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Abstract

The aim of our research was to investigate hkemgy effects of inter-annual climatic
variations and trends on hydrological conditiongl grocesses of Lake Pluf3see and to
examine their influence on the zooplankton comnyusitice the beginning of measurements
in 1969. Therefore, we analyzed the impact of lasggle and regional forcing parameters on
the trends and the variability of the stratificatipattern and of water temperatures, oxygen,
and nutrients prior and during the stratificatiogripd. Next, we examined the influence of
these parameters on the zooplankton community itoli@c, whereas we also analyzed if
changes in the zooplankton composition could atsexplained by interspecific competition
or by effects of a biomanipulation experiment, whigas performed in Lake Pluf3see from
1991 to 1994.

Regional air temperatures and wind speeds iteweand early spring, which were closely
linked to the North Atlantic Oscillation, affectatie lake’s heat content and the vertical
mixing intensity at that time of the year and detiered, therefore, the timing of the onset of
stratification and the phenological dynamics of pgigitoplankton and the zooplankton. The
trend towards an earlier onset of stratificatiohjok shifted from mid-April to beginning of
April, resulted in earlier water-column stability spring and entailed, thus, the extent of the
epilimnetic warming trends and the hypolimnetic loap trends in April and May. Large
increases of epilimnetic temperatures and watarrsol stability in summer and autumn
resulted in a later breakdown of stratification,iebhshifted from beginning of November to
mid-November. Due to the prolonged stratificatia@ripd deep-water oxygen concentrations
were lower during the last weeks of stratification.

Despite these large changes prior and duringttiaéification period, we ascribed the largest
variability within the cladoceran and copepod comities in October to alterations of the

predation pressure by zooplanktivorous fish, wheraeage-bodied species benefited from



reduced predation pressure during the biomanimuiagxperiment. In contrast, rotifers were
influenced by interspecific competition with cladgoans and copepods and by water
temperature, € pH, and nutrient concentrations as well. Spedigsrsity of rotifers was
negatively associated with these parameters, wigigh serve as proxies for primary
production. Hence, our results highlight the impote of considering also food-web
interactions when the aim is to analyze long-teffacés of climate change on zooplankton
communities, because effects of changing spectegsaittions may superimpose the effects of

abiotic environmental changes.



Zusammenfassung

Das Ziel unserer Forschung war die Untersuchamgfristiger klimatischer Veranderungen
und deren Trends auf hydrologische Bedingungen Brakzesse im Plu3see und deren
Einfluss auf die Zooplanktongemeinschaft seit deegiBn der Messungen im Jahr 1969.
Dafir haben wir die Auswirkungen grof3raumiger unegionaler meteorologischer
Bedingungen auf die Trends und die Schwankungen Stéschtungsverhaltens und der
Wassertemperaturen, Sauerstoffverhadltnisse und shdfe vor und wéahrend der
Schichtungsperiode erforscht. Im néachsten Schaltteh wir den Einfluss dieser Parameter
auf die Zooplanktongemeinschaft im Oktober untemsugvobei wir ebenfalls Uberprift
haben, ob Veranderungen in der Zooplanktonzusanetmmgy auch auf interspezifische
Konkurrenz oder auf Effekte eines Biomanipulatioqmsgiments, welches von 1991 bis 1994
im PluRsee durchgefuhrt wurde, zurtickgefuhrt wekdesmten.

Die regionalen Lufttemperaturen und Windgesclgkeiten im Winter und Frihjahr,
welche stark mit der Nordatlantischen Oszillati®@rbunden waren, wirkten sich zu dieser
Zeit auf den Warmegehalt und die Durchmischungssitat aus und beeinflussten dadurch
den Zeitpunkt des Schichtungsbeginns und die pbgswhen Dynamiken des
Phytoplanktons und des Zooplanktons. Die Berechewirggigten, dass die Schichtung im
Frahjahr zunehmend friiher eintrat; sie verschob gan Mitte April auf Anfang April. Die
zunehmend frihere Ausbildung einer stabilen Waasérshatte zur Folge, dass sich die
Epilimniontemperaturen im April und im Mai starkemwarmen konnten, im Vergleich dazu
kuhlten sich die Hypolimniontemperaturen zunehmexid Die starke Erwarmung der
Epilimniontemperaturen und die zunehmende Wasdersétabilitat im Sommer und im
Herbst fihrten schlie3lich zu einer zunehmend spéatSchichtungsauflésung; sie verschob

sich von Anfang November auf Mitte November. Digldegerte Schichtungsphase wirkte



sich dabei negativ auf die Sauerstoffkonzentratiangieferen Wasserschichten wahrend der
letzten Wochen der Schichtung aus.

Trotz dieser grol3en Veranderungen vor und wahdsr Schichtungsperiode konnten wir
die grol3te Variabilitat innerhalb der Cladocerend €opepoden-Gemeinschaften im Oktober
auf Veranderungen im Pradationsdruck zooplanktivbreche zurlickfiihren - in erster Linie
profitierten  groRe  Arten vom verringerten Pradatoinuck wéahrend des
Biomanipulationsexperiments. Rotatorien wurden égen sowohl durch interspezifische
Konkurrenz mit Cladoceren und Copepoden, als aucbhdWassertemperaturen, Sauerstoff,
pH, und Néahrstoffe beeinflusst. Die Speziesdivatdgier Rotatorien war negativ mit diesen
Parametern verbunden, die auf eine Verbindung smtRtimarproduktion schlie3en lassen.
Unsere Ergebnisse verdeutlichen, wie wichtig ebast_angzeituntersuchungen zum Einfluss
von Klimaveranderungen auf Zooplanktongemeinschadtech Veranderungen innerhalb des
Nahrungsnetzes zu berlcksichtigen, denn die Ebs#ligeranderter Speziesinteraktionen

konnen die Effekte abiotischer Umweltveranderungjeerlagern.
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1 Introduction

1.1. State of the art

Measurements of global near-surface temperatlisptayed a warming trend that was most
pronounced during the last decades of thd' 2@ntury (Trenberth et al. 2007). By
comparison, land and ocean surface temperaturdstrgere larger in the northern hemisphere
than in the southern hemisphere (Brohan et al. 2&yner et al. 2006). According to
simulations with climate models driven by incregstoncentrations of carbon dioxide and
methane in the atmosphere, these trends are adaciad to continue in the future (Meehl et
al. 2007). Although mean surface temperaturesimngliease globally in the Zkentury, some
regions will experience larger warming than thebglamean. These are, for instance, Europe,
North America, Africa, and Central Asia (Christems al. 2007).

The heat balance of lakes is determined by mategical forcing that acts across the air—
water interface (Edinger et al. 1968; Sweers 197B)ereby, several meteorological
parameters contribute to the thermal conditionsadbke; above all, solar radiation, air
temperature, and wind speed (Wetzel 2001). A chamgeeteorological forcing parameters
will, therefore, influence the physical conditiond the lake. However, due to the
interdependency of meteorological variables, iguste difficult to estimate and predict the
consequences of each single forcing parameter lakeaecosystem and its most important
processes. Although other factors also contribotthé heat balance of lakes, many studies
have shown that air temperatures and lake suréampdratures are closely connected and that
increasing air temperatures will substantially eiffiake water temperatures (Robertson and
Ragotzkie 1990; Hondzo and Stefan 1993; Livingst@me Dokulil 2001; Peeters et al. 2002).

Large-scale meteorological phenomena can alsst exeat influence on the regional
climate and are, therefore, able to affect the dyos of biotic ecosystems. The North

Atlantic Oscillation (NAO), for example, is a majpattern encapsulating the interannual
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climate variability in the northern hemisphere dgriwintertime (Hurrell 1995). The changes
in the NAO-index are determined from differencessea-level pressure between the sub-
tropic Azores high and the sub-polar Icelandic I&wpositive NAO-index is characterized by
a remarkably high sea-level pressure across then#idlin combination with a remarkably
low sea-level pressure across the Arctic, whereasgative NAO-index is represented by
relatively low levels of both pressures systems r(elu 1995). The largest amplitude
anomalies in sea-level pressures occur during theewmonths, when atmosphere dynamics
are most pronounced (Hurrell and Deser 2009). Ehighy the largest effects of the NAO-
index on meteorological conditions can be deteatedinter. In years with a positive NAO-
index northern Europe and eastern United Stateerixge warmer air temperatures,
increased precipitation, and higher wind speeds évarage, while the northwestern Atlantic
and Mediterranean regions experience colder aret donditions. The opposite applies to
years with a negative NAO-index (Visbeck et al. POEspecially during the late 1980s and
early 1990s, the NAO-index was associated withr@ngt positive phase of the NAO-index
(Hurrell 1995).

Due to its strongest signal on regional metemickl conditions in winter, the NAO-index
was often used to asses its influence on freshveat@systems in winter and spring. With its
strong influence on air temperatures, the wintefONiIAdex was found to be associated with
lake surface temperatures in winter and early gpfi@eorge et al. 2000; Gerten and Adrian
2001; Livingstone and Dokulil 2001; Scheffer et2001). Ice cover also plays an important
role determining water temperatures and lake dyosrat that time. Ice-off dates occurred
earlier in years with milder winters (Robertsonaét 1992; Livingstone 1997; Adrian and
Hintze 2000; Weyhenmeyer et al. 2004). Many lakgsegenced a shorter duration (Palecki
and Barry 1986; Magnuson et al. 2000; Assel e2@03), a reduced frequency (Hendricks
Franssen and Scherrer 2008), or even the absessel(@d Robertson 1995; DeStasio et al.

1996; Adrian and Hintze 2000) of ice coverage aesult of increasingly warm winter
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temperatures within the last decades. Austin adth@o (2007) also found a decline in winter
ice cover during the last decades and they evesciel that the extent of surface temperature
increase in summer was related to ice cover duraliming the previous winter.

The effect of climatic conditions on the thern@nditions of various lakes becomes
especially noticeable in the changes of the sitatibn and mixing pattern of a lake.
Numerous lakes experienced an earlier onset of sin@mer stratification period in
consequence of increasingly warm air temperaturdsaa earlier ice-off in winter and earlier
spring (Adrian et al. 1995; King et al. 1997; Win@ad Schindler 2004; Austin and Colman
2007). A shift in the timing of the onset of stfiattion implied consequences for vertical
mixing and the temperatures of the epilimnion am@& thypolimnion. Various lakes
experienced long-term warming trends of surfaceewdemperatures, which reflected
increasingly warm air temperatures within the @Bestades (Livingstone 2003; Arhonditsis et
al. 2004; Coats et al. 2006; Schneider and HoolORQh contrast, deep-water temperatures
displayed large differences between lakes in respdo warmer winter temperatures: Some
lakes experienced warmer (Livingstone 2003; Arhtamsliet al. 2004; Vollmer et al. 2005),
unchanged (Robertson and Ragotzkie 1990), or edelerc(Hondzo and Stefan 1991; Gerten
and Adrian 2001) temperatures. Hondzo and Stef@@3)1showed in their modeling study
that the response of these temperatures to futlmbalg warming depends on lake
morphology.

Observations and model studies showed thatepedf vertical mixing in large and deep
lakes will decrease after warmer winters (DeStasial. 1996; Livingstone 1997; Straile et al.
2003a; Verburg et al. 2003). These perturbationgedical mixing will also interfere with a
downward mixing of oxygen to deeper strata of el (DeStasio et al. 1996; Livingstone
and Imboden 1996; Straile et al. 2003a). A trendatds a later breakdown of stratification
(Livingstone 2003) can even intensify low oxygema@entration conditions or even produce

anoxic conditions in deeper strata of a lake (DeStat al. 1996; Jankowski et al. 2006;
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Rempfer et al. 2010). Furthermore, Straile et 2008b) found reduced cooling of the upper
water layers in warm winters to account for a redluapward mixing of nutrients compared
to colder winters.

In addition to its effect on vertical mixing gndhence, on nutrient redistribution,
meteorological conditions associated with the NAQex also influence the intensity of
nutrient release from the catchment area into a.l#karmer air temperatures and increased
precipitation, which are associated with a positNAO-index in Northern Europe, can
accelerate the thawing of frozen ground in theloaent area and enhance the release of
essential and limiting nutrients from the soil imigers and lakes (Monteith et al. 2000;
George et al. 2004; Weyhenmeyer 2004).

In consequence of milder winters and springs, ghytoplankton spring maximum was
observed to shift towards an earlier date in maikgd (Adrian et al. 1995; Weyhenmeyer et
al. 1999; Winder and Schindler 2004; Peeters e2@7). There are also indications for an
earlier (Muller-Navarra et al. 1997) and more ise(Guss et al. 2000) phytoplankton spring
maximum in Lake Pluf3see in response to warmer wiatel spring temperatures. The
observed shifts of the phytoplankton maximum camarily be ascribed to changes in the
light and nutrient availability whereas the duratiaf snow and ice cover have an important
effect on light availability and vertical mixing tensity. These are key parameters for the
development and growth of phytoplankton species@ndary production, but they also set
the starting conditions that modulate the spec@aposition (Diehl 2002; Huisman et al.
2004; Winder and Hunter 2008; Berger et al. 2010).

Zooplankton populations also reached their gpnmaximum earlier after mild winters and
springs. In spring, zooplankton species developnemredominantly influenced by water
temperature (Adrian and Deneke 1996; Gaedke €t948; Straile 2000; Benndorf et al.
2001). Muller-Navarra and Lampert (1996) demonsttathat both food quality and food

guantity are high during the phytoplankton maximunrspring. High food availability and
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warm water temperatures enable a rapid increatigeatooplankton community at that time.
Thus, in response to warmer water temperatures andearlier phytoplankton spring
maximum, which both occurred in response to warmverter and spring temperatures,
zooplankton species were able to reach higher amoe$ at an earlier date. Above all,
rotifers (Adrian et al. 1999; Gerten and Adrian @0W/inder and Schindler 2004; Tirok and
Gaedke 2006), cladocerans (Gaedke et al. 1998eGeamd Adrian 2000; Straile 2000;
Benndorf et al. 2001), and copepods (George 20@dte@ and Adrian 2002; Adrian et al.
2006; Seebens et al. 2007) benefited from warmérntemperatures in spring.

Although growth and development rates of rosifecladocerans, and copepods are
positively related to water temperature (Bottrallag 1976; Vijverberg 1977; Vijverberg
1980; Stemberger and Gilbert 1985), warmer waterp&ratures at the beginning of the
seasonal succession of the zooplankton (Sommelr é9&6) had a different influence on
these groups. Rotifers and cladocerans reproductbepagenetically and their populations
can grow rapidly in spring within a short periodef@n and Adrian 2000; Straile 2000). In
contrast, sexually reproducing copepods undergomaptex life cycle development of six
embryonic and six juvenile stages; the last stageasenting the adult stage (see references in
Vijverberg 1980). Thus, although warmer temperaaecelerate ontogenetic development of
copepods, the effects of winter and spring warmwiig however, be apparent at a later stage
(Gerten and Adrian 2002). In Miggelsee, the eadi@rt of the pelagic phase and the
magnitude of the summer abundance of the copé&pedmocyclops oithonoidegere related
to winter and spring warming. Seebens et al. (2@059 related summer/autumn abundances
of Eudiaptomus graciliso spring variability.

Only few studies focused on the effect of clienaariability on zooplankton in late summer
and autumn so far (but see Adrian et al. 2006; &eebt al. 2007; Huber et al. 2010; Sommer
and Lewandowska 2011). However, increasingly grgwattention on these seasons has

arisen within the previous years, especially reigardhe impacts of summer heat waves and

11



their effects on freshwater ecosystems (Jankowsili 2006; J6hnk et al. 2008; Wilhelm and
Adrian 2008; Rempfer et al. 2010). Ecosystem dyeganm winter and spring are not only
influenced by conditions in these respective segsdiut they are also influenced by
conditions during the preceding seasons (memopgceféee Guss et al. [2000]). In addition,
Gaedke et al. (2010) found initial phytoplanktororbass in spring to be influenced by
processes during the previous year, whereby thesditoons were memorized through
concentrations of overwintering plankton speciedtshMre and Manly (2004) demonstrated
for the North Sea that warmer water temperaturesitomn (October-December) delayed the
diatom phytoplankton bloom in the following wint@anuary-March). Wiltshire et al. (2008)
hypothesized that overwintering copepods can retaedspring phytoplankton bloom after
warm winters due to higher grazing rates. Thesdirfgs are based on marine systems.
However, George and Hewitt (1999) observed higlenlrers of overwinteringudiaptomus
gracilis in Eastwaite Water feeding effectively on diatdksterionellaspp. during warm
winters.

The development and the phenology of specieshakeever, also controlled by interactions
between species. Rotifers, for example, interfen¢h weladocerans and copepods via
exploitative competition of shared, limiting foodsources and via mechanical interference
(see reviews by Walz 1995 and Brandl 2005). In remtt larger cladocerans and copepods
interfere primarily with invertebrate predators @eaoborusspp. (Hanazato and Yasuno
1989; Neill 1990; Stibor 1992; Mumm 1997) or witbrtebrate predators as fish (Brooks and
Dodson 1965; Hall et al. 1976; O’Brien 1979; Cloil#rsen et al. 1993). While vertebrate
predators selectively feed on larger-sized zooptanlspecies, invertebrates prefer small or
medium-sized prey (Brooks and Dodson 1965; Halletl976; Black and Hairston 1988).
Since the development of invertebrates and vertiebralso depend on water temperature,
these groups will also be affected by climate wagmiand will, therefore, produce

perturbations in the food-web structure.
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1.2. Aim of this thesis

The aim of this PhD thesis was to assess tleetsfof climate warming on Lake Plul3see
since the beginning of measurements in 1969 to .20hé&refore, we studied the long-term
effects of inter-annual climatic variations anchtte on hydrological conditions and processes

of Lake Pluf3see and examined their influences eratke’s zooplankton community.

The purpose of the first part of this thesis wasassess the influence of meteorological
forcing conditions on physical, chemical, and rentiparameters of Lake Plu3see from 1969
to 2006. Therefore, we studied the long-term vartglof the North Atlantic Oscillation on
the weekly trends of regional air temperatures wamid speeds. Next, we examined the
impact of meteorological forcing on the stratificat pattern and analyzed the trends of the
onset and the breakdown of stratification. Furtreem we analyzed the trends of water
temperatures, oxygen concentrations, and pH in épdimnion, metalimnion, and
hypolimnion for each calendar week. We also comemiehe monthly trends of nutrient
concentrations in each layer to assess how theg afézcted by vertical mixing in spring and
by water column stability throughout the stratifioa period. Furthermore, we related
nitrogen, phosphorus, and silicate concentrationpH, and oxygen concentrations, which
can serve as proxies for photosynthetic activity.

