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Abstract

The decoupling of trophic interactions is potentially one of the most severe conse-
quences of climate warming. In lakes and oceans the timing of phytoplankton blooms
affects competition within the plankton community as well as food—web interactions
with zooplankton and fish. Using Upper Lake Constance as an example, we present a
model-based analysis that predicts that in a future warmer climate, the onset of the
spring phytoplankton bloom will occur earlier in the year than it does at present. This is
a result of the earlier occurrence of the transition from strong to weak vertical mixing in
spring, and of the associated earlier onset of stratification. According to our simulations a
shift in the timing of phytoplankton growth resulting from a consistently warmer climate
will exceed that resulting from a single unusually warm year. The numerical simulations
are complemented by a statistical analysis of long-term data from Upper Lake Constance
which demonstrates that oligotrophication has a negligible effect on the timing of
phytoplankton growth in spring and that an early onset of the spring phytoplankton
bloom is associated with high air temperatures and low wind speeds.
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Introduction

Statistical analysis of the biological effects of recent
climate fluctuations has revealed that changes in cli-
matic conditions result in shifts in the timing of the
seasonal occurrence of various species, altering for-
merly synchronized interactions between the species,
and also between the life cycles of individual organisms
and their environment (Visser et al., 1998; Visser &
Hollemann, 2001; Beaugrand et al., 2003; Winder &
Schindler, 2004). Because decoupling trophic interac-
tions from one another may have dramatic conse-
quences for the entire food web (Cushing, 1990; Post
et al., 1999; Stenseth & Mysterud, 2002; Beaugrand et al.,
2003), shifts in the phenology of individual species must
be taken into account when predicting ecosystem beha-
viour in a future warmer climate.

In lakes and oceans at temperate latitudes, the com-
plexity of the plankton community increases from win-
ter to summer in an annually recurring pattern, the
annual plankton succession (Sommer, 1989). At the base
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of the food web, the phytoplankton, by converting solar
energy to chemical energy and storing it as organic
matter, provides the energy upon which the entire
trophic system depends (Wetzel, 2001). The abrupt onset
of phytoplankton growth in spring therefore determines
the starting point for the plankton succession.

The timing of the onset of phytoplankton growth is
determined predominantly by abiotic factors such as
mixing conditions in the water column (which affect the
exposure of algal cells to light), the seasonal variation in
solar radiation and the duration of ice cover (Bleiker &
Schanz, 1989; Adrian et al., 1999; Tian et al., 2003;
Sharples et al., 2006). In deep, ice-free lakes, interannual
variations in the timing of the onset of phytoplankton
growth result mainly from interannual variations in the
timing of the transition from strong to weak turbulent
mixing and much less from variations in water tem-
perature or solar radiation, which have only a slight
effect (Peeters et al., 2007). Climate warming will result
in higher water temperatures, alter mixing conditions
and affect thermal stratification (Stefan et al., 1998;
Peeters et al., 2002; Livingstone, 2003; Danis et al., 2004).

Using Upper Lake Constance as an example, we here
use numerical simulations to investigate the impact of
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climate warming on the timing of the spring phyto-
plankton bloom. A one-dimensional physical mixing
model coupled to a phytoplankton-growth model and
driven by meteorological data is used to simulate the
vertical distributions of turbulent diffusivity, water
temperature and phytoplankton biomass as functions
of time. A reference simulation (REF) based on mea-
sured meteorological data is compared with simula-
tions based on different climate scenarios. After a brief
description of the mathematical model, the model im-
plementation and operation, the climate scenarios em-
ployed and the data available for this study, we present
the results of model simulations run under the different
sets of meteorological conditions assumed in the sce-
narios. First we discuss the simulated effects of climate
warming on the physical conditions pertaining in the
lake and the implications of these effects for the timing
of the onset of the spring phytoplankton bloom. These
results are then compared with the findings from a
statistical analysis of long-term data from Upper Lake
Constance. Finally, we discuss the potential conse-
quences of the predicted increase in water temperature
and the shift in the timing of the onset of phytoplankton
growth for the plankton succession.

Study area and data

Upper Lake Constance

Upper Lake Constance is a large, deep lake (surface area
472 km?, maximum depth 254 m) situated at the north-
ern edge of the western European Alps. It consists of a
large eastern basin (Obersee, maximum depth 254 m)
and a smaller western basin (Uberlinger See, maximum
depth 144 m) which is separated from Obersee by a sill
that reaches up to 80m below the lake surface. The
upper 80m of the lake thus form a continuous water
layer with nearly homogenous conditions in the hor-
izontal. Upper Lake Constance is monomictic in most
years. The lake freezes over only very rarely; the last
full ice cover occurred in 1963. Eutrophication caused
by the input of anthropogenic phosphorus to the lake
peaked in the 1970s (Giide et al., 1998). A subsequent
reduction in phosphorus loading has resulted in the
lake returning almost to its former oligotrophic status.
The consequences of cultural eutrophication and oligo-
trophication for the plankton populations of the lake
have been summarized in a recent set of articles (see
Béauerle & Gaedke, 1998).

