habitat
conditions is often followed by changed biotic
processes, e.g. resuspended and settled particles
reduce the availability of light for photosynthesis,
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which then result in a decreased growth of phyto-
plankton and biofilms.

Although the forcing of long- and short-term WLF
is different the interaction of both can cause additional
consequences to those resulting from the individual
process themselves. Long-term WLF change the
habitat exposed to the physical stress provided by
short-term WLF. Specifically, shore morphology and
sediment grain size distribution are the result of a
continuous interplay between short- and long-term
WLEF, the former providing the energy for erosion the
latter determining the section of the shore exposed to
the erosive power.
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