Most long-term studies analyzed the trends oampaters, which are based on data with a
time-resolution of seasons or months. In Lake FRdaf3several limnological parameters were
measured on at least a monthly basis from 196980 And on a weekly basis from 1981 to
2006. Thus, it was possible to identify possiblegiderm temperature changes that would
possibly remain undetected if we had only analymeahthly trends. Furthermore, our
analysis also takes the vertical structure of #ikee linto account and considers an often

neglected part of the stratified system: The meitailon.
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The first part of this thesis — except for thmalgsis of nutrients — is based on the paper
“Trend analysis of weekly temperatures and oxygemcentrations during summer
stratification in Lake Plul3see: A long-term stugyiblished by R. Résner, D. C. Miller-
Navarra, and E. Zorita in the journal “Limnologyda@ceanography” in 2012 (Résner et al.
2012). These are the chapters 1, 2.1, 2.2.1-B213and 4.1. In the course of this thesis, new
ideas developed which elaborated on the origindldethe published paper without changing

the fundamental statements of it.

The purpose of the second part of this thesis twainvestigate how biomasses, species
diversities, and species abundances of the threprnmoplankton groups (rotifer,
cladocerans, and copepods) of Lake Plul3see in &cfaiim 1969 to 2011 were affected by
changing abiotic environmental conditions which avalyzed in the first part of this thesis.
For this purpose, we performed a Principal CompbA@alysis (PCA) on each zooplankton
group in October as well as on physical, chemiaaj nutrient parameters of each month
from February to October. Next, we correlated thegpal components derived from abiotic
environmental parameters with the principal comptsaerived from each zooplankton
group. We also used the principal components ofathietic environmental parameters to
correlate them with the biomasses and the specaressdies of each zooplankton group. In
this way, we could examine how and at which timetlod year physical, chemical, and
nutrient parameters affected the rotifer, cladaterand copepod species in October.
Furthermore, we performed a Canonical Correlatioalpsis (CCA) to assess possible effects
of interspecific competition between rotifers, dadrans and copepods. In addition, we
investigated if the zooplankton community was &#dcby the biomanipulation experiment,
which was performed from 1991 to 1994 in Lake Pégl3s

Numerous studies researched the effects of tdinthange on zooplankton community

dynamics in response to changing winter and specomgditions; however, only few studies
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focused on the effects of climate warming on zodgti@n communities in summer and
autumn. Therefore, our analysis covers a time demdiich has not yet received that much
attention. Furthermore, we considered all zooplamkipecies on a species level. Several
studies focused either only on specific specietheffood-web or they considered several
zooplankton groups only on the genus level. Thig,wa could identify possible alterations
in the zooplankton species compositions or in thecks interactions that would have

probably remained unclear if we had only considéinedzooplankton on a genus level.
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2 Materials and Methods

2.1. Characteristic features of Lake Pluf3see

Lake Pluf3see is situated in Schleswig-Holsteinarthern Germany (54°10’ N, 10°23’ E).
Lake PluRsee was formed as a kettle lake aboutOlg€ars ago during the last glacial period
(Overbeck and Chrost 1993). The lake has an aréd428900 mz2, a volume of 1345000 m3, a
maximum depth of about 29.2 m, a mean depth ofrf.4nd is situated about 24.5 m above

sea level (Krambeck 1974). Fig. 1 shows an aerg@aV\and the vertical profile with isopleths

for every meter of depth of Lake Plul3see.

Fig. 1. Left: Aerial view of Lake PluRsee (phot&da by Waldemar Ohle; Overbeck and Chrést 1993)hRi
Vertical profile of Lake Plu3see with isopleths &ery meter of depth (Krambeck 1974)

The lake is situated in a valley and is surrathtly woodland, which creates an effective
wind shelter. Lake Plu3see possesses no directirghd only a minor outflow; therefore, the
flushing rates are small (Guss et al. 2000).

Lake PluRRsee is a dimictic lake. It circulategée a year in spring and autumn and stratifies
in summer and winter. The lake is inversely stiedifduring periods of ice cover in winter
and the summer stratification period lasts apprexéty from mid-April to mid-November.

Between both stratification periods, the lake igenar less completely mixed.
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Lake Plu3see is a eutrophic lake. It is chareeté by a high production due to high
phosphorus concentrations and high nitrogen coret@ms in spring. During spring
circulation, the content of soluble reactive phaspk (SRP) is about 200 pg P.LDuring
the phytoplankton maximum in spring and the siictfon period, the amount of SRP
decreases rapidly in the euphotic zone due to ¢heity bacteria and algae, which are the
most important planktonic organisms responsible tha depletion of this nutrient in the
epilimnion (Overbeck and Chrost 1993). Inorganitragien is the second most important
nutrient for phytoplankton growth in Lake Plul3sé#s.most important fractions are nitrate
(NO3), nitrite (NQ,), and ammonium (N}). During phytoplankton development in spring,
nitrate concentrations decrease from 100-250 pg'Nolbelow 25 pg N t in the euphotic
zone and remained at similar concentrations unticddnber. The highest ammonium
concentrations (500-700 pg NYLoccur after autumn turnover and decrease contisiyo
during winter due to nitrification. Highest ammomitconcentrations (500-1000 pg NLare
observed in the hypolimnion during the summer ©ication (Overbeck and Chrost 1993).
Nitrite concentrations are generally low at all ésnin Lake Plu3see, because nitrite is an

intermediate product of (de-)nitrification.

2.2. Analysis of abiotic environmental parameters

2.2.1. Measurements of abiotic lake parameters

Lake Plu3see had been previously monitored &ymax-Planck-Institute for Limnology in
Plon for several years (reviewed by Overbeck anddé§€h1993). Measurements of the
hydrological parameters date back to 1969, witagutar temporal coverage. For instance,
measurements do not cover the whole calendar ye&Ezause no measurements were

performed during periods of ice cover in winter. most years from 1969 to 1980 lake
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parameters were measured more irregularly, buéastlon a monthly basis. From 1981 to
2006 weekly measurements were carried out. Measmsmvere recommenced in 2009 and
were also performed on a weekly basis. However,sorements performed from 2009 to
2011, which covered the period of the PhD projegte not included in this analysis due to
an inaccurately measuring water analyzing probe.

Measurements were taken at the point of largegth of the lake with a vertical resolution
of one meter over the water column at depths ®@5and 25 m. Physical and chemical lake
parameters were measured in situ with a WTW-prdlater temperatures were measured
with a water thermometer, dissolved oxygen was raeted with the use of an oxygen
electrode, a glass electrode was used for pH memsnt, and electrical conductivity was
determined with platinum electrodes placed 1 cnrtegaa20°C (Overbeck and Chrést 1993).
Nutrients were measured in the laboratory. Theegfaater samples were taken with the use
of a 2-L Ruttner sampler and collected in 500-niiyetinylene bottles. Dissolved components
were filtered over ash-free filters. These compaumwdere analyzed by a Technicon
continuous-flow system (Overbeck and Chrést 1993).

In the following, we used the term “abiotic emrimental parameters” to comprise physical,
chemical, and nutrient parameters. Thus, we exdlutle biological component from this

term, which is also included in “environmental paeters” or “hydrological parameters”.

2.2.2. Meteorological parameters and NAO-index

For the analysis of the influence of meteoratagforcing parameters on Lake Pluf3see, we
used air temperature and wind speed data from twest meteorological station in
Schleswig (54°32' N, 9°33' E) obtained by the Gemm#eather Service (Deutscher
Wetterdienst DWD). Schleswig is approximately 80 &way from Lake Plul3see; however, it
is the closest meteorological station where datallgfarameters and over the whole analysis

period could be obtained.
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In addition to regional meteorological forcingrameters, we used the winter NAO-index
(NAOpec-mas @annual mean of monthly NAO-indices from DecemterMarch), which is
based on the normalized sea-level pressure ditfeseechetween Ponta Delgada, Azores, and
Stykkisholmur, Iceland (Hurrel 1995). The data werevided by the National Center of
Atmospheric Research in Boulder, Colorado (avadabl online at:

http://www.cgd.ucar.edu/cas/jhurrell/indices.datali¥naostatmon).

2.2.3. Long-term trend analysis of physical andical parameters

For the analysis of long-term trends of physieadd chemical parameters during the
stratification period, we selected parameters whigte measured most continuously and
which are directly linked to meteorological forcingbove all, water temperature and
dissolved oxygen (& concentration. Furthermore, two more parametenewalso taken into
account: pH and electrical conductivity.

Since these lake parameters were not measurddeasame calendar day every year
throughout the analysis period, we had to credteraogenous data set first. Therefore, we
linearly interpolated the available data at darliervals and calculated the weekly means at
one-meter intervals down the water column of thke land for every year. A few years were
completely removed from the analysis for the follogvreasons: In 1978, there were too few
measurements, and in 1985 and 1986, a pump wadledsivhich inhibited stratification.
Furthermore, some years were excluded only foriBpg@arameters due to the lack of data:
These years were 1974 and 1975 for é@@ncentration and 1975 and 1976 for pH and
electrical conductivity.

In the next step we identified the boundarieshef three layers (epilimnion, metalimnion,
and hypolimnion) using the weekly temperature pesfi We considered the lake stratified
when the temperature gradient exceeded 1°C brcause we wanted to make sure that the

lake established a stable stratification and nwwaasient stage of stratification that could be
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easily disrupted by wind again. We defined the llauies epilimnion-metalimnion and
metalimnion-hypolimnion to be situated at depthsrehthe temperature gradients exceeded
1°C m'. Having identified the layer boundaries, we cadtedi the means of weekly
parameters within the three layers. We, furthermdedined the thermocline depth to be
situated at depths with the maximum temperaturdignh The thermocline denotes a plane
that separates the upper mixed layer from the cddmp water below and corresponds,
therefore, to the depth of vertical mixing.

Electrical conductivity was used to estimateénstgl, which was then used to calculate the in
situ pressurep] for every meter of depth (Chen and Millero 1988ehrer and Schultze
2008). The in situ pressure was then used to eake@chmidt’'s Stability Index (SSI, Schmidt
1928; Hutchinson 1957; ldso 1973) and heat corfté@t Hutchinson 1957).

SSl is a measure of the thermal stability, whgcHefined as the amount of work needed to
transform temperature-dependent density differerafes lake into a vertically uniform
temperature distribution by mixing without addition subtraction of heat (Schmidt 1928;

Hutchinson 1957; Idso 1973).
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where SSl is the stability of the lake per unisafface area is the acceleration of gravity,
Ao is the surface area of the lake, z is the depthefake, g is the depth of the water surface,
Zyn is the maximum depthgis the depth of the center of gravity of a lake,iAthe area at
depth z,p, is the density at depth z, is the density at complete mixing (unstratifiellen
and V is the volume of the lake.

The heat content of a water body is definechasatnount of heat needed to raise the lake’s
water from minimum winter temperature to the maximsummer temperature (Hutchinson
1957). Since water temperatures were recordeduliady in Lake Plul3see in winter and
spring, we had to focus on the summer heat contémt.total heat content (HC) of the water
in each week was determined from

Zm
1
HC:A—OjAZ pZTZcpdz 4)
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where HC is the heat content of the lake per unsiucface area, Ais the surface area of the
lake, z is the depth of the lake,ig the depth of the water surfacg,ig the maximum depth,
A; is the volume of a lake at depthpzis the density at depth z; i the water temperature at
depth z, andgis the water heat capacity.

We calculated the weekly linear trends of eaeearological and lake parameter using an
ordinary linear regression analysis. We performeaeest to test for the significance of the
regression coefficients. Additionally, we calcuthteearson’s correlation coefficienty (o
test for correlations between the time series afioua parameters. For instance, the
correlation between air temperature and water teatpe in week 26 indicates the strength
of the linear link between the values of these tgedes in week 26 through the analysis

period.
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Furthermore, we analyzed how large-scale (NA®Wa) and regional (air temperatures and
wind speeds) meteorological forcing in winter aradlye spring affected the timing of the
onset of stratification. We also assessed the enflte of an earlier and a later onset of
stratification on epilimnetic, metalimnetic, andpayimnetic temperatures during the first
week of stratification. Therefore, we usually apglia Welch two-samplétest, which
requires normally distributed data. When a Kolmoge$mirnov test detected deviations

from normal distribution, we applied a Mann-WhitAdytest.

2.2.4. Long-term trend analysis of nutrient pararset

For the analysis of long-term trends of nutisethiring the stratification period, we selected
fractions of nutrient parameters which were meabkungost continuously and which
considerably affect the nutrient cycle of lakes. ¥ééected nitrate (N£), nitrite (NGy), and
ammonium (NH") as components of the nitrogen cycle, inorganiwsphate (PEY) and total
dissolved phosphorus (TDP) as components of thegstayus cycle, and silicate (S)s the
most important component of the silicate cycle.@tliactions, e.g., total nitrogen (TN) or
total phosphorus (TP), were only measured in pdeicyears and were not included in this
study.

As for physical and chemical lake parametershae to create a homogenous dataset first
because nutrient parameters were not measureck atathe calendar day every year. We
linearly interpolated the available data at dailtervals and calculated the monthly means at
one-meter intervals down the water column of tHee land for every year. In contrast to
physical lake parameters, we analyzed the montldgn®s of chemical parameters instead of
weekly means. Comparisons between weekly and mporitehds of nutrient parameters
showed strong week-to-week fluctuation of the weektnds probably caused by biological

activity; however, the patterns of weekly and ménthends were very similar. Some years
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were completely removed from the analysis for tilWwing reasons: In 1978, there were too
few measurements, and in 1985 and 1986, a pumpnatadled which inhibited stratification.
Furthermore, some years were excluded only foriBpg@arameters due to the lack of data:
These years were 1975 for NO1975 and 1976 for NQ 1975 for NH*, 1975 for PQ”,
1977, 1981, 1982, and 1983 for TDP, and 1975 antb 1f@r SiQ. In addition, these
parameters were not measured below a depth of 201971 to 1976. Hence, we excluded
the hypolimnetic parameters for these years froninén analyses.

In the next step we calculated the monthly meahsach parameter in each layer
(epilimnion, metalimnion, and hypolimnion) using ethlayer boundaries where the
temperature gradient exceeded 1°€and of the 0-10 m water column as well.

Finally, we calculated the monthly linear trerafseach parameter from May to October
using an ordinary linear regression analysis antbpeed at-test to test for the significance
of the regression coefficients. We excluded Apnidl d&November from our analysis since we
could not calculate the monthly means of the coteplaonths because of the onset of
stratification in mid-April and the breakdown ofatification in mid-November. We would
have calculated untrustworthy monthly means forilAgrd November if we had used values
of parameters that were calculated over differene tperiods. Additionally, we calculated
Pearson’s correlation coefficienty {o test for correlations between the time sesfegarious
parameters. We also linked physical and chemicedrpeaters with nutrients by correlating
monthly means of water temperatures,cOncentrations, oxygen saturations, pH, and Secchi
disc transparencies with monthly mean concentrat@rNQ;, NO,, NH,*, PQ*, TDP, and

SiO, of the monthly means of the 0-10 m water colunemfi~ebruary to October.
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2.2.5. Principal Component Analysis of abiotic @ammental parameters

The Principal Component Analysis (PCA) is aistatal method to define new variables as
linear combinations of the original variables thalfill certain properties, namely, that they
describe a large part of the total variance. Weuwated two series of independent PCAs of
abiotic environmental variables for each month freabruary to October: One for physical
and chemical parameters, and one for nutrient patexrs1 The purpose of this procedure was,
on the one hand, to identify the most importanteantyihg gradients in a set of collinear
variables, which can already explain a large proporof total variance of a dataset, and, on
the other hand, to understand how these variabk® welated to each other. The PCA
terminology in the literature is sometimes confgsias different disciplines apply different
definitions. In our casdactor scoresare the time series of the new variables. The radge
of using factor scores instead of the original afales is that factor scores are independent
(uncorrelated) from each other. Hence, the proldémterpreting a large number of collinear
variables is reduced. Reducing the number of visalbeduces also the probability of
committing a Type | error in a statistical test.p&y| errors denote the probability of
erroneously claiming statistical significance. Trigk of committing a Type | error increases
when too many statistical tests are performed ers#ime variables in a dataset. Factor scores
can also be used to calculate faetor loadings Factor loadings are Pearson’s correlation
coefficients between the factor scores and ther@igvariables. They describe how much
information the factor scores and the original alles share on a given principal component.
Hence, they can be used to interpret the underlyradient of a principal component.

Table 1 shows all abiotic environmental variablee used to perform the PCAs for each
group of parameters and for each month from FeprieaOctober. In addition to dissolved
oxygen concentrations, we calculated the percerdgaggation of oxygen using the method of
Mortimer (1981). Oxygen saturation is the perceatad dissolved oxygen concentration

relative to the equilibrium concentration of oxygehthe atmosphere and depends on the
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atmospheric partial pressure of oxygen, the wataperature and pressure at a given depth of
a lake. Secchi disc readings were included as argkred way to estimate the approximate
density of phytoplankton populations (Wetzel 200h)Lake Plul3see, seasonal variation in
Secchi disk transparencies was closely relatechkoraphyll concentrations (Overbeck and
Chrost 1993). Most parameters included were thigmamtic, metalimnetic, and hypolimnetic
means of a parameter, but we also calculated tlasnef the upper ten meter water column
of the most important parameters. We decided tudlecthese means because they reflect the
sampling technique of the zooplankton, which weileeh with a single vertical tow from a
depth of 10 m of the lake to the surface.

Since stratification was not yet establishedrabruary, March, and April (at least not for
the entire month to consider reliable monthly meamsepilimnetic, metalimnetic, and
hypolimnetic variables), we performed PCAs on auoedl number of variables for these
months. Therefore, we only used parameters thahdependent of stratification. As physical
and chemical parameters, we considered air temperatind speed, NAE-mas Secchi disc
transparency, Schmidt’'s Stability Index, heat coptéake surface temperature, mean lake
temperature, and the means of water temperatuseplded oxygen concentration, oxygen
saturation, and pH calculated for the upper tereme&tter column. As nutrient parameters,
we only considered the means of nitrate, nitritmymeonium, phosphate, total dissolved
phosphate, and silicate calculated for the uppemieter water column. Since variables are
expressed in different measurement scales, weatdizdd all variables before the PCAs.

