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Abstract The timing of various plankton successional
events in Lake Constance was tightly coupled to alarge-
scale meteorological phenomenon, the North Atlantic
Oscillation (NAO). A causal chain of meteorological,
hydrological, and ecological processes connected the
NAO as well as winter and early spring meteorological
conditions to planktonic events in summer leading to a
remarkable memory of climatic effects lasting over al-
most half a year. The response of Daphnia to meteoro-
logical forcing was most probably a direct effect of al-
tered water temperatures on daphnid growth and was not
mediated by changes in phytoplankton concentrations.
High spring water temperatures during “high-NAO
years’ enabled high population growth rates, resulting in
a high daphnid biomass as early as May. Hence, a critical
Daphnia biomass to suppress phytoplankton was reached
earlier in high-NAO years yielding an early and longer-
lasting clear-water phase. Finaly, an earlier summer de-
cline of Daphnia produced in a negative relationship be-
tween Daphnia biomass in July and the NAO. Meteoro-
logical forcing of the seasonal plankton dynamics in
Lake Constance included simple temporal shifts of pro-
cesses and successional events, but also complex chang-
es in the relative importance of different mechanisms.
Since Daphnia plays an important role in plankton suc-
cession, athorough understanding of the regulation of its
population dynamics provides the key for predictions of
the response of freshwater planktonic food webs to glob-
a climate change.
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Introduction

Climatic forcing is increasingly recognized as an impor-
tant factor causing interannual variability in organism
abundances in both aquatic and terrestrial ecosystems
(George and Harris 1985; Aebischer et a. 1990;
Roemmich and McGowan 1995; Adrian et al. 1995;
George and Taylor 1995; Adrian and Deneke 1996;
Fromentin and Planque 1996). Many long-term time se-
ries show a close coupling between large-scale meteoro-
logical phenomena and changes in population densities.
For example, effects of the El Nifio Southern Oscillation
(ENSO) are apparent in oceanic and limnetic time series
from Lake Tahoe (USA) to Tasmania (Barber and
Chavez 1983; Strub et a. 1985; Harris et al. 1988; Karl
et a. 1995; Anderson et a. 1996). Although there may
be some linkages between the ENSO and weather pat-
terns in Europe (Fraedrich and Muller 1992), it has be-
come increasingly clear during recent years that the
North Atlantic Oscillation (NAO) drives the weather pat-
terns in the region of the northern hemisphere north of
20° N (Lamb and Peppler 1987; Hurrell 1995; Davies et
al. 1998).

The NAO is a large-scale oscillation of atmospheric
mass between the North Atlantic regions of subtropical
high surface pressures, the Azores High, and subpolar
low surface pressures, the Iceland Low (Lamb and
Peppler 1987). The occurrence of warm winters over
much of Europe during the late 1980s and early 1990s
was associated with anomalously low pressuresin the re-
gion of the Icelandic Low and with pressures higher than
normal at lower latitudes, corresponding to a high posi-
tive NAO index (Hurrell 1995). There is growing evi-
dence that the abundances of aquatic and terrestrial spe-
cies were influenced by the NAO (Fromentin and
Planque 1996; Fromentin et al. 1998; Kroncke et al.
1998; Post and Stenseth 1998).

Despite convincing evidence for climatic forcing on
planktonic ecosystems, the mechanisms behind climatic
impacts are often only poorly understood (Aebischer et
al. 1990). These shortcomings in our understanding of
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meteorological forcing in planktonic food webs are due
in part to a rather low temporal resolution of long-term
data series, with sampling intervals exceeding the gener-
ation times of many of the organisms involved. A strong
correlation was recently established between the NAO
and daphnid biomass in Lake Constance, a large conti-
nental lake approximately 1000 km from the Atlantic
Ocean (Straile and Geller 1998a). The plankton time se-
ries available for Lake Constance spans 15 years of ob-
servations with a high temporal resolution, i.e., weekly
sampling intervals during the growing season, therefore
enabling a detailed causal analysis of the meteorol ogical
forcing of plankton succession. The purpose of this study
was (a) to evaluate the mechanisms by which the NAO
affects daphnid biomass in Lake Constance, and (b) to
analyze the indirect effects of climate forcing which
arise from alternations in daphnid biomass during differ-
ent parts of the season.