Data set

In the numerical modelling part of this study we focus
on the time period 1979-1994. The meteorological data
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set employed consisted of hourly measurements of
wind speed, wind direction, air temperature, solar
radiation, relative humidity and cloud cover from the
German National Meteorological Service station in Kon-
stanz at a height of 17 m above ground and 54 m above
the lake surface. Details on the preparation of the
meteorological data for use in the model - e.g.,, on
estimating the wind speed over open water and the
solar radiation penetrating the lake surface — are given
elsewhere (Peeters et al., 2007). The statistical analysis,
which covered the period 1979-2006, employed daily
mean air temperatures, daily maximum wind speeds
and total daily sunshine duration from the same me-
teorological station in Konstanz.

Calibration of the hydrodynamic model was based on
temperature profiles, measured at monthly to fort-
nightly intervals, that were available for the period
1979-1994 (Straile et al., 2003). Water temperature was
measured at the deepest point of the lake at depths of 0,
5, 10, 15, 20, 30, 50, 100, 200 and 250 m with a resolution
of 0.1°C. The validation of the hydrodynamic model
(see Peeters et al., 2007) was based on data from a
thermistor chain installed at the central station of the
Uberlinger See basin. These data were measured at
20-min intervals with a resolution of 0.01 °C.

Water samples for chlorophyll a (Chl a) analysis were
collected in the central part of the Uberlinger See basin
at about 20 distinct depths between 0 and 60m. Chl a
was determined spectrometrically after extraction of the
filtrate in hot ethanol and correction for phaeopigments
by acidification (Hése et al., 1998). Data were obtained at
weekly intervals during the growing season and less
frequently during the winter months. Chl a data were
available for the time period from 1979 to 2006 with the
exception of the years 1979, 1984 and 1985. For these
missing years, Chl a concentrations were calculated
from measurements of algal biovolume using conver-
sion factors established for Lake Constance on sampling
dates when both Chl a and algal biovolume data were
available.

Materials and methods

The model

The model used in this study is a modified version of a
recently developed hydrodynamically driven phyto-
plankton model (Peeters et al., 2007). Compared with
similar hydrodynamically driven phytoplankton mod-
els (Huisman et al., 2002, 2006), the model used here
includes a more realistic representation of turbulent
mixing that is able to take into account temporal and
vertical variations in turbulent diffusive transport,
which is essential for the simulation of seasonal phyto-
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plankton development under field conditions in deep
lakes. The overall model consists of two components: a
one-dimensional hydrodynamic model that simulates
vertical profiles of water temperature and turbulent
diffusivity in lakes, and a one-dimensional phytoplank-
ton-growth model that can be driven by the output
from the hydrodynamic model. The combined model
has been described in detail by Peeters et al. (2007);
here, we provide only a brief description of its structure
and summarize the application and calibration proce-
dures used.

The hydrodynamic model. The hydrodynamic model used
was SIMSTRAT, a one-dimensional k- model
developed to simulate vertical diffusion and thermal
stratification in lakes (Goudsmit et al., 2002; Peeters
et al., 2002). SIMSTRAT calculates the energy fluxes
across the air/water interface from the given
meteorological driving variables, and estimates the
turbulent kinetic energy, k, and the rate of turbulent
kinetic energy dissipation, ¢, at different depths within
the lake. Turbulent diffusivity K, is estimated from the
proportionality K, ~ K%/e. Water temperature and
density profiles are calculated based on the heat flux
across the air—water interface, the short-wave radiation
penetrating into the lake and the vertical profile of K..
Because the simulated temperature profiles reflect the
model estimates of vertical diffusive transport, they can
be used to calibrate and validate the behaviour of the
model with respect to turbulent diffusion.

SIMSTRAT was calibrated by adjusting five constant
model parameters to minimize the root-mean-square
error between simulated and measured water
temperatures during the 6-year time period from 1979
to 1984 (for details see Peeters et al., 2007). In
SIMSTRAT, which uses an implicit algorithm to solve
the model equations, an internal vertical spatial
resolution of 0.25m and a time step of 10min were
used. All simulations were started in 1979 and were run
continuously to predict vertical profiles of temperature
and turbulent diffusivity from 1987 to 1994. The
predicted temperature profiles agree very well with
the measured temperatures in Upper Lake Constance
and adequately describe the timing of the onset of
stratification in spring (Peeters et al., 2007).

From SIMSTRAT, hourly profiles of turbulent
diffusivity and temperature with a vertical resolution
of 1m were obtained. These profiles served as input to
the phytoplankton model.