For all PCAs, we only used a reduced numbeeafyinstead of all years where parameters
were available. Since we wanted to use the factames of the PCAs of abiotic environmental
variables for further analyses, e.g., for correlatwith the factor scores of the PCAs of the
zooplankton data, we only used abiotic environmlerddaables of years where zooplankton

samples were available. Since no physical, cheracal nutrient variables were available for
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Table 1. Physical, chemical, and nutrient pararsetesed for the Principal Component Analysis of tbio

environmental variables. The abbreviations use@éwh parameter are written in parentheses.

Abiotic environmental parameters

Physical and chemical parameters

Nutrient parameters

Air temperature (AT)

Wind speeds (WS)

Epilimnetic water temperatures (ET)
Metalimnetic water temperatures (MT)
Hypolimnetic water temperatures (HT)
Epilimnetic oxygen concentrations (EO)
Metalimnetic oxygen concentrations (MO)
Hypolimnetic oxygen concentrations (HO)
Epilimnetic oxygen saturations (EOS)
Metalimnetic oxygen saturations (MOS)
Hypolimnetic oxygen saturations (HOS)
Epilimnetic pH (EPH)

Metalimnetic pH (MPH)

Hypolimnetic pH (HPH)

Secchi disc transparencies (SD)
Thermocline depths (TD)

Epilimnetic layer thickness (ED)
Metalimnetic layer thickness (MD)
Hypolimnetic layer thickness (HD)
Schmidt’s Stability Index (SSI)

Heat content (HC)

Lake surface temperature (LST)

Mean lake temperature 0-25 m (MLT)
Mean water temperature 0-10 m (T 0-10 m)
Mean oxygen concentration 0-10 my(@10 m)
Mean oxygen saturation 0-10 m (OS 0-10 m)
Mean pH 0-10 m (pH 0-10 m)

Epilimnetic nitrate concentoais (ENQ)

Metalimnetic nitrate concentraigfiNG;)
Hypolimnetitratie concentrations (HNQ
Epilimnetitrité concentrations (ENQ
Metalimnetitite concentrations (MN®)
Hypolimnatitrite concentrations (HNQ
Epilimnetimmonium concentrations (EH
Metalimaetimmonium concentrations (MNH
Hypolimneticraonium concentrations (HNH
Epilimnetiiogphate concentrations (EF)
Metalimngtimsphate concentrations (MP®

Hypolimnetic phosphate concations (HPQ)
Epilimnetic total dissolveth@sphorus concentrations
(ETDP)
Metalimnetic tdisdolved phosphorus concentratio
(MTDP)
Hypolimnetic totlissolved phosphorus concentratio
(HTDP)

Epilimnetic siite concentrations (ESjD

Metalimnetic silteaconcentrations (MSi)

Hypolimnetic silicate concentrasi (HSIQ)

Mean nitrate comagohs 0-10 m (N@ 0-10 m)
Mean nitrite gamtrations 0-10 m (N0-10 m)
Mean anumoiconcentrations 0-10 m (NHO-10 m)
Mean phosphate concentrations 0-10 m{Pal0 m)
Mear th$zolved phosphorus concentrations
0-10 m (TDP 0-10 m)
Mean silicate concentrations 0-10 m ($810 m)

ns

the current period (2009-2011) and not all nutsemére measured for most of the 1970s and

1982, we restricted the PCA of abiotic environmkewgaiables to the years 1969, 1970, 1984,

1988-1996 to guarantee an optimal fit of thesealdeis with the zooplankton data. To ensure

that the factor scores of the first principal comgats did not differ significantly, we

correlated the eigenvectors calculated for the gedunumber of years with the eigenvectors

calculated for all available years. This analysisvged that the eigenvectors of the first three

principal components of the period May to Octobed &he first two eigenvectors of the
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period February to April were significantly corrdd with each other and for each month,
even if the eigenvectors of a certain principal poment was associated with another

principal component of the other dataset.

2.3. Zooplankton community analysis

2.3.1. Zooplankton samples

Zooplankton samples, which were taken by emm@syaf the former Max-Planck-Institute
for Limnology in PI6n from 1969 to 1996, were madailable by the museum in Kiel. These
zooplankton samples were conserved in 4% formaltleh(H0O) in small polyethylene
bottles. Zooplankton was sampled with irregular geral coverage within that time period.
Besides 1977, samples were taken only for certanths or seasons from 1971 to 1980;
consecutive weekly sampling covering longer periotle year were not available for that
time period. Also the methods of sampling and cora®n varied from year to year. In
1969, 1970, 1977, and from 1981 to 1996, zooplanktas sampled on a weekly or biweekly
scale and the methods can be assumed to be honusgever this period. From 1997 to 2008
no zooplankton samples were available. From 20@1id zooplankton was sampled by Dr.
Mdiller-Navarra on a weekly or biweekly scale ané tnethods were comparable to the
methods from 1981 to 1996. As for abiotic environtaé parameters, sampling of
zooplankton was not performed during periods ofcieeer. Zooplankton samples were taken
at the point of largest depth of the lake withregke vertical tow taken from a depth of 10 m
of the lake to the surface. Therefore, a cone ptamket with a 56 um mesh sieve being
attached to a funnel with a 10 cm diameter was .usbéése samples were immediately

transferred to polyethylene bottles and consermet® formaldehyde.
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Zooplankton samples were identified and coullte@rof. Dr. Gerhard Maier of the “Blro
fur Gewasserokologie”. For the identification araliating, zooplankton samples were sub-
sampled due to the high density of organisms. Dagetnon the species density, zooplankton
samples were suspended in 100-1000 ml flasks wattenvSubsamples were taken from the
homogenously mixed suspension, transferred to 10high sedimentation chambers, and
counted after a sedimentation time of half an heitin an inverted microscope (Zeiss IM35).
At least two aliquots per sample were counted. Heumore, at least 100 individuals of the
dominant species were counted and at least 400iggils (apart from naupliar stages) per
sample were counted. Finally, species abundancé® aliquots were extrapolated to species
abundances per liter (Ind*).

Zooplankton samples were identified and couritedthe following groups only: rotifers,
cladocerans, and copepods. Other zooplankton gragps not taken into account; hence,
species likeChaoboruswere excluded from the analysis. The identifiaaticas performed on
the species level. In addition, the identificatioh cladocerans and copepods was also
differentiated between the single juvenile and tdtdges of each species. If identification
was not possible due to poor fixation or if it wa® time-consuming, identification was
performed on the genus level. For instance, thatifigation of the species of the genus
Asplanchnaspp. would be too time-consuming since a trustwortentification of the
species requires the preparation and the analysitieo mastax of the individuals. For
zooplankton identification, the following literatiwas used: For rotifers: Ruttner-Kolisko
(1972) and Voigt and Koste (1978); for cladoceraRKissner (1993, 2000) and Lieder
(1999); for copepods: Kiefer (1973), Kiefer and éiry1978), and Einsle (1993). The dataset
of the considered zooplankton samples comprisesp&6ies: 38 rotifers, 11 cladocerans, and
7 copepods (Appendix table Al).

For the analysis of the zooplankton communitg, enly took years into account with a

homogenous sampling technique and for which samplae available that were sampled
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consecutively in autumn. These were the followidgygars: 1969, 1970, 1977, 1982, 1984,
1988-1996, and 2009-2011. As already mentionedespears had to be removed from the
analysis due to irregular sampling, different methof sampling and conservation, and not
available samples. Furthermore, some years haeé terhoved from the analysis because of
to the following reasons: In 1981 and 1983, zodgiam samples could not be identified and
counted due to poor fixation. The years 1985 an861®@ere removed because of the
installation of a pump which inhibited stratificati. Also samples of 1987 were not taken into
account because of possible aftereffects of inekamitrients due to the artificial mixing
caused by the pump. Furthermore, there were tos&mples available for this year.

For the analysis of the zooplankton communitpctober, we used the species abundances
(individuals per liter) of the weeks 40-43 to cd#ta the monthly means of each species in
each of the seventeen years. Hence, the analysiprised 68 samples in total. However, 25

samples were not available due to non-samplingsikigsdates were linearly interpolated.

2.3.2. Zooplankton biomass

The most commonly adopted method to determiree diomass of zooplankton is to
calculate the dry weights by using length to weigigression-analysis or biovolume
estimations and multiply these weights with the bamof individuals. Due to the small size
and weights of rotifers it is more applicable tatedmine the dry weights indirectly by
calculating the biovolumes of the different rotifgnera. Ruttner-Kolisko (1977) presented a
method how to derive the biovolumes of the most roem rotifer genera from rotifer body
measurements. We decided to adapt the simplifiechifta provided by Ruttner-Kolisko
(1977) where body lengths already suffice to apjpnate the body volume of the most
common rotifer genera. If a certain genus was ®estdbed by Ruttner-Kolisko (1977), we
used the formula of a genus with a similar bodypsh@.g., for the genetaecane Monostyla

Lepadella Platyias andTrichotria, we used the formula @rachionu3. Biovolumes can be
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transformed to fresh weight assuming a specificsifigrof 1 (18 pn = 1 pg). Dry weights
can, then, be calculated from fresh weights by idensmg a conversion factor. Pauli (1989)
showed that large, soft-bodied genera liksplanchnaand Synchaetahave dry weight
contents lower than 10%, while smaller genera HKeratella and Kellicottia with thick
loricas have higher dry weight contents. In coraigdh with Prof. Dr. Gerhard Maier, we
used a conversion factor of 2.8 fasplanchnaa conversion factor of 9.1 for rotifers without
loricas, a conversion factor of 32.3 #¢eratellacochlearisandKellicottia longispina which
are small and have thick loricas or very long spjrend a conversion factor of 16.1 for all
other rotifers, which have soft to strong loricAsmore detailed description is shown in the
Appendix table A2.

Dry weights of cladocerans and copepods can ldiaireed by using length to weight-
regression-analysis. For daphnids and bosminidsjsed the regressions derived from many
different species of the respective genus (reviewedottrell et al. 1976). For all other
cladoceran species, we used the respective regmesderived from each species (reviewed
by Dumont et al. 1975). For calanoid and cyclopo@uplii, we used the respective
regressions by Culver et al. (1985). Heudiaptomus gracilis we used the respective
regression reviewed by McCauley (1984). For cyciopopepods, we distinguished between
large Cyclopsspp.) and smallMesocyclopspp., Thermocyclopspp., andDiacyclopsspp.)
species. For large cyclopoid copepods, we usetketiression o€yclops abyssorumvhereas
for small cyclopoid copepods, we used the regressidesocyclops leuckar{reviewed by
Bottrell et al. 1976).

Unfortunately, no body measurements were aMailtdy the zooplankton species of Lake
PluRsee. Body lengths of most rotifers were obthinem Ruttner-Kolisko (1972) and Voigt
and Koste (1978); only the body lengths of theeddhtTrichocercaspecies were provided

by Prof. Dr. Gerhard Maier. Body lengths of thefalént stages of the cladoceran and
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copepod species were also provided by Prof. Drh&drMaier. A more detailed description
is shown in Table (Appendix tables A2-A4).

In the next step, we calculated the biomasseth&entire zooplankton, rotifer, cladoceran,
and copepod communities and also derived the pegershares of the different groups in
respect to entire zooplankton biomass. Finally, ewrelated the biomasses and the
percentage biomasses with the factor scores defrosd abiotic environmental variables
from February to October to analyze which variabdéfiected the biomasses of different

zooplankton groups in October.

2.3.3. Zooplankton species diversity

We used two diversity indices to estimate if gpecies diversity has changed in Lake
Plu3see within the last decades. The Shannon-ifitledescribes the biodiversity of a habitat
and considers, thereby, the relative abundancethefdifferent categories of variables
(Shannon and Weaver 1949). It was determined from

n.
H=-2 pinp, whereasp, = N (5)

wherep; denotes the percentage of a spegi@gich is the number of speciasin respect to
the total number of speciés

The Simpson-indexD( describes the probability that two randomly andependently
chosen individuals of a habitat belong to the sapexies (Simpson 1949). It was determined

from

D=1-2.p!

(6)

wherep; denotes the relative abundance of a species.
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We calculated the Shannon- and Simpson-index ther entire zooplankton, rotifer,
cladoceran, and copepod communities and correldtedindices with the factor scores
derived from the abiotic environmental variablesnirFebruary to October to analyze which

variables affected species diversity of differemb@lankton groups in October.

2.3.4. Principal Component Analysis of zooplankhooups

To estimate possible differences between theetlmooplankton groups, we formed four
groups, which we analyzed separately: the entireplamkton community, rotifers,
cladocerans, and copepods. Additionally, we sgdithe cladoceran and copepod datasets to
analyze possible differences between the juveml@ adult stages of these two groups.
Throughout the analysis we used the following abltens: Entire zooplankton community
(Zoo), entire rotifer communityRof), entire cladoceran communitglad), juveniles stages of
cladoceransGlad J, adult stages of cladocerar@ldd A), entire copepod communitZop),
copepodite stages of copepo@op Q, and adult stages of copepo@p A. We also used
the abbreviation “PC” for principal components ame used Roman numerals to humerate
the principal components.

Since it is more convenient to use normallyribsted data for a PCA, we pre-transformed
each zooplankton dataset prior to the different BOAe used a logarithmic transformation,
where all values apart from “zero” were logarithedz (zeros were left as zeros), to
approximate normal distribution of the datasetsti@armore, logarithmic transformation has
also the advantage of reducing the importance of kigh values (Leyer and Wesche 2007;
Borcard et al. 2011). We used a Scree-plot anafysilsthe Kaiser-Guttman-Criterion to help
deciding upon a reasonable number of principal corepts for a closer interpretation of the
zooplankton groups. A Scree-plot shows the eigemglplotted along the x-axis and,
according to this method, only those principal comgnts whose eigenvalues located left of

the knee of the curve should be interpreted. Adogrtb the Kaiser-Guttman-Criterion, only
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principal components whose eigenvalues are lalgar the mean of all eigenvalues should be
taken into account (Leyer and Wesche 2007; Boretaad. 2011).

We performed a PCA on each of the 8 datasets.plinpose of this procedure was, on the
one hand, to identify species with a similar bebaand similar ecological requirements by
finding the most important underlying gradientsarset of collinear variables, which can
already explain a large proportion of total variauod a zooplankton community. On the other
hand, we derived the factor scores from the relegancipal components of each PCA to use
them as new variables for further analyses andhdumore, to calculate theontributions
Since the eigenvalue of a principal component isaétp the sum of squared factor scores for
this principal component, it can be used to cateuthe contribution of an observation to a
component. Therefore, the importance of an observédr a component can be obtained by
the ratio of the squared factor scoref an observation by the eigenvalu¢ associated with
this component. Multiplying the contribution (ctr) with the faatd. 00 equals the percentage

share of a factor score on a principal componeht{Aand Williams 2010).

fi _fi

tr = =—
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In the next step, we used the factor scorevel@firom the zooplankton groups to correlate
them with the factor scores we derived from physarad chemical parameters and from
nutrient parameters to identify which abiotic eovimental conditions were related to certain
zooplankton species. Therefore, we calculated Beargorrelation coefficientr] to test for
correlations between the respective zooplanktonneconity in October and the abiotic

environmental variables for each month from FebraarOctober.
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2.3.5. Canonical Correlation Analysis of zooplamkéwoups

We used the factor scores derived from the zodgbn groups as new variables to perform
a Canonical Correlation Analysis (CCA) and to irtigegte if a large proportion of variance in
the zooplankton datasets could also be explainedtbyspecific competition.

The purpose of a CCA is to examine the relahgmdbetween two multivariate sets of
variables. Thereby, the CCA extracts linear comtimna Canonical factory of the original
variables from the two datasets so that the cdroeldetween the new canonical factors is
maximized on the first canonical function. Matheicelty, the canonical factors are found as
eigenvectors of a matrix that is the product of sooo-variance and cross-covariance
matrices, in some sense similarly as in the PCA Gdrrelation between the two canonical
factors of the two datasets in CCA is caltzhonical correlation(R.). R. denotes Pearson’s
correlation coefficient between the canonical variables, wher@dsrepresents their shared
variance.R? is the eigenvalue corresponding to the canoniaelofs (eigenvectors). The
CCA is a symmetrical method. This means that betis sf variables are treated equally.
However, for the sake of clarity, in the followinge named the dataset with the smaller
number of PCs the “predictor dataset” and the eatagth the larger number of PCs
“criterion dataset”.

CCA requires the calculation of the inverse e to-variance matrices of both datasets.
When the number of variables is large and the bbesaare not totally independent (collinear
variables), these matrices are often numericaligudar, i.e., at least one eigenvalue is close
to zero. Their inverse does not exist. In thesesas regularization method has to be used to
reduce the number of variables and/or their cadliitg before. A usual way is to apply a PCA
prior to the CCA. Thus, the original datasets wkrgt subject to a PCA to reduce their
dimensionality and to obtain new uncorrelated \des, and then a CCA is applied to these

variables to obtain the final canonical variables.
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Significant correlations between principal comeots of the compared datasets were tested
with a multivariate test. Thereby, the canonicalclions were tested hierarchically. First, the
full model was tested (with all canonical functipnsext, all canonical functions apart from
the first canonical function were tested. This pihare continued until only the last canonical
function was tested by itself. Wilks. was obtained by calculating 1 minus thguared
canonical correlation (R;?) of each canonical function. Canonical functiormstt only
explained a small proportion of shared varianceevagscarded from further analysis.

For the interpretation of the CCA results, weoalised the&anonical loadingqload), the
structure coefficients(rs), and thesquared structure coefficientds’). They can give
information about the interpretation of the relaship between the criterion and predictor
variables. Canonical loadings represent the cdrmoeleof the canonical variables and the
values of the original variables. The structurefitdents represent the correlation of the
canonical factor scores of the criterion dataseéh whe values of the predictor variables (in
our case: the factor scores of the PCA performedhencriterion dataset), and vice versa.
Hence, structure coefficients can help to identrfyich principal components of each dataset
contributed largely to the structure of a respecttanonical function. The squared structure
coefficients represent the shared percentagenultiplied by 100) of variance between both

datasets (Bortz 2005; Sherry and Henson 2005).