Materials and methods

Lake Constance is alarge (472 km?) and deep (z,,,=254 m), tem-
perate (47°39' N) lake on the northern fringe of the Alps. The sea-
sonal dynamics of phytoplankton, zooplankton, and microbial
populations have been studied in great detail (Simon and Tilzer
1987; Tilzer and Beese 1988; Geller 1989; Muller et al. 1991,
Gaedke 1993; Straile 1998; Straile and Geller 1998b). Samples for
the present study were taken weekly during the growing season
and approximately fortnightly during winter in the central part of
the fjord-like northwestern part of the lake (Uberlinger See) from
1979 to 1994. No zooplankton samples were taken during 1983
and no phytoplankton samples were taken from July to December
1983. Zooplankton were collected with a Clarke-Bumpus sampler
(mesh size 140 pm) by vertical hauls from 140 m depth. The zoo-
plankton community consists of two Daphnia species, D. hyalina
and D. galeata, Bosmina sp., Leptodora kindti, Bythotrephes
longimanus, Eudiaptomus gracilis, and three cyclopoid copepod
species (Straile and Geller 1998b). Daphnid biomass was cal cul at-
ed from length-dry weight relationships established for Lake Con-
stance (Geller and Mller 1985). Phytoplankton biovolume was
obtained by counting the abundance of individual species and
morphotypes with the Uterméhl technique and allocating fixed
cell volumes to each species (Gaedke and Schweizer 1993). Aver-
age increase rates of phytoplankton biovolume during May were
calculated based on data smoothed with a three-point moving-
average filter and assuming exponential increase, i.e,

Table 1 Pearson correlation coefficients of meteorological and
successional parameters at Lake Constance. Correlations were
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r=[In(BV y)-n(BVe)]/T, where BV, and BV, are the phyto-
plankton biovolumes on the first and last sampling daysin May in
the respective years and T is the time span between these two sam-
pling dates. Data on underyearling year-class strength of whitefish
(Coregonus lavaretus), which is the dominant planktivore in the
lake were taken from Eckmann et al. (1988) and Eckmann and
Rdsch (1998). Water transparency was recorded with a Secchi disk
of 30 cm diameter. The start of the clear-water phase was defined
as the first sampling date after the algal spring bloom with Secchi
depth exceeding 7 m. Air temperatures were measured at the near-
by meteorological station at Constance and provided by the Ger-
man Weather Service. Water temperature for various depths was
recorded at the respective sampling dates in the years 1979, 1980,
1981, and 1986 and continuously (every 20 min) during the other
years. For the present study, water temperatures at 8 m depth were
used, which is approximately the residence depth of daphnids dur-
ing spring (Geller 1986). The NAO index was taken from Hurrell
(1995) and calculated as the difference between the normalized
sea level pressure (SLP) anomalies during winter (Decem-
ber—-March) at Lisbon, Portugal, and Stykkisholmur, Iceland. The
SLP anomalies at each station were normalized by dividing each
seasonal pressure by the long-term standard deviation (Hurrell
1995). Data analysis was performed using SAS (SAS 1988).

Results

Average air temperatures in Constance varied from —1 to
4°C during winter (December—March) and warm average
air winter temperatures were associated with high-NAO
years (r=0.62, P<0.05; Table 1). Lake Constance was not
covered by ice during the study period, an event which
has occurred only once during the 20th century. Not sur-
prisingly, epilimnetic water temperatures were positively
related to air temperatures and, hence, to the NAO. Sig-
nificant positive correlations between the NAO and wa-
ter temperatures with coefficients of determination ex-
ceeding 0.3 were found until May (Fig. 1). From June
onwards, variability in water temperatures was no longer
related to the variability in the NAO in winter.