The phytoplankton model. The phytoplankton is modelled
in a one-dimensional vertical water column of unit
surface area. The vertical distribution of the concen-
tration of algal biomass, C,g is calculated from

production, respiration and vertical transport as

follows:

aCalg
ot

= production — losses + transport

0 oC oC
= PVCalg - Rycalg + E (Kz a:g> — Used 6;1g )

)

where P is the specific production rate. Instead of the
Blackman equation (Blackman, 1905) used by Peeters
et al. (2007), we use here the hyperbolic tangent function
of Jassby & Platt (1976) to simulate phytoplankton
production as function of light intensity (see Table 1).
R is the specific respiration rate, which depends on P. K,
is the vertical turbulent diffusivity, vsq the sinking
velocity of the algae, y the ratio of Chl a to algal
biomass, and z water depth (positive downwards).
The light intensity I is assumed to decrease with
depth according to the Lambert-Beer law

I(z) = I, exp (7 /0 Zn(z’)dz’), (2)

Table 1 Model equations

Rate of change of the concentration of algal biomass with time:

8Calg _
o

P(I(Z)> T(Z))ycalg - R(P(Z))Vcalg

0 0Cag 0Caig
+ = (Kz(z) g > — Used %

Specific production rate:

P(I(2), T(2)) = Pumax(T(2)) tanh (%)

Maximum specific production rate with T in °C:

Prax(T(2)) = plo Q%(Z)/IO%}l)

max

Light intensity as a function of depth:

I(z) = I, exp <7 /OZ n(z’)dz’)

Light extinction coefficient as a function of Chl a
concentration:

n(z) = n, + kcnaCenla(z) = 1, + kcnaCaig(2) /7

Specific respiration rate as a function of the production, water
temperature in °C and concentration of algal biomass:
1

R(P(z)) = Q™+ prp(a)

Chl a, chlorophyll a.



where [, the photosynthetically active radiation
entering the water column at the lake surface, was
calculated from measured short-wave radiation data.
The light absorption coefficient n depends on the
concentration of algae, as in similar phytoplankton
models (e.g. Huisman et al., 2002, 2006). Vertical
profiles of water temperature and turbulent diffusivity
were obtained by linear interpolation of the output from
the hydrodynamic model to the grid points and times
required by the phytoplankton model. Because we
investigate phytoplankton growth only during winter
and spring, light inhibition and nutrient limitation of
production are not considered. The assumption that

Table 2 Variables and time-dependent properties of the model
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nutrient availability has only a negligible effect on the
timing of the onset of phytoplankton growth is
supported by the data from Upper Lake Constance,
which show that the timing of phytoplankton growth in
spring was not correlated with phosphorus concentra-
tions even when the lake was strongly oligotrophic. All
model equations, including those for P, R and 7 are
provided in Table 1. Overviews of the relevant variables
and model parameters are given in Tables 2 and 3,
respectively. The phytoplankton model equation was
solved numerically using the method of lines and the
implicit MATLAB® algorithm ODEI15S with dynamic
time stepping. The time steps ranged from 1s to 1h.

Variable Unit Explanation

Caig g Caig m~3 Concentration of algal biomass

Cchl a gChla m? Concentration of Chl a

n m™! Light attenuation coefficient

I mmolQm™2 day’1 Light intensity (PAR) in the water column

1, mmolQm ™2 day’l Light intensity (PAR) at the lake surface. I, is calculated from
measured solar radiation, taking into account reflection at the lake surface and
assuming a fixed conversion factor of 2.11 x 1073 mmolQm’2 s TWm 2!

K m?day ! Turbulent diffusivity determined from the hydrodynamic model

P g Calg (g Chl a)"'day™! Specific production rate

Prax g Cag (g Chl a7t clay’l Maximum specific production rate

R g Cag (gChl a)~! day’l Specific respiration rate

T °C Water temperature determined from the hydrodynamic model

z m Depth (positive downwards)

PAR, photosynthetically active radiation; Chl a, chlorophyll a.

Table 3 Constant model parameters

Parameter Value and unit Explanation

o 45x10° m?*g Caig (gChl a)"'(mmol Q)"  Photosynthetic efficiency

b, 0.01day* Specific base respiration rate at 5°C

Y 0.05gChla(g Calg)’1 Mass of Chl a per unit phytoplankton biomass (as carbon)

Ny 0.27m™" Background light attenuation coefficient of alga-free water in
Upper Lake Constance

kcni a 0.021 m? (mg Chl a) " Specific light attenuation coefficient of phytoplankton

Pr 0.2 Fraction of the production required for respiration

pY_ 67.2g Calg (g Chl a) " day ! Maximum specific production rate at 10 °C

Q1o 2.3 Q1o value for the temperature dependence of the maximum
specific production rate and the specific base respiration rate

Vsed 0.1mday' Sedimentation velocity of phytoplankton

Sources of the parameter values used: The values of the parameters o, P! and Q;, were determined from data measured in Upper
Lake Constance (Hase, 1996), as were the values of 1, and kcp , (Tilzer, 1988). Published values of vs.q4 for Upper Lake Constance
range from 0.033 to 1.6mday ' for nine algal species (Sommer, 1984), with the lowest value being for Stephanodiscus hantzschii,
which is very common in spring in Upper Lake Constance. Respiration parameters were not determined specifically for Upper Lake
Constance, but the values used for p, and b, were within the published ranges for these parameters (Geider & Osborne, 1989).

Chl a, chlorophyll a.
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The internal vertical spatial resolution of the phyto-
plankton model was 0.25m. In all simulations the
phytoplankton model was always initiated on 1
January of each year.