2.3.6. Analysis of the biomanipulation experimeetipd

From 1991 to 1994, a biomanipulation experimars performed in Lake Plul3see
(Kremser 1995). The aim of this experiment was &muce predation pressure of
planktivorous fish on the zooplankton community. efidfore, piscivorous pikeperches
(Stizostedion lucioperga eels Anguilla anguillg, pikes Esox luciuy, and trouts $almo
trutta) were added, while planktivorous breamdramis bramg roaches Rutilus rutilug,

and perchesRerca fluviatilig were removed in the course of each year in Octdhieassess
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if the zooplankton community was significantly affed in the course of the biomanipulation
experiment, we performed Mann-Whitnblytests, comparing species abundances from 1991
to 1994 with all other years considered in thislysia.

We did not exclude the years in which the biomalation experiment was performed for
two reasons: Firstly, before and after the expeminésh stocking was only randomly
evaluated in Lake Plul3see. Hence, it is difficalguantitatively assess the influence of fish
on the zooplankton community before, during, anerathe experiment. Especially due to
possible aftereffects, it is impossible to deteearg which should be excluded from the
analysis to reduce the effect of the biomanipukatxperiment. Secondly, including years
with a biomanipulation effect on the zooplanktomneounity enabled me to investigate if the
abiotic or the biotic effect played a more impottesie regulating the different groups of the

zooplankton community.

All calculations were performed using the softsvpackage R (R Development Core Team
2009). For species diversity analysis and for deaadardization we used the add-on package
‘vegan’ (Oksanen et al. 2010). Furthermore, for @acal Correlation Analysis we used the

add-on package ‘CCA’ (Gonzalez and Déjean 2009).
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3 Results

3.1. Long-term trend analysis of physical and chemal parameters

3.1.1. Meteorological parameters, NAO, and thedigkto lake surface temperatures

Over the period of 1969-2006, annual mean aiperatures (AT) increased significantly by
0.04°C yi* (p<0.001), which resulted in an increase of 1.4°Cr ¢lre whole period (Fig. 2a).
Largest temperature trends occurred in the laskvegeApril with 0.14°C yi* (p<0.001,
overall increase: 5.2°C) and in the first week ofiyMwith 0.10°C yi* (p<0.001, overall
increase: 4.0°C). However, monthly trends for AgBil07°C yf, p<0.001, overall increase:
2.7°C) and May (0.03°C ¥r p<0.05, overall increase: 1.3°C) were much lowengeat
long-term AT warming trends were from July to Sepber (0.06-0.08°Cp<0.05, overall
increases: 2.1-2.9°C), but the trends showed lavgek-to-week fluctuations. Positive
temperature trends were also apparent during teernfionths of the year before the onset of
stratification, but due to high interannual varlapithose trends were mostly non-significant.
Although air temperatures were measured 80 km dway the lake, air and lake surface
temperatures correlated significantly in each wgegf. 3, 0.38+<0.80, 0.001g<0.05).

Wind speeds (WS) showed large interannual vaitiakvithin the analysis period (Fig. 2b).
We found significant negative trends of WS in thst lweek of April (-0.02 m’syr?, p<0.05)
and in the last week of November (-0.02 thys?, p<0.01). On a monthly scale, however,
long-term trends were only significant for Novemi§e&d.01 m & yr', p<0.01), but not for
April (0.00 m &' yr', p>0.1). WS and lake surface temperatures were nedjatiorrelated in
spring and in summer (Fig. 3), but due to high weelveek fluctuations correlations were
only significant for a few weeks, e.g., mid-March=-0.58, p<0.001) and end of June

(r=-0.50,p<0.01).
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Fig. 2. Linear trends of (a) air temperatures d)daind speeds in Schleswig within the period frd869-2006.
Trends were calculated for each calendar weekiodn@ better comprehensibility, we used a montinigtead of
a weekly, labeling of the x-axis. The thick lind®w the slopes of the linear trends and the thmaslishow the

standard errors of the trends.

The winter NAO-index (NAQ@.c..ma) correlated significantly with mean air temperagur
(ATpecmas r=0.74, p<0.001) and mean wind speeds (WSuas =0.41, p<0.01) from
December to March. To assess the influence of ipesdnd negative NAQ«c-mar ON air
temperatures and wind speeds in winter and earhngpand the week of onset of
stratification, we defined years with positive anégative NAQec.var aS years that were
above and below the 38 years mean (=0.68)pefar (Welch two-samplé-test, p<0.001)

and
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Fig. 3. Pearson’s correlation coefficient} lfetween the lake’s surface temperatures aneaipératures (solid
line) and wind speeds (dotted line) within the pdril969-2006. Correlation coefficients were cal@dafor
each calendar week, but for a better compreheitgjbile used a monthly, instead of a weekly, labgbf the x-

axis.
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Table 2. Welch two-sampletests of air temperatures (A&k.ma) and wind speeds (WS.ma) differentiated
between years with negative (neg.) and positive.Jg8AOhec.marindices (years with NAQL. varindices below
and above their 38-years meanp<0.05, ** p<0.01, *** p<0.001.

years with years with t-value df p-value
neg. NAQec-Mar pos. NAQ)ec—Mar
AT pec-mar (°C) 0.61 2.84 -5.07 33,51 <0.061
W Spec-mar (M S5 2.92 3.11 -2.72 35.95 0.016

WSpec-mar (Welch two-samplé-test,p<0.05) were significantly higher in years with sspiive

NAOpec-marthan for years with a negative NAQ-mar (Table 2).

3.1.2. Stratification

From 1969 to 2006 Lake PluR3see stratified athguiveeks earlier in spring (-0.04 weeks
yr!, p=0.13) and the onset of stratification advancedabgut 10 days from mid-April to
beginning of April (Fig. 4a). The timing of the a@isof stratification differed significantly
between years with a positive NAQ.mar and years with a negative NAQ-mar (Mann-
Whitney U-test, p<0.05). Lake Plul3see stratified earlier in yearghwai positive NAQec-mar
(mean of weeks with an earlier onset of stratifarat= week 14.8) than in years with a
negative NAQec-mar (Mean of weeks with a later onset of stratificatoweek 15.9).

The NAQec-var can have an effect on the timing of the onsettrattification by affecting
lake conditions (e.g., ice-cover) in early sprihngwever, the index is not adequate to describe
processes establishing a stable stratificationiwighshort timeframe. In this context, regional
meteorological parameters, above all prevalentlladad speed conditions, play a more
important role. Monthly wind speeds in Maratx@.47, p<0.01) and April (=0.15, p>0.1)
correlated positively with the week of the onset gifatification. We found highest
correlations with weekly wind speeds in the lasekvef March (=0.43,p<0.05). Monthly air
temperatures correlated negatively with the weekhef onset of stratification in March
(r=-0.27,p>0.1) and in April (=-0.42,p<0.05). We found the highest correlation with wegekl

air temperatures in the first week of Apri£(0.54,p<0.01).
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Fig. 4. Weeks of (a) onset and (b) breakdown dftification within the period 1969-2006. The dotarinthe
weeks of the stratification event and the lineswskioe regression lines. For a better compreheitgibite used

a monthly, instead of a weekly, labeling of thexjsa

However, the timing of the onset of stratificati varies in each year. Calculating the
monthly or weekly long-term trends may only givepegximate information on a timeframe
when changes occurred. However, influencing pararsegtvhich also vary from year to year,
are difficult to detect with this method. Therefonee calculated a Welch two-sampleest to
find out whether wind speeds and air temperatunesng the week of the onset of
stratification differed from wind speeds and amgeeratures in weeks within a timeframe of
about two months before the onset of stratificat®in temperatures were significantly higher
during the week of the onset of stratification tharthe previous seven weeks (Welch two-
samplet-test,p<0.001). Apart from two weeks before the onsettrdtsication (Welch two-
samplet-test,p>0.1), wind speeds were significantly lower tharthe previous seven weeks
(Welch two-samplé-test, p<0.05). These findings indicate that the processnibiating a
stable stratification must have been started withia timeframe of about 2-3 weeks before
the onset of stratification. Before this timefrarmend speeds were not low enough and air
temperatures were not high enough to initiate bletstratification. Thereby, increasing air
temperatures warmed the lake water faster thaftother wind speeds were able to distribute
the heat within the water column. Hence, an eadieset of stratification was associated with

larger air temperatures and weaker wind speedsairtivVand April.
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Table 3. Welch two-samplétests of epilimnetic temperatures (ET), metalirméeémperatures (MT), and
hypolimnetic temperatures (HT) during the first Wweaf stratification differentiated between yearsthwan
earlier and a later onset of stratification (yeaith weeks of the onset of stratification below ambve their 38-
years mean). p<0.05, ** p<0.01, *** p<0.001.

years with an earlier years with a later onset

onset of stratification of stratification t-value i p-value
ET (°C) 8.39 10.45 -3.05 22.51 0.086
MT (°C) 6.92 8.63 -3.50 21.70 0.062
HT (°C) 4.47 4.80 -2.37 21.57 0.027

The stratification period ended about 1.6 welsksr (0.04 weeks ¥ p<0.05) and the
breakdown of stratification was delayed by aboutlags from the beginning of November to
mid-November (Fig. 4b). As a result of the earlmmset and the later breakdown of
stratification, we observed a significant prolongduaration of stratification of about 3.4
weeks, i.e., about 24 days (0.09 weeks, y<0.01). However, adding up the number of
weeks (or days) of the earlier onset and the lateakdown of stratification to calculate the
duration of the stratification period, we found extension of 3.0 weeks (or 21 days). This
mismatch to estimate the trend of the duratiorhefdtratification period can be explained by
different numbers of years we used to calculatardgreds of the onseb£29), the breakdown

(n=32), and the duratiom£29) of stratification.

3.1.3. Water temperatures and thermocline depths

To find out whether epi-, meta-, and hypolimoadggmperatures during the first week of
stratification differed between years with an earbnset and a later onset of stratification, we
calculated a Welch two-sampidest on the differences of means. Therefore, eulzed
the 38 years mean of the week of the onset ofifatedion (= week 15.2, i.e., mid-April) and
compared the layer temperatures of years below 3Beyears mean with the layer
temperatures of years above the 38 years meanal l@pi-, meta-, and hypolimnetic

temperatures were significantly lower in years veithearlier onset than in years with a later
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Fig. 5. Annual cycles of (a-c) water temperatufdsf) dissolved oxygen concentrations, and (g-i) ipHeach
layer within the period 1969-2006. The thick linglsow the means and the thin lines show the standard

deviations. Note the different scales of the y-axes

onset of stratification (Table 3). Initial layermiperatures are determined by the prevalent
water temperatures at times when the corresponayays are detached from vertical mixing.
If stratification were solely triggered by the atspberic heat flux when a certain temperature
threshold was attained, the water temperatureeaptiset of stratification would always lie
within a narrow range. The results suggest that\aiso influences water temperatures at that

time by affecting the duration and depth of vettio&ing. Lower deep-water temperatures
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were detached from vertical mixing at an earliged@hen water temperatures were generally
low. Higher deep-water temperatures, in contragiiewdetached from vertical mixing at a
later date when water temperatures were compavednimer.

The annual cycles of mean epi-, meta-, and hypatic temperatures (1969-2006) are
depicted in Fig. 5a-c. Highest mean epilimneticgeratures (20.8 £ 1.8°C) and metalimnetic
temperatures (13.2 £ 1.1°C) were recorded in milg-Juowest mean hypolimnetic

temperatures (4.5 = 0.3°C) were recorded in middApr
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Table 4. Linear trends of annual air temperaturima (ATya.,), epilimnetic temperature maxima (),
Schmidt’'s Stability Index maxima (Sgk), and of weeks, in which these maxima occurreg<®.05, **
p<0.01, *** p<0.001.

r? SE df F-value p-value
ATva CCyr) 003 003 36 115 0291
week ATyax 0.06 0.05 36 1.25 0.271
ETwax (°C yrY) 0.04 002 32 279  0.105
week ETyr 0.09 004 32 472  0.037
SSha (IM2yrY) 316 112 31 7.92  0.008
week SSiax 0.14 0.04 31 15.14 <0.00%

Positive trends of epilimnetic temperatures (E€ye apparent throughout the stratification
season except for two weeks at the end of Junemiainly from April to May and from
August to November (Fig. 6a). Especially the fisstek of May (0.08°C yt, p<0.01, overall
increase: 3.0°C) and the first week of August (09r?, p<0.01, overall increase: 3.2°C)
showed the most pronounced temperature increaabte # shows that the extent of the large
positive ET trends in summer and autumn can alsexpkined by a shift of the timing of the
epilimnetic temperature maximum (L), which was delayed by about 3.5 weeks from start

of July to start of Auguspk0.05), and by an By increase of about 1.5°@X0.1).

Epilimnetic and metalimnetic temperature trereddibited a similar annual warming
pattern, but metalimnetic temperature (MT) tren@senless pronounced than ET trends (Fig.
6b). Except for negative temperature trends atetiek of June and at the beginning of July
(-0.01°C yf', p>0.1), we found positive MT trends for the resttiloé stratification period,
especially during mid-November (0.03°C'yp<0.01, overall increase: 1.1°C).

In contrast to predominantly positive ET and Mé&nds, we found negative hypolimnetic
temperature (HT) trends from the onset of strattfan to autumn (Fig. 6¢). Those were most
pronounced from May to June (e.qg., last week of M&y1°C y#*, p<0.05, overall decrease:
-0.5°C). From that point on, HT trends became cwausly lower towards the end of the

stratification period.
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From the onset of stratification in April to theeakdown of stratification in November, the
mean thermocline depth deepened from about 3.1 mbtwut 8.5 m (Fig. 7a). The mean
thermocline depths during the first week of stredifion were only slightly deeper in years
with an earlier onset of stratification (about 319 than in years with a later onset of
stratification (about 3.0 m; Mann-Whitnéy-test,p>0.05). As shown in Fig. 7b, significant
trends of the thermocline depths were only appairenitvo weeks end of June, when the

thermocline deepened by 0.03 my(p<0.05, overall increase: 1.3 m).

3.1.4. Heat content and lake stability

The annual cycle of mean heat content (HC) mwshin Fig. 8a. Maximum mean heat
contents were calculated for summer, especiallAfagust (5.2 x 19+ 4.2 x 16 J ni?).
Except for negative trends from mid-May to mid-J@Rig. 8b), with the largest negative
trends being end of June (-4.2 x> 10m? yr!, p>0.1), we found positive HC trends for the
rest of the stratification period, especially ire tfirst week of August (1.4 x @ m? yr?,
p<0.05, overall increase: 5.1 x 1Dm?). We found significant positive trends from Augtst

mid-October §p<0.05); however, positive trends in spring weresighificant £>0.05).
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The annual cycle of mean lake stability (Schisi@tability Index, SSI) is depicted in Fig.
9a. Highest mean SSI values were calculated fomsnmespecially, for the beginning of
August (400.2 + 87.0 JA). SSI trends were positive throughout the stigtfon period (Fig.
9b). In accordance with ET trends, we found thgdat increases of SSI in May and from
August to November, with a maximum increase ofBrb? yr' (p<0.01, overall increase:

96.6 J nf) in the first week of August. Table 4 shows, tha¢ SSI maximum (S§k)
increased significantly by about 122.0 F p<0.01), which was an increase of about 30%,
and the timing of S§lx shifted significantly by about 5.5 weeks<0.001) from early July to
mid-August.

Table 5 shows that S8} was significantly correlated with SRk (p<0.001) and with the
week of SShax (p<0.01). SSI was only significantly correlated wii$! of the following
month, but not with other months. The weeks of Hreakdown of stratification were

significantly correlated with Sg&4; (p<0.001).
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3.1.5. Oxygen concentrations and pH

The annual cycles of mean epi-, meta-, and hypatic G concentrations (1969-2006) are
depicted in Fig. 5d-f. In April, we recorded highesean Q concentrations within the
epilimnion (14.4 + 1.9 mg 1), the metalimnion (12.3 + 12.4 mg?}, and the hypolimnion
(5.1 + 3.1 mg [%), which decreased continuously in all layers fritven onwards. From June

on, mean hypolimnetic concentrations were below 1 mg.L

Epilimnetic Q concentrations increased for all weeks of thetiftation period (Fig. 6d)
with the largest positive trends from April to Mé.g., last week of April with 0.1 mgL
yr, p<0.01, overall increase: 3.7 mg*). from June to September (e.g., last week of June
with 0.09 mg [* yr', p<0.01, overall increase: 3.5 mg*Land during the last weeks of
stratification (e.g., second week of November wit06 mg L* yr*, p<0.01, overall increase:
2.2 mg ). Although metalimnetic ©concentrations increased from the start of sicatibn
to August, they decreased continuously from thanhtponwards until the breakdown of
stratification (Fig. 6e). The trends were signifitg negative from mid-September onwards,
with the largest @decreases in the last week of October (-0.05 mgr, p<0.01, overall

decrease: 1.9 mgl). A similar change of behavior of,@oncentrations was also apparent in
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Table 5. Pearson’s correlation coefficientslfetween different SSI in summer and autumn aei thfluence
on the breakdown of stratificationp¥0.05, ** p<0.01, *** p<0.001.

correlations r t-value df  p-value
week SShax — SShyg 0.49 3.17 31 0.008
SShax — SShyg 0.90 11.80 31 <0.00%
SShyg — SSkep 0.60 4.13 31 <0.00%
SSkep— SShet 0.67 4.97 31 <0.00%

SSh — week of

stratification breakdown 0.69 2.24 30 <0.00%

the hypolimnion (Fig. 6f), although the transitistom positive to negative £concentration
trends already started about one month earliey)dand was less pronounced than in the
metalimnion. Hypolimnetic @concentration trends were negative from Augustam® and
the trends were significantly negative in the laseks of October (-0.01 mgLyr?, p<0.01,

overall decrease: 0.3 mg').

The annual cycles of mean epi-, meta-, and lyp@tic pH (1969-2006) are depicted in
Fig. 5g-i. We recorded highest mean pH within tpdimnion (9.0 £ 0.5), the metalimnion
(8.6 = 0.4), and the hypolimnion (7.3 £ 0.3) in ApMetalimnetic and hypolimnetic pH
decreased continuously from then on, whereas thasea second epilimnetic pH peak in July

(9.1 +0.4).