In contrast to spring water temperature, phytoplank-
ton biomass was only weakly related to the NAO in
March (r=0.4, P<0.12; Fig. 2a), but not during April and
May (r=0.09, n.s. and r=-0.12, n.s,, respectively; Fig.
2b,c). Daphnia biomass was low during the beginning of
the year, increased on average by three orders of magni-
tude during a period of exponential growth in April and

**%%P<0,001 or not significant (n.s.). Daphnia biomass was log-
transformed prior to analysis

significant at °P<0.1, *P<0.05, **P<0.01, ***P<0.005,
Winter air Water Daphnia Daphnia Start of Daphnia Duration of
temperature temperature growth rate biomass clear-water biomass clear-water
(°C) (April/May) (April/May) (May) phase (July) phase
49 (day-t) (mgC/m2)  (julianday)  (mgC/m=)  (days)
NAO index 0.63* 0.78**** 0.53* 0.64* —0.55* —-0.58* 0.46°
Air temperature 0.61* 0.74*** 0.81**** —-0.58* -0.45° 0.23n.s.
Water temperature 0.64* 0.63* —0.54* —0.59* 0.52*
(April/May)
Daphnia growth rate 0.82**** —0.66** —0.54* 0.3ns.
Daphnia biomass (May) —0.84**** —0.69*** 04n.s.
Start clear-water phase 0.63* —0.58*
Daphnia biomass (July) -0.09ns.
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Fig. 1 Coefficient of determination (r2) of the relationship be-
tween the North Atlantic Oscillation (NAO) index and the average
water temperature at 8 m depth during individual months from
1979 to 1994. The horizontal line indicates a significance level of
95%. The NAO index for December to March has a predictive
power for the water temperatures at 8 m depth up to May but not
later in the year
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Fig. 2 Relationship between the NAO index and monthly averag-
es of phytoplankton biomass in March (r=0.4, P<0.12) (a), April
(r=0.09, n.s.) (b), and May (r=—0.12, n.s.) (c)

May, and remained at a rather high level compared to
winter biomasses until the end of the year (Fig. 3). As
average net population growth rates during April and
May in most years could be adequately described by an
exponential model, they were estimated from the slope
of a linear regression line fitted to the relationship be-
tween the logarithm of Daphnia biomass and the day of
the year. Combining data from all study years, daphnid
biomass increased by 0.043 per day (r2=0.49, P<0.0001)
during April and May. | tested for significant differences
in population growth rates between years using an
ANCOVA approach with log,y(biomass) as the depen-
dent variable and day of the year, year, and their interac-
tion as independent variables (Table 2). Significant dif-
ferences in population growth rates between years were
suggested by a significant interaction term. Daphnid
growth rates during April/May of individua years
ranged between 0.02 day-! in 1987 and 0.09 day-1 in
1990 and differences were related to the variability in
average April/May water temperatures (r=0.64, P<0.05)
and consequently indirectly to the NAO (r=0.53,
P<0.05). There was neither a significant relationship be-
tween Daphnia growth rates and algal biovolumes dur-
ing April (r=-0.07, n.s.) nor during (r=-0.3, n.s.). In ad-
dition, a multiple regression model which included agal
biovolumes and May water temperature did not explain
more variability in Daphnia growth rates than water tem-
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Fig. 3 Individual observations of daphnid biomass throughout
1979-1994. The line indicates the mean net population increase
during April and May when considering all study years

Table 2 ANCOVA with Daphnia biomass on individual sampling
dates in April and May (dependent variable) and julian day, year,
and their interaction as independent variables

Source df Typelll SS F-value Pr<F
Julian day 1 62.9 179.53 0.0001
Year 14 8.3 1.70 0.0681
Julian dayxyear 14 10.3 2.09 0.0185
Error df 97

Error SS 34

R2 0.77

perature alone, i.e., algal biovolumes did not contribute
significantly to the model.

High daphnid growth rates correlated with high da-
phnid biomass during May, which linked daphnid bio-
mass in May to water temperatures during April/May
(r=0.63, P<0.05) and the NAO (Straile and Geller
1998a). Daphnia biomass in May did not depend on the
size of the overwintering Daphnia population as there
were no significant correlations between Daphnia bio-
masses in May and March (r=—0.08, n.s.) or between
Daphnia biomass in March and the NAO (r=-0.4, n.s.).