Scenarios and model operation

The impact of climate change on physical lake dy-
namics and phytoplankton growth is simulated by
simplified scenarios representing the changes in me-
teorological conditions that are presumed to occur as a
consequence of climate change. The REF is based on
measured time series of solar radiation, cloud cover,
relative humidity, wind direction, wind speed and air
temperature. The climate warming scenarios consid-
ered here involve a fixed increase in air temperature
of 2°C (scenario AT2), 4°C (scenario AT4) and 6°C
(scenario AT6), and a step-like increase in air tempera-
ture of 4°C (scenario AT4.p), where the air tempera-
ture increase is applied beginning on 1 January of the
specific year of interest. In addition, we investigate the
consequences of increasing and decreasing the wind
speed to 120% (scenario WS12) and 80% (scenario
WS08), respectively, of the value used in scenario REF.
These changes in air temperature and wind speed lie
within the range predicted to occur in central Europe
during the next 100 years (Réisdnen et al., 2004). In
addition, phytoplankton development was simulated
assuming an increase in air temperature of 4 °C coupled
with a simultaneous increase in wind speed to 120%
(scenario AT4WS12). Finally, scenario WT4 was used to
investigate the sensitivity of the timing of phytoplank-
ton growth to a change in water temperature. WT4
represents a situation in which water temperatures at
all depths are increased by 4 °C, while retaining the
turbulent diffusivities of scenario REF.

Statistical analysis

A statistical analysis was carried out to determine the
meteorological conditions associated with the early or
late occurrence of the onset of the spring phytoplankton
bloom. In this analysis, the time of occurrence of the
onset of the spring bloom in each year was estimated as
the first sampling date in spring when the mean Chl a
concentration within the uppermost 20m of the water
column exceeded a threshold value of 3mgm™>. Based
on this definition we grouped all years into years of
‘early onset’ (the 25% with the earliest onset), ‘late
onset’ (the 25% with the latest onset) or ‘middle onset’
(the remaining 50%). To relate the timing of the phyto-
plankton bloom to the meteorological conditions pre-
vailing immediately before the onset of the phyto-
plankton bloom, a bloom-triggered averaging approach

(Freund et al., 2006) was adopted using the following
technique. Anomalies of daily mean air temperature,
daily sunshine duration and daily maximum wind
speed were determined for each day of each year by
calculating the deviation of the respective meteorologi-
cal variable from its mean value for the specific day of
the year based on the period 1979-2006. For each
year, these daily anomalies were averaged over distinct
time periods (7, 14, 21, 28, 35 and 42 days) before
the onset of the spring phytoplankton bloom. Finally,
a t-test was used to determine whether these time-
averaged anomalies differ significantly from zero in
the early, middle and late bloom years.

Results and discussion

Numerical simulations

Compared with the REF, a simulation based on scenario
AT4 results in higher water temperatures throughout
the water column (Fig. 1a and b). The increase in water
temperature in the uppermost 20m (Fig. 1b) is only
slightly less than the 4°C increase in air temperature
assumed in scenario AT4. In April the increase in water
temperature even exceeds 4 °C because the model pre-
dicts an earlier onset of stratification in a warmer
climate. The increase in water temperature is particu-
larly pronounced in the time period between the onset
of stratification in the warmer climate and in the re-
ference climate. Simulations of the effect of climate
warming on water temperatures in Lake Zurich,
~70km from Upper Lake Constance, have suggested
that the increase in surface water temperature will be
less than the increase in air temperature (Peeters ef al.,
2002). However, this conclusion was based on climate
scenarios that assumed a constant atmospheric water
vapour pressure. The more realistic assumption
adopted in the present study is that relative humidity
rather than water vapour pressure will remain constant,
because precipitation is predicted to change only
slightly in the future (Rédisdnen et al., 2004; Arbeitskreis
KLIWA, 2006). As a consequence, under the warmer
climate scenarios the heat loss from the lake due to the
flux of latent heat is smaller in the present study than in
the previous simulations for Lake Zurich. Regardless of
which assumption is adopted, the increase in the mean
temperature of the uppermost 20 m of the water column
is predicted to exceed that of the deep water (below
20m), implying that the thermal stability of the water
column under scenario AT4 will exceed that under
scenario REF (Fig. 1a). This is the case during all seasons
(Fig. 1a), suggesting the existence of stratified condi-
tions all year round, a finding consistent with the
simulations carried out for Lake Zurich (Peeters et al.,
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Fig. 1 Impact of climate warming on seasonal water tempera-
ture development and stratification. Water temperatures T simu-
lated from measured reference conditions (scenario REF) are
compared with those simulated by assuming an increase in air
temperature by 4°C (scenario AT4). (a) Shows that a 4°C
increase in air temperature leads to an increase in the monthly
mean water temperature in the top layer of the water column
(above 20m depth, black curve) and in the deep layer (below
20m depth, green curve) during the entire year. The illustrated
increase in monthly mean water temperature, AT, resulting from
scenario AT4 was calculated as the difference of the monthly
mean temperatures simulated from AT4 and REF averaged over
1987-1994. The temperature variations in the top and deep layers
from 1987 to 1992 illustrated in (b) indicate that the duration of
homothermy will decrease in a warmer climate; i.e., when AT4 is
used to drive the model rather than REF, the time during
which the top and deep layers have the same temperature
[highlighted yellow for scenario REF in (b)] decreases. REF,
reference simulation.