Epilimnetic pH trends were positive from the imegng of stratification to mid-September
and negative for the rest of the stratificationipeFig. 6g). Positive trends of epilimnetic pH
were most pronounced during the first two weeksMafy (0.03 yi*, p<0.001, overall
increase: 1.3). In accordance to the metalimnetic@centration pattern, metalimnetic pH
trends showed a similar change in trends from pesiio negative, with largest positive
trends in the first week of May and negative trestisting mid-June (Fig. 6h). Significant
positive trends of pH were largest during the firgtek of May (0.01 yt, p<0.05, overall
increase: 0.6). From mid-September to the end dbligc pH trends were significantly

negative (e.g., first week of October with -0.0T,y<0.001, overall decrease: 0.5). We only
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found negative trends of pH in the hypolimnion (Fég). We observed significant negative
trends from the mid-June onwards (e.g., last wefeBaptember with -0.01 yr p<0.001,

overall decrease: 0.3).

3.2. Long-term trend analysis of nutrient parametes

3.2.1. Nitrate, nitrite, and ammonium concentration

Fig. 10 shows the annual cycles and the lineamds of the most important nitrogen
fractions within the 0-10 m water column from Fedmu to November. Mean NO
concentrations were highest in March (about 37@@ [1g L'") and decreased from that point
on. The opposite was true for WHconcentrations: They were lowest in April (abo&t#646
ng LY and increased from that point on. Highest,NEbncentrations were measured in
August (about 16 + 12 pg™). The linear trends of these nitrogen fractionseated mostly
negative trends: N concentration trends were significantly negatnasf April to June and
from September to Novembgr<0.05) and the largest negative trend was calalff@ieApril
(6.4 pg L* yrt, p<0.01, overall decrease: about 240 |if).INH," concentration trends were
significantly negative from April to Novembep<0.01), whereas the largest negative trend
was calculated for October (5.6 pg lyr', p<0.001, overall decrease: about 214 |i).L
Apart from August, N@ concentrations trends were negative and the largaative trend
was calculated for June (0.35 pg ™, p<0.05, overall decrease: about 13 pif).L

Annual cycles of epilimnetic, metalimnetic, amgpolimnetic nitrogen fractions agree with
the annual cycles calculated over the 0-10 m weaérmn (Fig. 11). However, epilimnetic

concentrations were generally lower and hypolinmetincentrations were generally higher.
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Fig. 10. Annual cycles (a-c) and linear trends)(dffmonthly nitrate, nitrite, and ammonium concatibns in
the 0-10 m water column from February to Novembithiw the period from 1969-2006. The thick linestioé
annual cycles show the means and the thin linews she standard deviations, whereas the thick lofethe

linear trends show the slopes of the linear trexrdisthe thin lines show the standard errors ofrérals.

Epilimnetic NQ™ concentrations (about 20-60 p@)Lepilimnetic NQ” concentrations (about
3-5 ug LY, and epilimnetic Nif concentrations (about 60-80 pg)Lremained almost at the
same low level throughout the stratification peribtypolimnetic NQ™ concentrations were
largest in May (about 320 + 220 pgLand lowest in October (about 30 + 40 pg).Lin
contrast, hypolimnetic Nii concentrations were lowest in May (about 280 + g§0") and

largest in October (about 1200 + 450 |iY).LHypolimnetic NQ™ concentrations were largest
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Fig. 11. Annual cycles of monthly (a-c) nitrate centrations, (d-f) nitrite concentrations, and Ygdinmonium
concentrations in the epilimnion, metalimnion, dngbolimnion from May to October within the periotin
1969-2006. The thick lines show the means andHielines show the standard deviations. Note tliferdint

scale of the y-axis.

in August (30 + 28 pg ). Metalimnetic N@, NO,, and NH" concentrations corresponded
quite well to the mean NQand NH" concentrations calculated over the 0-10 m water
column.

Trends of epilimnetic, metalimnetic, and hypatigtic NG, NO,, and NH' concentrations
were negative from May to October (Fig. 12). Latgesegative epilimnetic N©

concentrations trends were calculated for May (@2-* yr?, p<0.01, overall decrease: about
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Fig. 12. Linear trends of monthly (a-c) nitrate centrations, (d-f) nitrite concentrations, and Y@mnmonium
concentrations in the epilimnion, metalimnion, dngbolimnion from May to October within the periotin
1969-2006. The thick lines show the slopes of itealr trends and the thin lines show the standamtseof the

trends. Note the different scale of the y-axis.

85 pg LY and the trends remained significantly negatiye<0(05) until October.
Metalimnetic NQ™ concentrations decreased most pronounced in Mdyane (3.1-3.3 ug
L™ yr', p<0.01, overall decrease: about 120 if).IThe trends became less pronounced, but
remained negative towards the end of the stratifina period. Hypolimnetic N@

concentration trends were significantly negativ&aptember (3.1 pgLyr?, p<0.05, overall
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decrease: about 120 pug)Land in October (2.5 ug'iyr?, p<0.01, overall decrease: about 95
ng LY. Trends were not significantly lower from MayAaigust >0.05).

Largest negative NOconcentration trends were calculated in the epilim (0.3 pg [
yr!, p<0.05, overall decrease: about 11 it),Lmetalimnion (0.3 pg Lt yr?, p<0.01, overall
decrease: about 10 pg'L. hypolimnion (0.7 pg L yr?, p<0.05, overall decrease: about 26
ig LY in June. From that point on, trends became lowercontrast to the hypolimnion,
however, epilimnetic and metalimnetic trends reradisignificantly negative in each month
from July to October.

Largest negative epilimnetic NHconcentration trends were calculated in July (&a.*
yr'!, p<0.001, overall decrease: about 145 |1§; lhowever, these trends were quite similar in
each monthg<0.01). Metalimnetic Nif concentrations became more pronounced from May
to October and the largest negative trend was leagmlifor October (7.1 pgiyr?, p<0.001,
overall decrease: about 270 pg)LAlthough hypolimnetic N concentration trends were
negative from May to October, the only significamtpolimnetic trend was observed in

October (18.1 pg tyr?, p<0.05, overall decrease: about 690 |19.L

3.2.2. Inorganic phosphate and total dissolved phmsis concentrations

Fig. 13 displays the annual cycles and the fineends of the two phosphorus fractions
within the 0-10 m water column from February to Ember. Mean P§) (about 150 + 44 g
LY and TDP concentrations (about 180 + 38 |1y Were highest in February and decreased
continuously from that point on. Linear trends ottb phosphorus fractions were mostly not
significant, with the only exception being FOin March (1.5 pug ! yr', p<0.05, overall
decrease: about 57 pgfL

Annual cycles of epilimnetic R® and TDP concentrations agree with the annual sycle

calculated over the 0-10 m water column (Fig. hé)vever, there was an increase of
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Fig. 13. Annual cycles (a-c) and linear trends)(dffmonthly phosphate, total dissolved phosphaaug, silicate
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thick lines of the annual cycles show the meanstaedthin lines show the standard deviations, wiethe
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the trends.

epilimnetic PQ*> and TDP concentrations in October. Furthermore atimual cycles of P®
and TDP concentrations in each layer resembled e#udr quite well. Concentrations of
epilimnetic PQ* decreased from May (about 35 + 26 i) ko a minimum in August (about
5.0 + 4.2 pg ) and then increased up to about 22.1 + 19.2 TignLOctober. Epilimnetic
TDP concentrations decreased from May (about 62 #@ %) to a minimum in September

(about 25 + 17 pg L) and then increased up to about 43 + 27 fignLOctober.
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Fig. 14. Annual cycles of monthly (a-c) phosphatenaentrations, (d-f) total dissolved phosphorus

concentrations, and (g-i) silicate concentratianshie epilimnion, metalimnion, and hypolimnion frdvtay to
October within the period from 1969-2006. The thicles show the means and the thin lines showttiredard

deviations. Note the different scale of the y-axis.

Metalimnetic PG¥ concentrations increased from May (about 66 + 36 L) to a

maximum in October (about 109 + 60 ug)land metalimnetic TDP concentrations increased

from May (about 99 + 36 pug1) to a maximum in October (about 140 + 50 if).L

Hypolimnetic PG@* concentrations increased continuously from May@H90 + 41 pg

L™ to a maximum in October (about 340 + 40 it Bnd hypolimnetic TDP concentrations

increased also from May (about 220 + 47 [i§j to October (about 370 + 63 pgL
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Fig. 15. Linear trends of monthly (a-c) phosphatencentrations, (d-f) total dissolved phosphorus
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October within the period from 1969-2006. The tHidkes show the slopes of the linear trends andhimelines

show the standard errors of the trends. Note tifiereint scale of the y-axis.

Fig. 15 depicts the linear trends of £@nd TDP concentrations in each layer from May to
October. Epilimnetic Pg and TDP concentration trends were negative througtthe
stratification period. Hypolimnetic P® and TDP concentration trends were negative from
May to August (P@") or September (TDP) and became positive afterwavhizalimnetic
PO,> and TDP concentration trends fluctuated from mdatmonth from positive trends to

negative trends. All these trends were not sigaiftgp>0.05).
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3.2.3. Silicate concentrations

Fig. 13 shows the annual cycles and the lineards of silicate within the 0-10 m water
column from February to November. Mean Si€dncentrations were highest in February
(about 420 + 130 pgh) and decreased to a minimum in April (about 13068 ug L) and
increased continuously from that point on (abou 2®5 pg ! in November). Linear trends
were negative for all months with a negative tremakimum in April (7.0 ug * yr?, p<0.01,
overall decrease: about 266 Pg)L

Annual cycles of epilimnetic, metalimnetic, ahgpolimnetic SiQ concentrations agree
with the annual cycles calculated for the 0-10 mtewaolumn (Fig. 14). Epilimnetic S}O
concentrations increased from May (about 76 + 44 P)gto October (about 130 + 68 pd').
metalimnetic Si@ concentrations increased from May (about 87 + §6Lif) to October
(about 287 + 124 pgh), and hypolimnetic Si@concentrations increased from May (about
427 + 268 ug ) to October (about 787 + 225 pugLL

Fig. 15 displays the linear trends of Si€@ncentrations in each layer from May to October.
Metalimnetic and hypolimnetic SpOconcentration trends were significantly negative
throughout the stratification period. Hypolimnet®O, concentration trends were most
pronounced in May (18.0 ug'iyr?, p<0.001, overall decrease: about 683 |1t; lfrom that
point on these trends became continuously lowetaf@e: 13.8 pg I yr', p<0.001, overall
decrease: about 524 pg)L Following a metalimnetic Sixconcentration trend of 3.8 pg'L
yr! (p<0.001, overall decrease: about 145 |1y in June, there was a trend minimum in July
and August (2.5 pg tyr?, p<0.05, overall decrease: about 95 i) followed by negative
trends towards October (5.6 pg*Llyr', p<0.05, overall decrease: about 212 pg).L
Epilimnetic SiQ trends were only significantly negative in MayQ2ig L* yr?, p<0.05,
overall decrease: about 74 pg)LJune (2.2 pgtyr?, p<0.05, overall decrease: about 85 g

L™, and October (2.7 ug'Lyr?, p<0.05, overall decrease: about 104 i.L
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3.2.4. Linkage of abiotic environmental parameters

Annual cycles of mean Secchi disc transparendissolved oxygen concentrations, oxygen
saturations, and pH calculated for the 0-10 m watdumn are shown in Fig. 16. All four
figures indicate that the phytoplankton spring maxn occurred in April: Secchi disc
transparencies displayed a minimum in April (abdub £ 0.5 m), whereas oxygen
concentrations (about 10.2 + 2.8 mg)Loxygen saturations (about 60 + 15 %), and pH
(about 8.0 + 0.3) displayed maxima in April. Lindeends of oxygen concentration (0.1 mg
L yr', p<0.01, overall increase: about 5.1 pg)Loxygen saturation (0.8 % Yrp<0.001,
overall increase: about 31.1 pg)l.and pH (0.01 yt, p=0.05, overall increase: about 0.4)
were significantly positive in April, whereas Secdlisc transparencies did not change
significantly ©>0.05) from 1969 to 2006. In April, mean Secchikdigansparencies were
significantly negative correlated with mean oxygemcentrationsrg-0.54, p<0.01), mean
oxygen saturationg$-0.51,p<0.01), and mean pH=-0.49,p<0.01); however, from June to
November, Secchi disc transparencies were onlyifgigntly correlated with mean pH
(-0.53<<-0.64, 0.01p<0.001) and did not correlate significantly with ane oxygen
concentration and mean oxygen saturatigr0(05). From September to November, Secchi
disc transparencies increased significantly (0.@5-0n yi*, 0.019<0.001, overall increase:
about 1.8-2.7 m) and pH decreased (0.01, p<0.05, overall decrease: about 0.22-0.28)
correspondingly.

Fig. 17 shows correlations of mean pH of theDQ¥ilwater column with mean NOPQ?®,
and SiQ of the 0-10 m water column from February to Novembvhich revealed that pH
correlated significantly negative with Sih March ¢=-0.52, p<0.01) and April (=-0.60,
p<0.001), but not with N@ or PQ* (p>0.05). In the further course of the stratification
period, the correlations of SjQvith pH decreased, whereas the correlation of Nith pH

increased: N@ was significantly positive correlated with pH fralane to July (0.36<0.37,
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Fig. 16. Annual cycles (a-d) and linear trends Xedfi monthly Secchi disc transparencies, oxygen
concentrations, oxygen saturations, and pH in ti@ @ water column from February to November witthia
period from 1969-2006. The thick lines of the arrayales show the means and the thin lines shovstdredard
deviations, whereas the thick lines of the lineands show the slopes of the linear trends anththdines show

the standard errors of the trends.
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line), and SiQ (dotted line) within the period 1969-2006. All pareters were calculated as means of the 0-10 m

water column.

p<0.05) and from September to November (0r&®<51, 0.058<0.01). PQ*, however,
never correlated significantly with pk<0.05).

To assess the influence of positive and negdi&®pec-mar ON lake parameters before the
onset of stratification, we applied a Welch two-pént-tests of parameters that were
associated with years with a positive or negatiONec-vas 1.€., above and below the 38
years mean (=0.68). Table 6 shows that mean watgpdrature, mean oxygen concentration,
mean oxygen saturation, and mean pH of the 0-1Cabtervcolumn were significantly higher
in April in years with a positive NAG.mar than in years with a negative NARQ-mar
Furthermore, PE" concentrations in February and March were sigaifity higher in years
with a positive NAQec.mar than in years with a negative NAQ.mar In addition, TDP
concentrations were significantly higher in MarctdaNH," concentrations were significantly
lower in March and April in years with a positiveARpec.mar than in years with a negative
NAOpec-mar There was no significant difference in Si®IO;, and NQ™ concentrations in
years with positive or negative NAQ mar

Further analyses of RO concentration revealed that FOconcentrations were associated
with the mixing depth. Epilimnetic P& concentrations correlated significantly positivishw

the thermocline depths in May, June, August, antbi@s ©<0.05) and the thickness of the
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Table 6. Welch two-sampletests of monthly mean water temperature, dissol@gdoncentration, oxygen
saturation, and pH in April and NONO,, NH,", PQ*, TDP, and Si@from February to April differentiated
between years with negative and positive NAQi.-indices. All parameters were calculated for th&00m
water column. #<0.05, ** p<0.01, *** p<0.001.

means means

t-value df -value
(neg- NAC})ec-Maa (pOS. NA(l)ec-Maa p
T (0-10 m), (°C) 5.90 6.41 -2.25 17 0.038
0, (0-10 m), (ng LY 8.11 11.97 -4.75 19  <0.06%
OS (0-10 my,, (%) 50.21 71.17 -4.66 19  <0.084
pH (0-10 m), 7.77 8.17 -4.03 19  <0.00%
NO; (0-10 myep,  (ug LY 312.10 328.22 -0.16 11 0.877
NO; (0-10 My (ug LY 335.19 388.47 -0.68 17 0.504
NOz (0-10 m),  (ngL?) 194.45 217.49 -0.44 25 0.667
NO, (0-10 m}ep,  (ug LY 4.72 6.73 -0.54 17 0.595
NO, (0-10 My (ug LY 5.70 4.16 0.88 19 0.392
NO; (0-10 m),  (ug L™ 4.57 3.66 0.70 14 0.497
NH, (0-10 m}e,  (ug LY 269.44 194.42 0.75 8 0.475
NH," (0-10 myer  (ng LY 183.72 63.01 2.84 12 0.014
NH," (0-10 m),,  (ug LY 85.36 48.41 2.14 17 0.047
PO (0-10 mpey,  (ng LY 109.01 167.42 -3.42 11 0.066
PO (0-10 myar  (ug LY 99.70 147.77 -3.48 20 0.062
PO (0-10 m),  (ug L) 88.58 109.64 -1.46 18 0.163
TDP (0-10 m}er  (ug L) 161.40 188.73 -1.50 10 0.163
TDP (0-10 myr  (mg Lh) 141.62 172.51 -2.23 19 0.088
TDP (0-10 m),,  (ug LY 114.38 139.03 -1.89 22 0.073
Si0, (0-10 m}ep,  (ug LY 372.45 441.76 -1.30 15 0.213
Si0, (0-10 My (pg LY 362.35 289.33 0.90 11 0.386
Si0, (0-10 m),,  (ug L) 192.59 89.98 1.47 10 0.170

epilimnion from May to July [§<0.05). Metalimnetic P§ concentrations correlated
significantly with thermocline depths throughou ttratification periodp<0.05).