High Daphnia biomasses were associated with nega-
tive increase rates of phytoplankton biovolume during
May (r=—0.69, P<0.005; Fig. 4a) and an early start of the
clear-water phase(r=—0.84, P<0.001; Fig. 4b). The onset
of the clear-water phase in Lake Constance varied by ap-
proximately 1 month between years, e.g., from the mid-
dle of May in 1990 to the end of June in 1987, and was
related to the NAO index (r=-0.55, P<0.05; Table 1).
Additionally, there was a tendency for longer clear-water
periods when they started earlier (correlation coefficient
between the duration of the clear-water phase and (a) its
starting date: r=—0.58, p<0.05; and (b) the NAO Index:
r=0.46, P<0.09).

The daphnid biomass in July was positively related to
the start of the clear-water phase (r=0.63, P<0.05) and
negatively to daphnid biomass in May (Fig. 5a). Thus,
Daphnia biomass in July was lower during high NAO
years (r=—0.58, P<0.05; Fig. 5b). Monthly averages of
daphnid biomass in July varied by approximately one or-
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Fig. 4 Relationship between the average Daphnia biomassin May
and phytoplankton growth rate during May (a), and the start of the
clear-water phase (b)

der of magnitude, whereas May averages exhibited an
interannual variability exceeding two orders of magni-
tude (Fig. 5a). Only during high-NAO years (1989,
1990, 1993) did biomass in May exceed July biomass,
whereas in al other years, July biomass was larger than
May biomass (Fig. 5a). The maximum monthly average
of Daphnia biomass during late spring and early summer
was not correlated with the NAO index (r=-0.21, n.s.).
Daphnid biomass in July was neither related to phospho-
rus concentrations during winter mixing (r=0.14, n.s.)
nor to the year-class strength of whitefish (r=—0.04, n.s.).

Discussion

The measurements described here suggest a causal chain
of meteorological, hydrological, and ecological process-
es connecting a large-scale meteorological phenomenon
together with winter and early spring meteorological
conditions to planktonic events in summer. Climatic con-
ditions in Europe are influenced by the NAO predomi-
nantly in winter when it is strongest and has the clearest
teleconnections (Barnston and Livezy 1987). According-
ly, the NAO signal is detectable in Constance air temper-
atures during winter, and in the water temperatures of
Lake Constance until May. Elevated water temperatures
during recent winters , i.e., high-NAO years, have been

47

= 37 "a

> [ ]

=2 .

) -

£ 3.5 °.

@ °

SE 33 - *

E o 4 [ ) 1 )

Qv

0O i /

S o 3.1 ° /

g £ .

- L ]

8 29 7 r=.069,

= p < 0.005 /.

E’ 27 o T - T T
1 2 3 4
log,(Daphnia biomass in May)

[mg C/sgm]

= 3.7 7

£l b .

3

£ 35 - ¢

w [ ]

[ ] [ ]

© L]

£E 33 .

o v . [ 4

a0 .

S o B

g g 3.1 .

& * .

Q 29 7 r=.058,

8; p<0.05 R

- 2.7 1 T T T T T
4 -2 0 2 4 6

NAO-Index

Fig. 5 a Relationship between average daphnid biomass in July
and average Daphnia biomass in May. For a better comparison of
absolute values, the line where May biomass would equal July
biomass is shown. b Relationship between average Daphnia bio-
mass in July and the NAO index

recorded in a number of European lakes and coastal wa-
ters (Beukema 1992; Pingree 1994; Adrian et al. 1995;
Muller-Navarra et al. 1997; Kroncke et al. 1998).

Water temperature and the heat content of a lake are
major factors in determining the onset of thermal stratifi-
cation in spring (McCormick 1990; Robertson and
Ragotzke 1990; Demers and Kalff 1993). Thermal strati-
fication reduces downward mixing of heat yielding a
stronger stratification which, in turn, again enhances the
warming of surface waters. Hence, the start of stratifica-
tion initiates a positive feedback mechanism which may
accelerate the meteorological signal.