2002). However, Fig. 1a is based only on monthly mean
values. In more temporal detail, the simulations of the
temperature regime in Upper Lake Constance for the
years 1987-1994 reveal that thermal stability decreases
to zero during the coldest part of winter under all
scenarios, indicating that complete vertical mixing
may potentially still occur (Figs 1b and 2a—c). Note that
under scenario REF the annual minimum water tem-
perature increases from 1987 to 1990 (Fig. 1b). This
simulation faithfully reflects the actual situation that
occurred at that time not only in Upper Lake Constance
itself (Straile et al., 2003), but also in many other lakes in
the region (Livingstone, 1997), mainly as a result of a
highly positive winter NAO index in 1989 and 1990 that
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Fig. 2 Impact of climate warming on water temperature and
stratification during winter and spring. Simulations of stratifica-
tion based on measured reference conditions (scenario REF) are
compared with simulations assuming an increase in air tem-
perature by 4 °C (scenario AT4) and 6 °C (scenario AT6). (a—c)
Variations in the thickness of the surface mixed layer in 1988,
1990 and 1994. The mixed layer is defined here as the layer
within which the temperature differs from the surface tempera-
ture by <0.5°C. The greater the shift in air temperature, the
shorter is the period of homothermy (shaded areas: blue, red and
green correspond to scenarios REF, AT4 and AT6, respectively).
(d—f) The temperature difference between 0 and 40 m (ATy_40m)
during spring in 1988, 1990 and 1994 is shown for scenarios REF
(blue), AT4 (red) and AT6 (green). An increase in AT)_4om
indicates the development of stratification within the top 40m
of the water column, where sulfficient light is available to allow
phytoplankton growth. REF, reference simulation.

affected not only temperature stratification but also
phytoplankton populations in lakes throughout
Europe (Weyhenmeyer ef al., 2002). This demonstrates
that the model adequately describes the response of
lake dynamics to changes in large-scale climatic
conditions. According to the model, an increase in air
temperature leads to a decrease in the duration of
the period of complete homothermy (Fig. 2a—c), and
hence to an increase in the duration of the period of
stratification. In most years the delay in the onset of
homothermy induced by climate warming in winter
exceeds the concomitant shift towards earlier onset of
stratification in spring (Fig. 2a—c). This agrees with
calculations based on historical data from Lake Zurich
(Livingstone, 2003). Nevertheless, increasing air tem-
peratures do result in the earlier onset of spring strati-
fication, as demonstrated by the behaviour of the
simulated temperature difference between 0 and 40 m
depth, ATy_40m (Fig. 2d—f), which can be considered as
a measure of the degree of thermal stratification existing
in the upper 40m of the water column (Peeters et al.,
2007).
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Fig. 3 Impact of climate warming on the timing of the onset of phytoplankton growth in spring. The onset of the increase in the mean
measured chlorophyll a (Chl a) concentration in the uppermost 20 m of the water column in spring (green symbols, left axis) occurs when
ATy_40m (black line, right axis) increases to ~ 0.5°C. The timing of the onset of phytoplankton growth simulated under scenario REF
(blue line) agrees well with the timing observed in the field (symbols) and adequately reproduces the interannual variability of the data.
Simulations based on scenario AT4 (red line) indicate that increased air temperatures lead to the earlier onset of phytoplankton growth.
However, the shift in the onset of phytoplankton growth is less than that resulting from scenario AT4 if the air temperature is increased
only on 1 January of the specific year of interest (scenario AT4.p, green line). Chl a was calculated from the simulated values of C,g
using Chla =y Cyg with y =0.05gChla(g Calg)’l. Note that the model does not consider nutrient limitation of production and losses by
zooplankton grazing and hence overestimates Chl a concentrations after the onset of phytoplankton growth.

In all years, the abrupt increase in AT(_4om in spring
and the steep increase in the mean Chl a concentration
occur simultaneously (Fig. 3), indicating that the onset
of the spring phytoplankton bloom and the onset of
stratification are both triggered by the same process,
namely the transition from strong to weak mixing in the
upper layers of the lake (Peeters et al., 2007). Because
climate warming results in an earlier transition from
strong to weak mixing, as is indicated by the earlier
development of stratification (Fig. 2d—f), it will also
result in the earlier onset of phytoplankton growth in
spring (Fig. 3). Also, spring phytoplankton growth in all
years starts earlier under scenario AT4 than under
scenario AT4g.p, suggesting that a long-term shift in
air temperature induces a shift in the timing of the onset
of the spring phytoplankton bloom which is slightly
greater than the shifts induced merely by interannual
variations in air temperature (Fig. 3). However, in
both scenarios, AT4 and AT4.p, the onset of stratifica-
tion is shifted significantly to earlier times of the year.
In spite of the sudden shift in air temperature in
scenario AT4g.,, convective mixing and unstratified
conditions prevail during winter and early spring be-
cause the heat flux is still often negative during this
time period. The model predicts that under scenario
AT4gep, the water temperature in the uppermost 20 m of
the water column is on average 2 °C lower during the

first 120 days of each year than under scenario AT4. The
difference in the surface water temperatures between
scenarios AT4 and AT4., decreases significantly only
after the onset of stratification during summer and
autumn.