To assess if the mixing depth in spring diffesgghificantly between years with positive or
negative NAQec.var and if higher mean P® concentrations in the 0-10 m water column
could, therefore, be explained by deep mixing, wpliad a Welch two-sampletests of
hypolimnetic oxygen parameters, because largeresurations of oxygen in the deeper strata
of the water column can be explained by a deepsicaemixing in spring. Table 7 shows
that hypolimnetic @ concentrations from May to July and oxygen satonat from May to

August were significantly higher in years with aspiive NAObec-marthan in years with a
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Table 7. Welch two-samplétests of monthly mean hypolimnetic dissolved oxygmncentrations (HO),

oxygen saturations (HOS), nitrate concentrationd@kl) and ammonium concentrations (HNHfrom May to

October differentiated between years with negatind positive NAQec.marindices. *p<0.05, ** p<0.01, ***

p<0.001.
means means t-value df  p-value
(neg- NAC})ec-Maa (pOS. NA(l)ec-Maa

HO May (ug LH 1.26 4.22 -5.48 28 <0.00%
HO June (Mg B) 0.29 1.55 -5.09 24 <0.00%
HO July (g Y 0.16 0.56 -3.48 25 0.062
HO August (ug D) 0.08 0.21 -2.02 24 0.055
HO September (ngh 0.08 0.13 -1.32 26 0.199
HO October (ug 1) 0.12 0.13 -0.28 30 0.782
HOS May (%) 5.18 15.26 -5.28 28 <0.06%
HOS June (%) 1.17 5.90 -5.07 25 <0.681
HOS July (%) 0.63 2.09 -3.46 26 0.082
HOS August (%) 0.29 0.77 -2.08 24 0.048
HOS September (%) 0.33 0.51 -1.13 24 0.271
HOS October (%) 0.47 0.51 -0.19 29 0.851
HNO; May (g LY 177.54 444.55 -4.20 27 <0.061
HNO3 June (g ) 130.32 439.12 -5.07 28 <0.061
HNO3 July (ng 79.97 341.82 -5.47 27 <0.0&%
HNO; August (ug ) 45.87 202.16 -4.95 25 <0.0&t
HNO; September  (ugt) 25.81 86.58 -2.49 21 0.021
HNO;" October (g ) 30.92 25.63 0.31 15 0.764
HNH," May (g LY 509.22 102.63 6.38 12 <0.061
HNH," June (g ) 665.02 225.71 5.31 14 <0.061
HNH," July (ng 882.28 396.44 4.36 15 <0.061
HNH," August (ug ) 1030.64 571.32 5.31 17 <0.061
HNH," September  (ugt) 1302.43 767.43 4.79 16 <0.061
HNH," October (ug ) 1524.50 969.65 3.73 18 0.082

negative NAQecmar Furthermore, hypolimnetic NOand NH" displayed the opposite
pattern: Oxygenated NOconcentrations were significantly higher in thgpbdlymnion from
May to September in years with a positive NAQuar than in years with a negative
NAOpec.mar OXygen-reduced NH concentrations in the hypolimnion were signifidgant
lower from May to October in years with a positNA&Opec-mar than in years with a negative
NAOpec-Mar

In the 0-10 m water column, NH concentrations displayed a significant negative
correlation with @ concentrations and oxygen saturations from Apol August

(-0.43<<-0.71, 0.059<0.001); however, N@ concentrations displayed a significantly
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Table 8. Pearson’s correlation coefficientsi{etween SSI in August (SQ)) and different nutrient parameters
of the 0-10 m water column from August to Novembgr<0.05, ** p<0.01, *** p<0.001.

correlations r t-value df  p-value
SShug— NG;™ (0-10 m)q -0.34 -2.03 31 0.051
SShug— NG;™ (0-10 mep -0.32 -1.91 31 0.066
SShyg— NG5 (0-10 mpy -0.42 -2.54 30 0.017%
SSlyyg— NG5 (0-10 Moy -0.58 -3.83 29 0.00%
SSlyyg— NG, (0-10 m)yg 0.08 0.46 31 0.648
SShyg— NG, (0-10 mep -0.18 -1.02 31 0.314
SShug— NG,y (0-10 mpy -0.30 -1.74 30 0.093
SShug— NGy (0-10 Moy -0.22 -1.23 30 0.229
SSlhyg— NH;" (0-10 miyg -0.35 -2.11 31 0.048
SSlhyg— NH;" (0-10 me, -0.35 -2.07 31 0.04%
SShyg— NH;" (0-10 mpy -0.23 -1.27 30 0.212
SSlhug — NH;" (0-10 Moy -0.07 -0.36 29 0.720
SShyg— PO (0-10 m)q 0.09 0.53 31 0.600
SShyg— PO (0-10 m)e, 0.02 0.13 31 0.895
SShyg— PO (0-10 mpy -0.01 -0.07 30 0.942
SShyg— PO (0-10 m)ey 0.16 0.87 29 0.390
SSlug— TDP (0-10 my,q -0.14 -0.74 27 0.466
SShug— TDP (0-10 mep -0.06 -0.33 27 0.747
SSlug— TDP (0-10 my -0.07 -0.33 26 0.742
SShyg— TDP (0-10 m)oy 0.02 0.12 25 0.905
SShyg— SIG (0-10 m)yq -0.40 -2.43 31 0.024
SShyg— SIG (0-10 Mgy -0.42 -2.61 31 0.014
SSlayg — SIG, (0-10 My -0.52 -3.34 30 0.002
SShyg — SiG (0-10 Moy -0.49 -3.01 28 0.006

positive correlation only with ©concentrationsré0.41, p<0.05) and oxygen saturations
(r=0.39,p<0.05) in September.

The SSI in August correlated significantly négat with mean NH' and SiQ
concentrations within the 0-10 m water column, bat with NGy, NO,, PQ*, and TDP
(Table 8). However, SSI in August affected not oniytrient concentration in August, but
also in the following months. More importantly, Si@oncentrations were particularly

inversely associated with water column stability.
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3.3. Principal component analysis of abiotic envinmmental parameters

We performed a PCA on a set of abiotic enviromi@leparameters for each month of the
annual cycle separately. We implemented PCAs, erotte hand, on physical and chemical
parameters and, on the other hand, on nutrientnpgeas (Table 1). Furthermore, we
performed two different sets of PCAs, one for thenths before the onset of stratification
from February to April, and one for the months dgrthe stratification period from May to
October. This can be explained by the reduced nuwibeonsidered variables in the datasets

of the period before to the onset of stratification

3.3.1. Principal Component Analysis of physical ahdmical parameters

According to a Scree-plot analysis and the Waizattman-Criterion, two principal
components (PCs) sufficed to describe a large ptigmoof variance of the included variables
from February to April. From May to October, howevee decided to interpret three PCs.
Table 9 shows, for each month, the ratio of exgldimariances of each component relative to
the total variance and the ratio of the cumulati@gance of the considered PCs relative to the

total variance.

Table 9. Explained and cumulative variances ofreglevant principal components (PCs) derived fromARC
performed on physical and chemical parametersdoh enonth from February to October. The Roman natwer
indicate the respective PC.

physical and chemical parameters
PCI PCIl  PCII cum. variance

February 0.54 0.26 0.80
March 059 0.23 0.82
April 0.69 0.19 0.88
May 0.50 0.26 0.08 0.84
June 0.32 0.26 0.19 0.77
July 0.32 0.27 0.14 0.73
August 0.38 0.28 0.12 0.78
September 0.34 0.19 0.19 0.72
October 0.28 0.27 0.15 0.70
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Table 10 shows the factor loadings of each RCtd¥ loadings are the Pearson’s correlation
coefficients between each factor score and theinadigrariables and describe how much
information each factor score shares with the pabvariables.

The first PCs of the PCAs performed on the FatyuMarch, and April datasets were
linked to temperature: All PCs were associated veith temperature, NARc.may Water
temperature, and O However, SSI was negatively connected with theagables in
February, but positively connected in April. Thecaed PCs described less variance. In
February, the second PC was, again, associatedwadm water temperature. In March, PC 1|
described the relationship of water temperature lakd stability, whereas in April, PC I
described the negative relationship of wind spewtliiake stability.

In May, PC | represented a gradient of waterpeerature and pH in all layers and of @
rather deeper strata of the lake. PC Il was, agassociated with oxygen availability;
however, this time, this principal component wasre@xted with @ and pH in the upper
strata of the lake and it was negatively connegtéd mean lake temperature. PC Ill was

represented by mixing depth.

Table 10. Factor loadings of the relevant princigahponents (PCs) derived from PCAs performed ossiphl
and chemical parameters for each month from FeprimaOctober. Significant loadinge<0.05) are written

bald. The Roman numerals indicate the respective PC

loadings February loadings March loadings April
PCI PCII PC Il PCI PCII PCIl PCI PCII PG
AT 0.92 0.11 0.94 -0.06 0.85 0.21
WS 0.65 0.47 -0.38  -0.08 -0.35 -0.77
NAOpec-Mar 0.86 -0.38 086 -0.41 0.71 -0.59
SD -0.18 0.60 -0.65 0.56 -0.82 0.06
SSl -0.87 0.31 0.17 0.81 0.68 0.66
HC 0.78 0.58 0.81 0.57 0.96 0.19
LST 0.93 0.03 0.95 0.19 0.88 0.44
MLT 0.59 0.77 0.62 0.70 0.93 0.02
T (0-10 m) 0.77 0.59 0.80 0.58 0.98 0.11
0, (0-10 m) 0.77 -0.58 0.86 -0.48 0.86 -0.43
OS (0-10m) | 0.77 -0.56 0.89 -0.42 0.90 -0.36
pH (0-10 m) 0.35 -0.61 0.85 -0.18 0.84 -0.50

67



Table continued from previous page

loadings May loadings June loadings July

PCI PCII PC Il PC I PC I PC Il PC I PC I PG
AT 0.87 0.15 0.23 0.56 0.18 -0.65 091 -0.17 0.20
ws -0.34 -0.59 0.21 -0.54 -0.11 0.01| -0.60 -0.08 -0.10
ET 0.93 0.17 0.20 0.67 0.05 -0.71 0.84 -0.33 0.33
MT 0.93 -0.02 0.15 0.52 0.27 -0.37/ 0.70 -0.02 0.30
HT 0.78 0.38 0.16 0.70 0.26 0.46 0.20 0.81 -0.17
EO -0.35 -0.73 -0.31 -0.57 0.26 0.30 0.26 0.28 -0.90
MO 0.59 -0.53 0.13 -0.11 0.87 -0.06 0.74 -0.27 -0.04
HO 0.87 -0.20 -0.29 0.29 0.85 0.23 0.60 0.46 0.07
EOS 0.01 -0.81 -0.05 -0.53 0.33 0.00 0.45 0.16 -0.85
MOS 0.57 -0.62 0.26 -0.22 0.84 -0.28 0.75 -0.43 -0.08
HOS 0.89 -0.23 -0.25 0.29 0.87 0.22 0.66 0.42 0.08
EPH 0.67 -0.38 -0.34 | -0.66 0.45 -0.02 0.47 0.00 -0.72
MPH 0.74 -0.55 0.23 -0.43 0.61 -0.60 052 -0.71 -0.08
HPH 0.84 -0.18 -0.15 0.69 0.55 0.04 0.28 0.48 0.44
SD -0.05 0.83 0.33 0.57 0.02 0.08 -0.11 0.03 0.4
TD -0.25 0.48 -0.60 0.14  -0.04 0.91 -0.57 0.69 0.18
ED -0.02 0.44  -0.80 0.39 -0.16 0.86 -0.43 0.85 0.01
MD -0.31 0.80 0.36 0.18 -0.58 -0.47 0.02 0.19 0.26
HD 0.23 -0.88 0.31 -0.48 0.63 -0.33 0.35 -0.83 -0.15
SSl 0.91 0.35 0.08 0.81 0.06 -0.55 0.85 -0.12 0.44
HC 0.76 0.62 -0.01 0.99 -0.05 0.06 0.46 0.75 0.38
LST 0.93 0.17 0.18 0.68 0.07 -0.71 0.86 -0.26 0.35
MLT 0.72 0.66 0.05 0.94 -0.04 0.28 0.28 0.89 0.17
T (0-10 m) 0.75 0.64 -0.02 0.97 -0.09 0.18 0.31 0.87 0.31
0, (0-10 m) 092 -0.14 -0.27 0.24 0.85 0.39 0.55 0.61 -0.34
OS (0-10m) | 0.92 -0.14 -0.27 0.25 0.82 0.43 0.54 0.59 -0.49
pH (0-10 m) 0.92 -0.21 -0.13 -0.11 0.81 -0.18 0.51 0.29 -0.33

loadings August loadings September loadings Qxtob

PCI PCII PC Il PCI PCII PCIl PCI PCII PG
AT -0.03 0.85 0.18 0.46 -0.18 0.68 0.79 -0.22 -0.10
WS -0.33  -0.40 0.00 | -0.64 0.22 0.19 0.30 -0.17 0.33
ET 0.19 0.91 0.22 0.08 0.09 0.95 0.78 -0.22 -0.38
MT 0.75 0.58 -0.07 0.30 0.60 0.36 0.68 0.22 -0.47
HT 081 -0.23 0.30 0.78 0.25 -0.20 0.46 0.64 -0.29
EO 0.94 -0.04 -0.16 0.38 0.88 -0.06 -0.42  0.65 0.01
MO 0.11 0.80 -0.31 -0.59 0.58 0.04 -0.45 0.37 0.17
HO 0.49 -0.07 -0.69 0.68 -0.20 0.30 0.43 0.14 0.71
EOS 0.94 0.09 -0.14 0.38 0.87 0.15 -0.38 0.53 -0.08
MOS 0.14 0.86 -0.31 -0.63 0.62 0.11 -0.51 0.14 0.02
HOS 0.49 -0.07 -0.68 0.69 -0.17 0.30 0.46 0.16 0.72
EPH 0.86 -0.03 -0.26 0.53 0.44 -0.11 -0.22 0.53 -0.68
MPH 0.11 0.63 -0.53 -0.34 0.47 -0.38 -0.27 0.52 -0.5
HPH 0.14 -0.48 0.04 0.21 0.42 -0.02 0.22 0.93 -0.10
SD -0.90 0.07 -0.01 -0.39 -0.70 -0.24 0.32 -0.52 0.39
TD 0.43 -0.75 -0.10 0.68 -0.15 -0.62 0.47 0.55 0.61
ED -0.10 -0.88 0.04 0.53 -0.33 -0.66 0.24 0.75 0.34
MD 0.60 0.23 0.36 0.53 -0.40 0.27 0.37 -0.32 0.3
HD -0.55 0.56 -0.42 | -0.68 0.48 0.17 -0.47  -0.50 -0.53
SSl 0.18 0.84 0.36 0.17 -0.02 0.95 0.64 -0.39 -0.38
HC 0.78 0.12 0.56 0.88 -0.17 0.27 0.93 0.25 -0.18
LST 0.16  0.89 0.26 0.13 0.07 0.96 0.71 -0.28 -0.42
MLT 0.83 -0.14 0.49 0.90 -0.09 -0.04 0.82 0.50 -0.16
T (0-10 m) 0.81 -0.08 0.53 091 -0.22 0.10 0.92 0.33 -0.10
0, (0-10 m) 0.85 -0.16 -0.29 0.68 0.49 -0.35 -0.16  0.89 0.29
OS (0-10m) | 0.90 -0.08 -0.22 0.71 059 -0.21 -0.14  0.87 0.19
pH (0-10 m) 0.77 -0.29 -0.33 0.53 0.37 -0.33 -0.06 0.78 -0.44
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In June, PC | was related to water temperatugdl layers of the lake, but it was not related
to O.. In addition, PC Ill was also linked to water tesmgture; however, this principal
component was exclusively associated with lakeaserftemperature. PC Il was correlated
with O, in rather deeper strata of the lake.

In July, PC I represented a gradient of waterperature in the upper strata and of i©®
deeper strata of the lake. PC Il described a gnagdiemean water temperature and mean O
concentration in association with mixing depth. RCwas exclusively associated with
epilimnetic Q and pH.

In August, PC | was positively associated witbam lake water temperature and with O
and pH, but it was also negatively associated Belachi disc transparencies. In contrast to
PC I, PC Il was exclusively associated with lakefesre temperature, whereas PC Il was
associated with hypolimnetic,O

In September, PC | was correlated with mixingtdeand displayed its effect on mean lake
temperature and deep wates, @hereas PC Il was connected with i@ the upper strata of
the lake. PC Il described the relationship of migxdepth and lake surface temperature.

In October, PC | was associated with mean wateperature, whereas PC Il was associated
with mean Q@ and pH. PC Ill was represented by mixing depth iareatpressed its effect on
epilimnetic pH and hypolimnetic O

The first two principal components from FebruaoyApril and the first three principal
components from May to October were in most cagsgsesented by temperature or by
oxygen conditions. Apart from February to April, &b we only considered the means of the
0-10 m water column, the loadings of the respeqrnecipal components can be interpreted
as an indication of the interplay between tempeeatind oxygen and of the layers primarily
associated with these two parameters. Some prinogpaponents also describe the influence

of mixing depth or lake stability on temperature axygen.
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3.3.2. Principal Component Analysis of nutrientgyaeters

In contrast to the PCAs of physical and chenpeasmeter datasets, we decided to interpret
only two principal components of the nutrient datasrom February to October, since they
already explained a large proportion of variancehef original datasets (Table 11). PC Il
only explained a minor proportion of variance. &b shows the factor loadings of each PC.

In February, PC | was associated with mean,NAQ®>, TDP, and Si@ whereas PC ||
was associated with mean RO

In March, PC | described a negative relationssfilN\H," and PQ* and TDP. N@ and
SiO, were connected with PC 1.

In April, PC | was positively linked to R® and TDP and negatively linked to NONH,",
and SiQ, whereas PC Il was correlated with NO

In contrast to the first PCs of the PCAs perfednon physical and chemical parameters
from May to October, the first PCs of the PCAs perfed on nutrient parameters from May
to October were quite robust: Besides some additisimgle parameters in each month, the
first principal components were always positivenoected with N@, PQ*, and TDP in
each month. To describe the degree to which thectstie of the factor loadings obtained
from the analysis of each month were similar thfomg the year, the correlations of the
loadings of PC | in May (Table 12) with the loadsngf the first principal components of each
month from June to October (also shown in Table ER)kaled that PC | in May was
significantly associated with the first principadroponents in June<£0.88,p<0.001), July
(r=0.88, p<0.001), August r0.85, p<0.001), Septembenr<0.83, p<0.001), and October
(r=0.82, p<0.001). From June to September, the first princip@amponents were also
(negatively) associated with NH The factor loadings obtained from the PCA of Metains

the same structure of variables in the subsequenths.
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Table 11. Explained and cumulative variances ofréievant principal components (PCs) derived froBAR

performed on nutrient parameters for each montim fe@bruary to October. The Roman numerals inditete
respective PC.

nutrient parameters
PC I PCII cum. variance
February 0.55 0.28 0.83
March 0.46 0.25 0.71
April 0.58 0.25 0.83
May 0.39 0.21 0.60
June 0.43 0.17 0.60
July 0.42 0.20 0.62
August 0.47 0.24 0.71
September 0.47 0.24 0.71
October 0.41 0.30 0.71

In September and October BlGand NH’ were positively associated with the second
principal components, in contrast to the previousntns, where N@ and NH" were
negatively related to the first principal comporsermpart from June, NOand SiQ were
positively associated with each other in respetii¢osecond PC in each month.