As soon as mixing below the euphotic zone ceased,
algal standing stocks increased substantially in deep
Lake Constance (Bauerle et al. 1998; Gaedke et al.
1998). Ciliates and rotifers responded rapidly to an ini-
tial increase in phytoplankton biomass (Mdlller et al.
1991; Arndt et al. 1993) and exhibited a strong grazing
pressure on phytoplankton shortly thereafter (Mller et
al. 1991; Arndt et al. 1993; Gaedke and Straile 1994).
Thus, the resulting phytoplankton biomass is due to the
combined effect of phytoplankton growth and the graz-
ing pressure by small herbivores shortly after the onset
of stratification. These differences in the increase pat-
terns, i.e., positive feedback of temperature increase ver-
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sus dampening of phytoplankton biomass increase due to
grazing, might explain why a strong relationship was ob-
served between water temperatures and the NAO, but
not between phytoplankton biomass and the NAO.

During the investigation period, daphnid population
growth started around April (Fig. 3). At this time, phyto-
plankton biomass was already high and influenced by
small herbivores (see above), so that daphnids were not
associated with higher phytoplankton biomasses, but
with higher water temperatures after high-NAO com-
pared to low-NAO years. In laboratory studies, tempera-
ture has strong effects on the feeding and growth of da-
phnids (Vijverberg 1980; Lampert and Muck 1985). Ad-
ditionally, daphnid food demands to obtain a certain
growth rate decrease with decreasing temperatures
(Achenbach and Lampert 1997). This reduces the possi-
ble impact of food limitation on Daphnia growth during
April when water temperatures are still low. Thus, vari-
ability in daphnid population growth was probably a di-
rect effect of variability in water temperatures but was
not mediated by phytoplankton biomass.

Critical Daphnia biomasses able to suppress phyto-
plankton biomass were reached in May during high-
NAO years and resulted in an earlier onset of the clear-
water phase. The clear-water phase is a regular succes-
sional event in many temperate lakes (Lampert 1978;
Luecke et a. 1990; Markager et al. 1994; Angeli et al.
1995), and has been traced back to the grazing impact of
daphnids (Lampert et al. 1986), which are the dominant
herbivores in Lake Constance at this time of the year
(Pinto-Coelho 1991; Straile 1998). The timing of the
clear-water phase in the small and eutrophic Pluf3see
(0.14 km?, Z,;7=9.4 m) was correlated with the mean
annual lake temperature (MUller-Navarra et al. 1997).
The authors assumed that the earlier onset of the clear-
water phase with increased temperatures was due to tem-
perature-controlled zooplankton growth under high algal
abundances in spring but, unfortunately, they did not
present data on zooplankton and phytoplankton. Addi-
tionally, a comparative analysis of interannual variability
in the timing of the clear-water phase and Daphnia pop-
ulation dynamics during spring in the small and hyper-
trophic Muggelsee (7.3 km2, z,,.,,=4.9 m) and Lake Con-
stance revealed that both lakes exhibited a high temporal
coherence, i.e., an early clear-water phase in Miggelsee
was associated with an early clear-water phase in Lake
Constance (D. Straile and R. Adrian, unpublished data)
These results suggest that similar mechanisms determine
interannual variability in successional events during the
first half of the year in lakes of different size and trophy.

The trophic state of Lake Constance has changed from
meso-eutrophic to more oligotrophic conditions during
the study period (Gaedke and Schweizer 1993; Glde et
al. 1998). A potential confounding of meteorological and
trophy effects during spring can be excluded because
phytoplankton did not respond to reoligotrophication dur-
ing spring (Gaedke and Schweizer 1993). Despite de-
creased phosphorus concentrations, daphnids grew faster
in spring in recent years when water temperatures were

high. In summer, concentrations of edible algae and pri-
mary production remained largely unchanged (Tilzer et
al. 1991; Gaedke and Schweizer 1993). Daphnid biomass
in July was not related to winter phosphorus concentra-
tions and hardly any response of the zooplankton commu-
nity to declining nutrient concentrations was observed
(Straile and Geller 1998a, 1998b). Likewise, interannual
differences in the year-class strength of underyearling
whitefish (C. lavaretus), the dominant planktivores in
Lake Constance, were not related to Daphnia biomass.
This suggests that the results were neither confounded by
changesin the trophic state of the lake, nor by interannual
changes in predation pressure by whitefish.