Assuming a constant shift in air temperature, the
larger the increase in air temperature, the earlier is the
onset of both stratification (Fig. 2d—f) and the spring
phytoplankton bloom (Fig. 4). Note that an increase in
water temperature alone has only a slight effect on the
timing of the onset of the spring phytoplankton bloom
(Peeters et al., 2007). Figure 4 demonstrates that the shift
in the timing of the onset of phytoplankton growth
induced by a warmer climate (Fig. 4, AT4) is not
primarily a consequence of the increased water tem-
perature (Fig. 4, WT4), but is caused predominantly by
the temporal shift in the transition from strong to weak
mixing, as is indicated by the shift in the establishment
of stratified conditions (Fig. 2d).

In comparison to the impact of a change in air
temperature, the anticipated change in wind speed
leads to a much smaller shift in the timing of the onset
of spring phytoplankton growth (Fig. 4). Because mix-
ing increases with increasing wind speed, low wind
speeds lead to an early onset of the spring phytoplank-
ton bloom (Fig. 4, scenario WS08), while high wind
speeds lead to a late onset of the spring phytoplankton
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Fig. 4 Sensitivity of the model response to shifts in air tem-
perature, water temperature and wind speed. Simulations of Chl
a concentrations were based on scenarios involving shifts in air
temperature with respect to the reference scenario of +2, +4
and + 6°C (scenarios AT2, AT4 and AT, respectively: red lines)
and scenarios with wind speeds scaled to 80% and 120% of
measured speeds (scenarios WS08 and WS12, respectively:
black lines). The measured data (green symbols) and the simula-
tion based on the reference scenario REF (blue line) are included
for comparison. Simulations in which the reference meteorology
was used to drive the hydrodynamic model, but the water
temperatures were increased by 4°C in the phytoplankton
model (scenario WT4: grey line), indicate that the temporal shift
in the onset of phytoplankton growth induced by climate warm-
ing is not caused primarily by the increase in water temperature,
but by changes in turbulent vertical mixing. REF, reference
simulation.

bloom (Fig. 4, scenario WS12). However, an increase in
wind speed to 120% of its reference value cannot
counteract the shift in the onset of phytoplankton
growth that is induced by a 4 °C increase in air tem-
perature. Simulations based on scenario AT4WSI12 re-
sult in a development of Chl a that agrees very well
with that based on scenario AT4gp (the green line in
Fig. 3), suggesting a substantial shift in the onset of the
spring phytoplankton bloom to earlier times of the year
despite the increase in wind speed assumed in this
scenario.

Simulations based on scenario AT6 suggest the ex-
istence of unusually high phytoplankton concentrations
during the entire winter season; e.g., in the winter of
1987/1988 (Fig. 4, AT6). The high phytoplankton abun-
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dances during winter and spring 1988 resulted from the
late onset of homothermy and the comparatively shal-
low mixing depths attained (Fig. 2a and d), which
allowed a net growth of phytoplankton. The occurrence
of such a phenomenon may result in an increased
abundance of overwintering zooplankton, and thus
may affect phytoplankton-growth rates when the an-
nual spring plankton succession begins anew. In addi-
tion, it could result in changes to the life history of the
zooplankton by affecting the importance of reproduc-
tion from resting eggs (Jankowski & Straile, 2003).

Statistical analysis. Over the past few decades, the
phytoplankton in most lakes has been affected not
only by changes in climatic conditions, but also by
anthropogenic activities in the catchment areas of the
lakes — especially activities resulting in the release of
nutrients. In Lake Constance, as in the vast majority of
temperate lakes, phosphorus is the limiting nutrient
(Wetzel, 2001). In Upper Lake Constance, the con-
centration of total phosphorus averaged over the en-
tire water column during winter mixis decreased from a
maximum of 87 mngf3 in 1979 to <10 mgl"‘rrf3 in
2005 (IGKB, 2005). During winter mixis, particulate
phosphorus accounts for only a small fraction of total
phosphorus; additionally, Chl a concentrations during
winter mixis showed no significant long-term change.
The long-term decrease in total phosphorus can
therefore be interpreted as a decrease in soluble
reactive phosphorus. In response to this long-term
reduction in nutrient levels, the annual maximum of
the mean chlorophyll concentration in the uppermost
20m of the lake declined from between 40 and
90mgm ° in the 1980s to approximately 10mgm >
since 2000 (D. Straile, unpublished data). Never-
theless, the timing of the onset of phytoplankton
growth in spring did not change systematically with
time (n =28, ¥ =—0.04, P =0.31) and is not related to
the mean total phosphorus concentration during mixis
(n=28, ¥*=0.08, P=0.13) (Fig. 5). In this statistical
analysis, the time of onset of the phytoplankton bloom
in a given year was defined as the Julian day on which
the mean Chl a concentration in the uppermost 20 m of
the lake first exceeded 3mg m 2. Similar results were
obtained when other absolute thresholds for Chl a were
used, or when the thresholds were defined as a certain
percentage of the peak Chl a in a given year. The
insensitivity of the timing of phytoplankton growth to
the total phosphorus concentration is actually not
surprising, because phytoplankton growth starts after
the winter mixing phase, during which the vertical
phosphorus distribution is homogenized. The winter
mixing makes sufficient phosphorus available to
the phytoplankton for its growth to be limited by light