In contrast to the PCAs of physical and chempalameters, two principal components
sufficed to describe a large proportion of variancéhe nutrient parameter dataset. The first
principal components of nutrient parameters wergequwbust from May to October: They
were all positively represented by NOPQ?>, and TDP and there was also little variation in
the association between these parameters and shecteve layers of the lake. The second
PCs were mostly associated with $g@ncentrations. In September and October, PCeiiéw

also positively related to NOand NH,", which was not apparent in the previous monthgs Th

Table 12. Factor loadings of the relevant princigahponents (PCs) derived from PCAs performed driemi
parameters for each month from February to Octdhignificant loadingsg<0.05) are written bald. The Roman
numerals indicate the respective PC.

loadings February loadings March loadings April
PCI PCII PCI PCII PCI PCII
NO; (0-10 m) -0.31  0.93 0.30 0.80 0.00 0.97
NO, (0-10 m) -0.42 0.03 -0.38 0.33 -0.80 0.41
NH," (0-10 m) 0.77 -0.60 | -0.78 0.25 | -0.73 -0.01
PO, (0-10 m) 0.91 0.36 0.93 0.21 0.92 0.32
TDP (0-10 m) 0.82 0.55 0.88 0.29 0.86 0.41
SiO, (0-10 m) 0.97 -0.02 -0.51 0.73 -0.85 0.38
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Table continued from previous page

loadings May loadings June loadings July

PC I PC Il PC I PCII PC I PCII
ENGy 0.56 0.53 0.33 0.29 0.61 0.33
MNO3 0.74 0.59 0.75 0.19 0.77 -0.02
HNO3 0.84 -0.05 0.79 0.51 0.87 0.02
ENG, 0.49 0.61 -0.55 0.58 -0.66 0.22
MNO, 0.31 0.66 -0.45 0.67 0.04 0.57

HNO, 0.11 0.51 -0.05 0.42 -0.01 0.4
ENH," -0.13 0.41| -0.74 0.32 -0.73 0.28
MNH 0.27 0.03 -0.46 0.55| -0.63 0.37
HNH," -0.73 0.15 -0.76 -0.49 -0.78 0.08
EPQ* 093 -0.06 | 0.84 0.05 0.83 0.12
MPO,> 094 -0.17 0.92 0.07 0.89 0.32
HPO> 0.49 -0.39 0.74 -0.21 -0.03 0.83
ETDP 0.88 0.13 0.74 -0.18 0.66 0.40
MTDP 0.95 -0.08 0.91 -0.17 0.85 0.43
HTDP 0.26 0.07 0.05 -0.83 -0.17 0.76
ESIO, 0.20 0.67 0.51 -0.59 0.26 0.27
MSIO, -0.06 0.82 -0.16 -0.41 -0.35 0.75
HSIO, -0.55 0.47 | -0.64 -0.52 -0.71 0.42
NO; (0-10 m) 0.84 0.29 0.76 0.43 0.88 0.04

NO, (0-10 m) -0.09 0.89 -0.31 0.18 -0.15 0.54
NH," (0-10 m) -0.27 0.12| -0.78 0.09 -0.84 0.35
PO> (0-10m) | 092 -0.31 | 0.87 0.13 0.70  0.50
TDP (0-10 m) 0.93 -0.11 0.83 -0.17 0.71 0.64
SiO, (0-10 m) -0.48 0.69 -0.52 -0.45 -0.66 0.62

loadings August| loadings Septembeoadings October

PC I PC Il PC I PCII PC I PCII
ENGy 0.66 0.54 0.63 0.54 0.53 0.65
MNO3 0.85 0.44 0.73 0.57 0.65 0.67
HNOs 0.80 0.41 0.61 0.58 0.07 0.84
ENG, -0.21 0.74 0.22 0.52 0.64 0.45
MNO, 0.50 0.56 0.59 0.33 0.59 0.26

HNO, 0.30 0.38 0.44 -0.08 0.49 0.0
ENH," -0.62 0.72 -0.67 0.58 | -0.43 0.73
MNH,* -0.45 0.78 -0.45 0.87 -0.42 0.83

HNH," -0.69 0.35 -0.67 0.59 -0.64 0.62
EPQ* 078 023 | 0.79 0.42 0.81  0.02
MPO,* 0.85 -0.05 0.91 0.14 0.90 -0.03
HPO> 0.84 -0.01 0.82 -0.37 0.77 -0.14
ETDP 0.80 0.37 0.92 0.24 0.88 0.09
MTDP 0.88 0.17 0.92 0.20 0.89 0.25
HTDP 0.85 0.16 0.86 0.05 0.51 0.62

ESIO, 0.42 0.31 0.47 0.30 0.14 0.5
MSiO, -0.28 0.88 -0.21 0.71 -0.38 0.72
HSIO, -0.56 0.64 -0.43 0.70 -0.56 0.65
NO; (0-10 m) 0.89 0.36 0.79 0.54 0.60 0.71
NO, (0-10 m) 0.44 0.20| 0.65 0.12 0.76 0.26
NH," (0-10 m) -0.60 0.74 -0.64 0.70 | -0.54 0.78
PO> (0-10 m) 0.91 -0.21 0.89 -0.29 0.87 -0.21
TDP (0-10 m) 0.95 0.04 0.94 -0.07 0.91 0.12
SiO, (0-10 m) -0.40 0.80 -0.27 0.82 -0.41 0.82
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could be an indication that these PCs were assaligith nitrogen and that these PCs did not
represent an interplay of oxygenated and redudeogein anymore. Prior to the stratification
period, PCs | were mostly connected with,£OTDP, NH,", and SiQ, whereas PC Il was

linked to NG from February to April.

3.4. Zooplankton community analysis

3.4.1. Zooplankton species abundances

In the samples retrieved from the October mqgriisspecies were identified in the pelagial
in Lake Plu3see. The majority of species (38) bgdanto the zooplankton group of rotifers,
11 species belonged to the cladoceran group, aspkdies belonged to the copepod group.
Table 13 shows all zooplankton species classifita the three major zooplankton groups. It
also shows the abbreviations we used in tables faudes throughout the zooplankton
analysis.

Fig. 18 shows that highest zooplankton abundatmember of individuals) were reached in
1989 (about 600 Ind ), 1970, 2010, and 2011 (>200 IndYl. whereas the lowest
abundances were established in 1969 (about 30 Td1984, 1991, 1992, and 1996 (<100
Ind LY. Years with high zooplankton abundances wergeelto high abundances of rotifers,
whereas years with low zooplankton abundances vetated to low abundances of rotifers
(r=0.99,p<0.001).

The relationship of high zooplankton and higtifeo abundances can also be seen in Fig.
19, which depicts the relative abundances of ntjfeladocerans, and copepods relative to
the total number of zooplankton individuals. In rgeaith low rotifer abundances, rotifers still

contributed to at least 40% (1984) of the zooplanidommunity, whereas in years with high
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Table 13. Rotifer, cladoceran, and copepod spéciexl in Lake Plu3see in October. The right colwontains

the abbreviations we used for figures and tables.

rotifers
species abbreviations species abbreviations
Anuraeopsis fissa Anu.fis Lecanespp Lec.spp
Ascomorpha ecaudis Asc.eca Monostylaspp Mon.spp
Ascomorpha ovalis Asc.ova Lepadellaspp Lep.spp
Ascomorpha saltans Asc.sal Platyias quadricornis Pla.qua
Asplanchnaspp Asp.spp Polyarthra dolichoptera Pol.dol
Brachionus angularis Bra.ang Polyarthra euryptera Pol.eur
Brachionus calyciflorus Bra.cal Polyarthra major Pol.maj
Brachionus falcatus Bra.fal Polyarthra remata Pol.rem
Collothecaspp Col.spp Polyarthra vulgaris Pol.vul
Conochilus unicornis Con.hip Pompholyx sulcata Pom.sul
Conochilus hippocrepis Con.uni Synchaeta pectinata Syn.pec
Euchlanis dilatata Euc.dil Synchaeta oblonga Syn.obl
Filinia longiseta Fil.lon Testudinella patina Tes.pat
Filinia terminalis Fil.ter Trichocerca capucina Tri.cap
Gastropus stylifer Gas.sty Trichocerca cylindrica Tri.cyl
Kellicottia longispina Kel.lon Trichocerca pusilla Tri.pus
Keratella cochlearis cochlearis  Ker.coc Trichocerca similis Tri.sim
Keratella hiemalis Ker.hie Trichotria pocillum Tri.poc
Keratella quadrata Ker.qua
Keratella cochlearis tecta Ker.tec
cladoceran species copepod species
species abbreviations species abbreviations
Bosmina coregoni Bos.cor Eudiaptomus gracilis Eud.gra
Bosmina longirostris Bos.lon Cyclops abyssorum Cyc.aby
Ceriodaphnia quadrangula Cer.qua Cyclops kolensis Cyc.kol
Chydorus sphaericus Chy.sph Cyclops vicinus Cyc.vic
Daphnia cucullata Dap.cuc Diacyclops bicuspidatus Dia.bic
Daphnia galeata Dap.gal Mesocyclops leuckarti Mes.leu
Daphnia hyalina Dap.hya Thermocyclops oithonoides The.oit
D. galeatax D. cucullata Dap.GxC
D. hyalinax D. galeata Dap.HxG
D. cucullatax D. hyalina Dap.CxH
Diaphanosoma brachyurum Dia.bra

abundances, this group contributed to even more ©@% (1993 and 2010) of the
zooplankton community. Apart from 1969-1984, 1988d 1996, the relative abundances of
copepods were higher than the relative abundarfceladocerans. However, there was not a
distinct trend of any one of these two groups datiny the other group throughout the
period of analysis.

Fig. 20 shows the medians of species abundaraef relative species abundances of the
rotifers, cladocerans, and copepods in Octdberatellawas the most abundant rotifer genus

in Lake Pluf3see. This genus was represented e specieKeratella cochlearis
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Fig. 18. Zooplankton abundance (Ind)lin October

Keratella quadrata and Keratella hiemalis whereas there were two subspeciesKof
cochlearis Keratella cochlearis cochleariftypica) and Keratella cochlearis tectaln most
years, the rotifeK. cochleariscochleariswas the most abundant species in Lake Pluf3see
reaching maximum abundances of >100 Iftih. 1988, 1989, 2010, and 20KL.. cochlearis
cochleariseven reached an exceptionally high mean abundant89 with more than 400
Ind LY. The median oK. cochleariscochlearisabundances calculated over all considered
years was about 30 Ind'LThe median of relative abundance of this spesis about 25%

of the entire zooplankton community and about 48%he rotifer communityK. cochlearis
tectawas abundant only in some years. It reached higanmabundances from 1993 to 1995
(9-14 Ind L), in 1989 (20 Ind [}), and in 2010 (65 Ind ). The median of relative species
abundance was, however, only 1.4% of the rotifenmaoinity. K. quadratawas the second
most abundant rotifer species in Lake Plu3see.ndwian of relative species abundance was
about 2.8% of the entire zooplankton community abdut 4.5% of the rotifer community.
Highest species abundances (>10 Iffjl were observed in 1970, 1977, 1989, 1996, and 2011
and the median of species abundance was 3.5 TndLhiemaliswas almost exclusively
observed from 1993 to 1995, whén hiemalisreached abundances of about 15 Intih
1993, 41 Ind [} in 1994, and 9 Ind tin 1995. The median species abundance was only 0.1

Ind L.
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Besides the genuseratella other rotifer genera were also abundant in Octabd.ake
Plu3see. The genislinia, for example, was representedmimnia longisetaandFilinia
terminalis Both species established maximum abundances 1898 to 1995 with 13-83 Ind
L™ (F. longisetd and 0.8-5.7 Ind £ (F. terminali§. However, the medians of relative species
abundances of. longisetaand F. terminalis were about 1.7% and 0.4% of the entire
zooplankton community and about 3.5% and 0.5% efrttifer community. Apart from 1970
and 1993, wheisplanchnaspp. was not part of the zooplankton communit@atober, this
species had abundances of 0.2-3 Ifidand reached maximum abundances of 19 hdnL
1989 and 9 Ind t in 1990.Kellicottia longispinawas part of the zooplankton community in
each year. Although it reached abundances of Ol@5L™ in most years, it reached
abundances of >10 Ind’Lin 1991, 2010, and 2011, and even a maximum ameedaf 71

Ind L' in 1970.
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Other species were also quite abundant in Octdimvever, they only occurred in some
years. For exampl&ynchaeta pectinat&ached a maximum abundance in 2010 with 12 Ind
L, but this species was only present in 7 of thesictemed 17 years. Similarlpscomorpha
ecaudisattained maximum abundances of 10-11 Ifdin. 1970, 1982, and 2009, but it was
not part of the rotifer community in October in Qtwmf 17 years. Most rotifer species or
genera, however, were only present in just a feavsyand reached only very low abundances.
These were, for examplBrachionusspp.,Lecanespp., and most of th€richocercaspecies
(all species of this genus apart frdm similis which was part of the rotifer community in
each year).

The second most abundant zooplankton specieshanchost abundant copepod species in
October wasl'hermocyclops oithonoidek was part of the copepod community in each year
and reached maximum abundances of about 25 1hdnL1989. The median of species
abundance was about 9 Ind.LThe median of relative species abundance wast a86of
the entire zooplankton community and about 47%efdopepod community.

The copepod speci&udiaptomus gracilimndMesocyclops leuckartvere also part of the
zooplankton community in each year: They estabtisheximum abundances of about 12-15
Ind L. The medians of relative species abundances wkeeit a3.5% of the entire
zooplankton community and about 20% of the copeqmmmunity.

Diaphanosoma brachyurumvas the most abundant cladoceran species in Qctdbe
reached maximum abundances of about 4 [fdThe median of relative species abundance
was about 0.8% of the entire zooplankton commuaitg about 9% of the cladoceran
community. Although the medians of species abunemrand of relative abundancesnf
brachyurumwere generally higher, many other cladoceran sgesere even more abundant
in October in certain yearLCeriodaphnia quadrangulafor example, reached species

abundances of about 26 individuals per liter in2L&8d 1989.
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The genus with the most cladoceran taxa in LRkddsee waPDaphnia The Daphnia
community comprised the three spedieshyaling D. galeata D. cucullatg and the hybrids
of these three specid3: galeatax D. cucullatg D. hyalinax D. galeata andD. cucullatax
D. hyalina The most abundant daphnid species Wasucullatawith highest abundances in
1977 (16 Ind ), 1989 (21 Ind [}), and 1994 (13 Ind ). Median species abundance was
0.3 Ind L*, median relative species abundance was 0.4% ofetitede zooplankton
community and 5.7% of the cladoceran community.c&seabundances @f. galeatawere
generally very small with highest species abundarafe0.5-1 Ind [* from 1990-1994D.
hyalina was observed only occasionally from 1969 to 19%f8yever, this species was quite
abundant from 2009 to 2011, with a maximum speaiesidance in 2011 (4.6 Ind'L

Considering the percentage occurrence of daphnidake Plu3sed). cucullatawas the
most common daphnid species in 1969, 1970, 19784,1089, 1994, and 1995 (Fig. 21). In
1992 and 1993D. galeatawas the most common daphnid species and in 2D1hyalina
was the most common daphnid. In 1982, 1988, 1990,1,12009, and 2010, hybrids of
Daphniawere also quite abundant. From 1969 to 1996galeatax D. cucullatawas the
most common hybrid species in Lake Plul3see, whdbeasicullatax D. hyalina and D.
hyalina x D. galeatawere only occasionally found in small numbers witthat time period.
However, D. cucullatax D. hyalina and D. hyalina x D. galeatawere more frequently
observed in 2009 and 201D. galeatax D. cucullataestablished maximum abundances in
1990 and 1991 with 9-10 Ind™i. maximum abundance d. hyalina x D. galeatawas
detected in 2009 with (5 Ind™), and in 201M. cucullatax D. hyalinaandD. galeatax D.

cucullatawere quite equally common (0.3 Indf)L
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Fig. 21. Percentage &. cucullata(Dap.cuc),D. galeata(Dap.gal),D. hyalina (Dap.hya) and their hybrids in

respect to total daphnid occurrence in October.

3.4.2. Zooplankton biomass

Largest zooplankton biomass was calculated &891with almost 260 pgt (Fig. 22),
whereas smallest biomass values (<50 [t} Were calculated for 1969 and 2010. In most
years zooplankton biomass values were larger ténpg L. In 1988, 1990, 1991, 1993,
and 2009-2011, copepods contributed predominaatobplankton biomass; in most years,
however, largest percentage contribution to zodytan biomass was made by cladocerans
(Fig. 23).