The effects of the NAO and spring water tempera-
tures on plankton succession were of varying complexi-
ty. Some planktonic responses may be understood as
simple temporal shifts of successional events. For exam-
ple, the inverse relationship between Daphnia biomasses
in May and July was probably caused by atemporal shift
in Daphnia population dynamics, which is characterized
by maximum abundances during late spring/early sum-
mer and a subsequent summer decline (Sommer et al.
1986). During years with a low NAO index, Daphnia
growth was slow and high biomasses were obtained in
July. In contrast, during high-NAO years, biomass was
high in May and declined towards July. However, this
shift in the timing of maximum biomass did not affect
the overall magnitude of maximum biomass during
spring, which was not related to the NAO.

On the other hand, there is aso evidence for alterna
tions in the complex patterns of plankton regulation due
to meteorological forcing. For example, daphnids and al-
gae were controlled by different mechanisms during ear-
ly spring, alowing a possible uncoupling of algal and
daphnid dynamics. The seasonal increase in daphnid bio-
mass in Lake Constance closely followed the seasonal
rise in epilimnetic water temperatures during spring. In
contrast, phytoplankton growth was tightly coupled to
increased light availability, i.e., a reduction in mixing
depth (Gaedke et a. 1998). As periods without mixing
occurred in some years during late winter and early
spring when water temperatures were still low, algae but
not daphnids started to grow (Gaedke et al. 1998). Be-
cause ciliates were able to react aimost immediately to
increased algal biomass (Muller et al. 1991), this sug-
gests that the relative importance of ciliates as herbi-
voresislarger in low-NAOQ years than in high ones.

The duration of the clear-water phase provides a sec-
ond example of an aternation in the importance of pro-
cesses in response to the speed of vernal warming. Dur-
ing low-NAO years, the clear-water phase was less pro-
nounced and lasted only a few days. There are several
potential mechanisms for this pattern. (a8) A succession
of phytoplankton towards species which are highly com-
petitive at low phosphorus concentrations, e.g., the dia-
toms Fragillaria and Asterionella, in response to the sea-
sonal decline of phosphorus concentrations (Sommer et
al. 1986). As these species are also large, this may re-
duce the overall edibility of phytoplankton and hence the



duration and intensity of the clear-water phase if Daph-
nia reach peak abundances after the occurrence of this
successional shift. (b) Diel vertical migration (DVM) of
D. hyalina, which in Lake Constance usualy starts
around June (Geller 1986). If the biomass-specific graz-
ing pressure of daphnids integrated over 1 day is aready
reduced by DVM, a less pronounced clear-water phase
may be expected.

Meteorological forcing of daphnid population dynam-
ics probably affects the population dynamics of many
other planktonic species and, consequently, ecosystem
processes. The triggering of the clear-water phase is the
most impressive — even macroscopically observable —
demonstration of the grazing potential of daphnids. Be-
sides grazing on phytoplankton, daphnids exert a signifi-
cant grazing pressure on all components of the microbial
food web (Jirgens 1994), and suppress rotifers (Gilbert
1988) and copepod nauplii (Santer and Lampert 1995)
by exploitative and interference competition. As a result,
alower daphnid biomass during July in high-NAO years
will partly relieve rotifers and protozoans from competi-
tion and predation yielding a higher species and carbon
flux diversity and increasing the importance of the mi-
crobial loop (Gaedke and Straile 1994; Straile 1998).

To conclude, population dynamics of daphnids and
the timing of important successional eventsin the plank-
ton community of Lake Constance were subject to mete-
orological forcing by the NAO. The winter NAO signal
did not fade and was detected in the interannual variabil-
ity of various parameters until July. The system exhibit-
ed aremarkable memory over aimost half of the year due
to the important role played by Daphnia in plankton suc-
cession. A thorough understanding of the regulation of
Daphnia population dynamics is therefore a key for pre-
dictions of the response of freshwater planktonic food
websto global climate change.
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