1906

130
£ ®
= ©
82 1o o o o @
=3 ™ oo
%E 90 ® ® o
ip- % % L,
82 704 @ @
S ®©
oz P

50 -

| T I | | I
0 20 40 60 80 100

TP,,ix (Mg m-3)

Fig. 5 Total phosphorus concentration and the timing of spring
phytoplankton growth. The timing of the onset of phytoplankton
growth is plotted vs. the total phosphorus concentration during
winter mixis (TPpix) of the same year in Lake Constance. The
data shown cover the years 1979-2006 (n=28, 7 =0.08,

P=0.13).

rather than nutrients. When vertical mixing is slow, the
phytoplankton begins to grow and take up phosphorus,
which is incorporated into the phytoplankton biomass;
additionally, the slow vertical mixing means that the
phosphorus lost is not replaced from deeper regions of
the lake, and phosphorus concentrations within the
photolytic zone decline. Although the maximum
phytoplankton biomass is affected by nutrients, the
timing of the onset of the phytoplankton bloom is not,
because it is the phytoplankton growth itself which
induces the decline in phosphorus concentration that
may finally result in primary production being limited
by phosphorus availability (e.g. Weisse et al., 1990).

The above-mentioned three categories of early,
middle and late onset of phytoplankton growth
correspond to 25 February to 20 March with a median
date of 18 March (early); 22 March to 14 April with a
median date of 31 March (middle) and 16 April to 2
May with a median date of 25 April (late). Statistical
analysis of the timing of phytoplankton development in
spring suggests that early onset of phytoplankton
growth is associated with both high air temperatures
and low wind speeds during the week before the onset
of the spring phytoplankton bloom (Fig. 6a and c). The
air temperature anomaly associated with an early onset
of phytoplankton growth is only a few degrees celsius.
This shows that the long-term data from Lake
Constance are consistent with the prediction of the
model that a temperature increase of this magnitude
can suffice to cause earlier onset of the spring
phytoplankton bloom.

The timing of phytoplankton growth in spring is
affected not only by air temperature, but also by wind
speed. The mean maximum wind speed 7 days before

the onset of the bloom, #imax, 7 days, is approximately 40%
higher in years in which the phytoplankton bloom was
late than in years in which it was early (Fig. 6). For
individual years, the difference in tmayx,7 days can
substantially exceed 40%. Hence, the interannual
variability of maximum wind speeds is considerably
greater than the average 20% change in wind speed
predicted for the Lake Constance region based on global
climate change scenarios. The interannual variability in
wind speed therefore has a greater influence on the
timing of the onset of the spring phytoplankton bloom
than does the mean change in wind speed anticipated
from global climate change scenarios. Assuming that
the interannual variability in wind speed is not affected
by climatic warming, our numerical simulations
consistently suggest that in a warmer world, the
interannual variability in the onset of phytoplankton
growth will remain much as it is today. However, as a
consequence of the increase in air temperature and the
related shift in the timing of the transition from strong
to weak vertical mixing, the onset of phytoplankton
blooms will, on average, be shifted to an earlier time of
the year.

Note that our statistical results with respect to
temperature only hold if the threshold value used to
define the onset of the spring phytoplankton bloom is
sufficiently large so that the early, small phytoplankton
blooms that develop in the very few years with inverse
stratification are below the threshold value of 3mgm >
mean Chl a (and thus are not taken as the true time of
the onset of the spring phytoplankton bloom). These
latter, very early blooms can clearly occur only when
both air temperature and wind speed are very low, as
this is a requirement for the development of inverse
stratification. An increase in the duration of the time
period over which the meteorological factors are
averaged leads to a decrease in the mean magnitude
of the anomalies associated with early phytoplankton
blooms. Thus, 1 week of positive air temperature ano-
malies and negative maximum wind speed anomalies
suffices to induce early onset of the spring phyto-
plankton bloom, and the meteorological conditions
existing 3 or 4 weeks before the bloom seem not to be
relevant. Late onset of the spring phytoplankton bloom,
however, is not associated with high winds over a short
period of time, but with the prevalence of positive daily
maximum wind speed anomalies over a long time
period (>3 weeks) (Fig. 6c). In contrast to air
temperature and wind speed, sunshine duration
apparently has no influence on the timing of the onset
of phytoplankton growth (Fig. 6b), which would
therefore appear to be determined by a complex
interaction between air temperature and wind speed,
in which not only the magnitude of these variables, but
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Fig. 6 Anomalies of air temperature, sunshine duration and
maximum daily wind speed during years with early (1st quar-
tile), middle (second and third quartiles) and late (fourth quar-
tile) onset of the spring phytoplankton bloom. The anomalies of
the meteorological variables were averaged over six different
time periods (7, 14, 21, 28, 35 and 42 days) immediately preced-
ing the onset of the spring phytoplankton bloom in each year.
The three categories of early, middle and late onset of the
phytoplankton bloom correspond to 25 February to 20 March
with a median date of 18 March (early); 22 March to 14 April
with a median date of 31 March (middle) and 16 April to 2 May
with a median date of 25 April (late). Errors bars denote one
standard error of the mean. Asterisks indicate time periods
during which the anomalies differ significantly from zero. Note
that the number of observations in the middle category is twice
the number of observations in the other two categories, resulting
in a higher statistical power for this category. A difference of
2ms~! in the mean anomaly of the maximum wind speed
corresponds to about 40%.

also their timing, is important. The same conclusion can
be drawn from the numerical modelling study.
According to previous simulation results, interannual
variations in the timing of phytoplankton growth result
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from interannual variations in the timing of the
transition from strong to weak mixing (Peeters et al.,
2007). Although high air temperatures favour the
development of stratified conditions with weak
vertical mixing, wind events can compensate for this
effect by mixing the weakly stratified water column.
Clearly, mixing intensity and the timing of mixing
events does not only depend on the absolute values of
air temperature and wind speed, but also on the timing
of wind events in relation to time periods with high or
low air temperatures. Because the timing of wind
events varies in a very irregular fashion from year to
year, interannual variations in the timing of the onset of
the spring phytoplankton bloom cannot be related in a
simple fashion to air temperature and wind speed
without including specific information on the relative
timing of extreme events.

Conclusions and implications. The numerical simulations
presented above predict that a systematic increase of
4°C in air temperature will result in a significantly
earlier onset of the spring phytoplankton bloom in
Upper Lake Constance. This can be expected also to
apply to other deep lakes in the temperate zone, and
may also apply to the temperate ocean. Upper Lake
Constance does not normally freeze over in winter. In
lakes that do freeze over, however, climate warming is
likely to affect the timing of the onset of phytoplankton
growth even more strongly. This is because in ice-
covered lakes, the timing of the reduction in the
intensity of vertical mixing that occurs with the onset
of stratification is tightly linked to the timing of ice
break-up. This, in its turn, is highly dependent on air
temperature (e.g. Ruosteenoja, 1986; Vavrus et al., 1996),
and therefore reacts sensitively to long-term climate
warming (Magnuson et al., 2000). At lower latitudes,
even shallow lakes do not freeze over, so that
phytoplankton development in winter and spring is
limited by lake depth rather than mixing intensity. In
such lakes, climate warming is likely to have much less
effect on the timing of the onset of phytoplankton
growth than in Upper Lake Constance.

The predictions of the impact of climate warming on
the timing of phytoplankton growth in Upper Lake
Constance are likely to be valid if wind speeds remain
the same as those that prevailed from 1987 to 1994, or
even if they increase by up to 20%. However, if the
pattern of high wind events were also to change in the
future, with, for instance, storms occurring more
frequently in spring, the shift in the onset of the
spring phytoplankton blooms might not be as strong
as that predicted from the scenarios assumed above.
Unfortunately, the future pattern of high wind events
on a regional scale is very difficult to predict, and a
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reliable prognosis of the wind speed that is likely to
prevail in a future warmer climate is not yet available
for the Lake Constance area.

Climate warming is predicted to induce a shift not
only in the timing of the onset of the growth of
phytoplankton, but also in that of Daphnia populations
(Scheffer et al., 2001). These shifts, however, are caused
by different mechanisms: in the case of phytoplankton,
it is the earlier transition from strong to weak vertical
mixing that causes the shift, as demonstrated above;
whereas in the case of Daphnia, it is the increase in water
temperature (Straile, 2000). This difference in the
mechanisms responsible makes it unlikely that climate
warming will result in the same temporal shift in the
onset of the growth of both the phytoplankton and
the Daphnia populations. Before daphnids become the
dominant grazers, other zooplankton taxa, such as
ciliates in the case of Lake Constance (Weisse et al.,
1990; Gaedke et al.,, 2002), are responsible for
phytoplankton loss. Because these zooplankton taxa
have grazing and population growth rates that differ
from those of daphnids, a shift in the timing of
phytoplankton growth will thus have important
consequences for zooplankton community structure.

Because the effect of climate warming on lake plank-
ton community structure over the past few decades has
been effectively masked by strong, direct, anthro-
pogenic impacts - e.g. eutrophication and
oligotrophication — the response of lake plankton to
long-term climate warming is often inferred by
analysing its response to interannual fluctuations in
climate rather than to the long-term change in climatic
forcing (e.g. Straile, 2000). However, as demonstrated
above, the shift in the onset of phytoplankton growth in
a consistently warmer climate will exceed that resulting
from a single unusually warm year. Furthermore, the
model predicts that a single year with unusually high
air temperatures will result in a smaller change in
winter and spring water temperatures than would be
expected to result from a consistently warmer climate.
Hence, the effect of a warmer climate on food-web
interactions in spring — which are sensitive to both
water temperature and phytoplankton growth — may
exceed the effect anticipated from the results of
statistical analyses of the interannual variations in
measured time series. This suggests that the conse-
quences of climate warming for aquatic ecosystems
may be even more severe than previously thought.
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