Eudiaptomus gracilisndThermocyclops oithonoideésgether contributed predominantly
(37-81%) to copepod biomass in each ybasocyclops leuckarndDiacyclops
bicuspidatuscontributed only in some years to a large extemopepod biomass. Large
cyclopoid copepo€yclops vicinusontributed about 11-14% to copepod biomass fregR41
1995, however only little in other years. Other&opd species were less important.
Considering also the copepod stages, copepoddesst® and V contributed predominantly

to copepod biomass at that time of the year.
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Regarding cladoceran biomad3psmina Ceriodaphnia Daphnia and Diaphanosoma
contributed predominantly to cladoceran biomass &edce, also to zooplankton biomass.
Since the relations of species dominance varieth fy@ar to year within the cladoceran
community, contributions of certain species to bassy changed accordingly. This was
especially noticeable in the contribution of cartdaphnid species to cladoceran biomass: In
1977, 1989, 1994, and 1995, cucullatacontributed about 53-80% to cladoceran biomass,
whereas in 2011D. hyalina contributed about 86%). galeatacontributed about 30% in
1993, D. galeatax D. cucullata contributed 50-60% in 1990 and 1991, hyalina x D.
galeatacontributed about 84% in 2009, abd cucullatax D. hyalinacontributed about 28%
in 2010 to cladoceran biomasBosmina and Diaphanosomamade a contribution to
cladoceran biomass in almost every year. For instd coregonicontributed about 74-78%

to cladoceran biomass in 1988, 1992, and 199@artachyurumcontributed about 10-20%
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to cladoceran biomass in almost every year. Coriaglé¢he stages of the cladocerans, adult
stages contributed predominantly to cladoceran bgsm

AlthoughKeratella cochlearisvas the most abundant rotifer species in ternmauaiber of
individuals in Lake Pluf3see in October, its conttibn to rotifer biomass was rather small
due to its small body size. Two oth€eratella species contributed predominantly to rotifer
biomassK. quadratacontributed in almost every year on average aBb&t and even up to
79% in 1996 to rotifer biomas&. hiemaliscontributed only from 1992 to 1994 notably to
rotifer biomass; especially in 1994, its contributito rotifer biomass was about 62%. Some
species only contributed notably to rotifer biomasgparticular years. For examplEilinia
longisetacontributed only in 1969 (14%), 1992 (12%), 1983%), and 1995 (24%) to rotifer
biomass, wherea&8ynchaeta pectinateontributed only in 1977 (15%), 1982 (25%), and@0

(64%)) to rotifer biomass.
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Correlating the biomasses of the zooplanktotiferg cladoceran, and copepod community
with the factor scores of abiotic environmental gmaeters (Chapter 3.3) revealed that
biomasses were predominantly associated with |lakelitons in the time period prior to
stratification in the previous spring: PC Il of naht parameters was significantly negative
correlated withZoo (r=-0.85, p<0.01), Rot (r=-0.77, p<0.05), Clad (r=-0.71, p<0.05), and
Cop (r=-0.79, p<0.05) in February. This factor was negatively etated with mean N
concentrations and positively correlated with AHoncentrations in the 0-10 m water
column in February. Thus, higher NGand lower NH concentrations tended to promote
higher biomasses in October. Since both nitrogentiyns were negatively correlated with
this principal component, and this principal comgan reflected, thus, an interplay of
oxygenated and reduced nitrogen, it is possible Ri@ll reflected an oxygen concentration
or a vertical mixing gradient. Biomasses of copepdult not the biomasses of rotifers and
cladocerans, were also correlated with the firstggpal components of February and March
derived from the PCAs of physical and chemical pei@rs. Both PCs indicated an
association of higher copepod biomasses in Octaiitlr higher oxygen concentrations and
water temperatures in February and March; howewely March PC | was significantly

associated with copepod biomassQ.70,p<0.05); February PC | was nat=£0.59,p=0.07).

3.4.3. Zooplankton species diversity

Comparing the species diversity indices caledafor Zoo Rot Clad, and Cop, the
Shannon-indexH) and the Simpson-indef showed similar time series patterns for each
zooplankton group (Fig. 24 and Fig. 25). Furthemnarorrelations oZoo and Rot of the
Shannon-indexr0.85,p<0.001) and the Simpson-index=(0.84,p<0.001) revealed a strong
resemblance, which can be ascribed to the largebaumf different species (i.e., species

richness) of rotifers predominantly influencing th@oplankton species richness and, hence,
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species diversity. In contrast, cladocerans an@pogs were represented by less species and
their relative abundances were lower too.

Correlations of the Shannon- and Simpson-indafesoo, Rot, Clad, andCop with factor
scores derived from abiotic environmental varialflesapter 3.3) revealed thabo andRot
were negatively correlated with the first PCs ofrimnt parameters from February to October;
however, only February and May to October wereiBg@ntly (p<0.05) linked toH andD
(Fig. 26 and 27). Thus, high rotifer species diigrgn October was associated with low
concentrations of N PQ¥, and TDP.H and D of Zoo and Rot were also negatively
correlated with the first principal components dfypical and chemical parameters from
February to October, whereas only March and Sepgemiere significantg<0.05). These

principal components were predominantly associaiéid O, concentrations and pH.

3.0} a 3.0 b
9 25 .. .® & ... 2.57
> 2.0 * . o 2.0 .
© L] -
E 15— 15-. [ ] . & [ ]
é . - - . - ... .
8 1.0 . 1.01 .
C
8 0.5 0.5 0
(7))
0_0 TTITTTIT T TT I TIT TrTIT T I T I T I TrT IrT T T Irrr Ir I Tl 0_0 TTITTTITTT T I TIT TrTIrT T I T I IrTrrIr T IrrIr IrTIrr T ~il
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
3.0 c 3.07 d
—~ 257 251
T
< 2.0 . . 2.0
£ 157 o . . - 1.57 .
c - - - . . lli.g L
e 1.0 . . . .. 1.01* . . o
c ™ . L]
] i . i
8 0.5 0.5
(7))
OO TTTTTTTITTTITTIT I T T IT I I T I T I T IT IrT I IrTTIrI ITIT T Tl OO TTTTTTTITTITTTITTIT T T IT I I T I T I T IT IrT I IrIr ITT T Tl
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
years years

Fig. 24. Shannon-indices of a) the entire zooplamktommunity Zoo), b) rotifer community Roj, c)

cladoceran communitydlad), and d) copepod communitZép).
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Fig. 25. Simpson-indices of a) the entire zooplankcommunity Zoo), b) rotifer community Rof), c)

cladoceran communityQdlad), and d) copepod communitZép).

Cladoceran and copepod species diversity disglaysimilar time series pattethandD

of both groups were, however, not significantlyretated with principal components derived

from physical and chemical parameters as well #s pvincipal components derived from

nutrient parameters from February to Octolpet0(05), which suggests that probably a

different factor affected the species richnessdinersity of both zooplankton groups (e.g.,

fish abundance).
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Figure 26. Correlations of the Shannon-indexRait with the first principal components of a) physieaid

chemical and b) nutrient parameters.
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Figure 27. Correlations of the Simpson-indexRadt with the first principal components of a) physieaid

chemical and b) nutrient parameters.

3.4.4. Principal Component Analysis of zooplankhooups

We performed PCAs on the entire zooplankton camity (Zoo), the entire rotifer
community Rof), the entire cladoceran communityl@d), and the entire copepod community
(Cop). Additionally, we implemented PCAs on the juvendnd adult stages of cladocerans
(Clad JandClad A and on the copepodite and adult stages of copef@mp CandCop A.
Prior to the different PCAs we performed a logamih pre-transformation of the datasets

containing the species abundances.
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According to a Scree-plot analysis and the Kai&ettman-Criterion performed on the PCA
results of each dataset, we decided to considgraukrtain number of PCs that can already
explain a large proportion of variance (Table T¥nce, interpreting 2-4 PCs already sufficed
to explain 59-72% of total variance of the datas@ée used the factor loadings (Table 15)
and the contributions (Table 16) of each principamponent for the interpretation of the
PCA results.

Table 15 displays only a summary of the sigaific p<0.05) factor loadings of each
principal component. A more detailed illustratisnprovided in the Appendix figures A1-A8,
which illustrate all species and their associatiath the different PCs. Species with a similar
or opposing ecological requirements are positicaedg gradients which are represented by
principal components. To determine the charactéh@$e underlying gradients, we correlated
the zooplankton factor scores with the factor ssonghich we derived from PCAs of physical
and chemical parameters as well as of nutrientnpeters (Chapter 3.3). In this respect, the
signs of the factor scores play an important rbecause they give information on the

relationship between the species and the abiotit@mental parameters.

Table 14. Explained and cumulative variances ofréievant principal components (PCs) derived froBAR

performed on different zooplankton groups in OctoB®&e Roman numerals indicate the respective PC.

zooplankton
PC I PC Il PCIlIPC IV cum. variance
Z00 21.4 175 110 95 59.4
Rot 24.9 155 111 105 62.0
Clad 31.0 22.3 1838 72.1
Cop 53.3 17.5 70.8
Clad J 29.1 22.3 18.9 70.3
Clad A 33.3 23.0 1538 72.1
CopC 50.4 18.4 68.8
Cop A 41.1 28.2 69.3
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Table 15. Summary of significarp<0.05) factor loadings) of the relevant principal components derived from

PCAs performed orZoo, Rot Clad, Cop, Clad J Clad A Cop G andCop A A positive or negative sign

indicates whether a certain species was signifiganisitive or negative associated with a principamponent

(PC). The Roman numerals indicate the respective PC

Zool Zooll Zoolll ZoolV
- + - + - + - +
Asc.ecg-ps57 AsC.Sal-gsg | ASC.0Va-gg9 CON.UNi,gs7 | Pol.dOl=gs5; Bra.cal-pg; | Fil.ter,-ge; Lep.Spp=oss
AsC.0Va=gs4 Fil.lon 249 | Fil.loN =ge2 MoON.SPPi=g4s| BOS.CON=g49 Ker.tec,gs, | Ker.hie,—gs1 Dap.GxCge7
Pol.maj-=gs5 Ker.hie,zg70 | Ker.tec,=oss Pol.eur=pgs | Cer.qua=gs1 Syn.obl-ggs5 | Dia.bra,=gs9 Eud.gra=oso
Pol.rem,—ggs BO0S.COl—g49 | Pol.dOl,—g51 Pom.sul-g71 Tri.pus,=o 51
Syn.peG-.076 Chy.sph-ose | Dap.hya-ogs Tri.cyl ;=055 Tri.simy=q.49
Dap.gak=g.eo |Dap.HxG,=.g57 B0S.COI=g60 Bos.lon-g.49
Cyc.abyi=os3 | Cyc.abyi=o63 Dap.cuG=oss Dap.cugG=o.es
CyC.ViCr=0.64 Dia.biCr=_0_4g Dia.brar=0.51 CyC.kO|r=0.64
Dia.biCr=0_53
Rotl Rotll Rotlll RotlV
- + - + - + - +
Asc.eCg-.p63 ASC.Sal=gs3 | ASC.0Va=070 CoON.UNi;zg73 | Fil.ter,=gg0 ASpP.SpP=0.69 | COl.SPPr=051 Bra.cal=s3
Pol.maj-ge; Filllon,ge3 | Ker.tec,=og; PoOl.€Ul=pg4 Syn.oblk=g 49 | Con.hipi=gs, MON.SPPr=0.54
Pol.rem,—o75 Ker.hie,ggo | Pol.dol,—g51 Pom.sul-ges Pol.dok-og, Tri.cap,=oss3
Syn.peg=o.77 Tri.sim—gss  Tri.cyl ;=060 Tri.pus=os1
Clad| Cladll Cladlll
- + - + - +
Bos.cor-ges Dap.hya-gg, | BOS.COl-0g BOS.ION= g9 Dap.cuG=gs4
Chy.sph-.o77 Dap.HxG-o 57 Dap.gak-oes Dap.GxC=o.76
Dap.cuc-.9es Dap.CxH=q e Dap.HxG=q 56
Dia.brar=_0.59
Copl Copll
- + - +
Cyc.aby-ogs Cyc.kol =50 | EUd.Qra=o.6
Cyc.vic =087 Cyc.kol;=o.59
Dia.bic,-g g5 Mes.leu- 73
The.oit-g 54
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Table continued from previous page

Clad JI Clad JlI Clad JllI
- + - + - +
Bos.cor-gs, Dap.hya-o71 |Dap.gak-oss B0S.Ion-ggs | BOS.CONL-0gs BOS.ION=0 45
Chy.sph-g1 Dap.HxG=.eDap.GxCi=o.71 Dap.cuG=os7
Dap.cuG=o.73 Dap.HxG=053 Dap.GxC=0.49
Dia.bra,-.q 63
Clad Al Clad All Clad Alll
- + - + - +
Bos.cor-gs> Dap.hya-g79| BOs.cor-o7, Bo0s.lon,gg, | Dia.bra,-ge, Dap.gak=o7>
Chy.sph-og0 Dap.HxG-o 53 Dap.cuc=g62 Dap.GxC=q.68
Dap.cuc-..70 Dap.CxH= ¢4 Dap.HxG=q 68
Dap.GxCi=g53
Dia.brar=_0.57
Cop ClI Cop ClI
- + - +
Cyc.aby;=.s4 Eud.gra=o.70
Cyc.vic =78 Cyc.koli=g6>
Dia.bic,-g 91 Mes.leu-qes
The.oit,—o57
Cop Al Cop All
- + - +
Cyc.abyi-069 The.Oit;— 7, | CYC.ViCi=053
CyC.ViCr=_0.73 Dia.biCr=_0_53
Dia.biCr=_0_52 The.Oitr=_0_59
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Table 16. Contributions of relevant principal compnts derived from PCAs performed 600, Rot, Clad, Cop,

Clad J Clad A Cop G andCop A A positive or negative sign indicates whethereatain observation was

positively or negatively associated with a certéaator score of a PC. The Roman numerals indichaée t

respective PC.

3
A

o

Zoo Rot Clad Cop

PCI PCIIPCIIPCIV|PCI PCIIPCIIPCIV|PCI PCIIPCIlI|PCI PCI
1969| -1 3 -4 -1 -3 0 -6 -1 -4 1 -2 -1 -3
1970| -5 25 -3 -3 | -26 2 -18 3 -14 0 -1 -2 -
1977| -13 1 41 -14| -17 5 -2 31 -3 27 5 0 -
1982| O 0 0 0 -3 -6 -4 5 -7 -2 0 -4 -4
1984| O 4 2 1 -2 -1 0 1 12 -2 1 -2 -6
1988| 1 1 0 0 0 0 0 4 -5 -1 -1 -5 -7
1989| O 0 20 6 0 -4 0 0 -9 19 6 6 -1
1990| O -4 2 20 -1 -7 0 0 -1 -10 25 -5 -§
1991 7 -1 -1 3 0 -2 -5 0 -6 -17 12 -14 -7
1992| 3 0 0 -1 0 -3 -2 9 -7 -10 0 -7 -4
1993| 16 3 1 -6 10 -4 -10 12 -5 -5 1 -9 -]
1994| 14 4 15 -5 9 -9 -5 9 -8 0 1 -10 -
1995| 14 0 6 -9 5 -1 -11 8 -11 1 9 11§
1996| 5 0 -4 -11 1 -1 -8 0 -8 2 11 5 -4
2009 -6  -15 0 1 -7 13 5 0 0 -2 5 -3 -1
2010| -13 -12 0 9| -14 -22 -8 11 0 1 0 -4 -
2011 -1 -25 -2 -9 -1 21 -14 -6 0 1 4 12 -

Clad J Clad A CopC Cop A

PCI PCIIPCII|PCI PCIIPCI PCI PCIl|PCI PCII
1969| -3 4 -1 -3 0 -4 -2 -2 0 -3
1970| -14 0 2| -14 0 -4 -2 -7 13 -7
1977| -4 7 21 -3 28 -1 0 -7 12 -4
1982| -6 -1 -2 -7 -5 -1 -4 -4 -1 -5
1984| -11 -5 3 13 -2 0 -1 -6 4 -8
1988| -4 0 -3 -3 -9 -2 -4 -7 0 -3
1989| -13 3 17 | -10 15 -1 -6 -11 2 -1
1990 -1 -18 10 -1 -2 34 -4 -8 -1 -3
1991 -4 -34 1 -6 -8 14| -14 -8 -26 -§
1992| -6 -6 -8 -6 -12 0 -7 -5 -3 -3
1993| -4 -5 0 -5 -5 1 -9 -3 -4 -5
1994| -10 -3 4 -8 3 12 -9 -5 -6 -14
1995| -12 -2 5 -13 1 3 11 5 0 -18
1996 -7 0 21 -7 -10 -12| -6 -4 7 -8
2009 O -7 2 0 0 3 -5 -7 0 0
2010f O 1 0 0 0 -1 -4 -4 -1 -1
2011 O 4 -1 0 0 6| -12 -6| -18 -5

The following figures (Fig. 28-35) display therrelations of factor scores derived from

physical and chemical parameters, on the one leanttifrom nutrient parameters, on the other

hand, from February to October with factor scoresved from each zooplankton community

(Zoa Rot Clad, Clad J Clad A Cop Cop G andCop A in October. We depicted, however,
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only correlations with the first two PCs of abiogavironmental parameters. Correlations
with the third PC of physical and chemical paramseefeom May to October were in most
cases non-significant. A more detailed illustratudrihe correlation coefficients is provided in
the Appendix Tables A5-A8.

The first principal component of the zooplanktoammunity, Zoo I, which already
explained a variance of about 21% of the total araré of this dataset, was linked to
Ascomorpha ecaudisAscomorpha ovalis Polyarthra major Polyarthra remata and
Synchaeta pectinatd his principal component attained large amplitud&970, 1977, 2009,
and 2010. Fig. 28 shows that this species compasivas significantly associated with
warmer lake temperature in February(.66,p<0.05) and higher concentrations of N@nd
SiO, concentrations from March to May (0.64©.83,p<0.05) and from August to October
(0.74<<0.90,p<0.01). In contrastAscomorpha saltangilinia longisetg Keratella hiemalis
Bosmina coregoniChydorus sphaericysDaphnia galeata Cyclops abyssorumCyclops
vicinus andDiacyclops bicuspidatys~vhich were, above all, abundant from 1991 to 1996
were associated with colder lake temperature il and with lower concentrations of
mean NQ and SiQ concentrations from March to May and from AugusOictober.

Zoo Il, which explained a variance of 17.5%, was negt associated witlfConochilus
unicornis Monostylaspp.,Polyarthra eurypteraPompholyx sulcatalrrichocerca cylindrica
Bosmina coregoni Daphnia cucullata and Diaphanosoma brachyurumThis principal
component was particularly strong in 1970, 1984831%&nd 1994. These species were more
abundant in those October months with a negativeOpAvas colder lake temperatures,
lower G, concentrations and pH, and higher Secchi disspam@ncies from March to April
(0.63<<0.84, p<0.01). Furthermore, these species were signifigarglated to lower
concentrations of Nl and SiQ from March to May (0.68=0.75,p<0.05) and from August

to September (0.66<0.77,p<0.05).Ascomorpha ovalig-ilinia longiseta Keratella
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Figure 28. Pearson’s correlation coefficiemsketween factor scores @boI-1V in October and factor scores

of physical and chemical (left) and nutrient (riglparameters from February to October. The blacts do

represent the first PC and the white dots reprabentecond PC of abiotic environmental parameters.

cochlearis tectaPolyarthra dolichoptera Daphnia hyalina Daphnia hyalina x Daphnia

galeatg CyclopsabyssorumandDiacyclops bicuspidatusyhich were most abundant from
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2009 to 2011, were negatively correlated with thevipusly mentioned species and were,
therefore, associated with the opposite rangeeatiotic environmental parameters.

Zoo lll, which accounted for a proportion of 11% ofriamce, was, on the one hand,
connected withBrachionus calyciflorus Keratella cochlearis tectaSynchaeta oblonga
Trichocerca pusilla Trichocerca similis Bosmina longirostris Daphnia cucullata and
Cyclops kolensjsand attained high amplitudes in 1969, 1970, &861This group of species
was, apart from April r=0.54, p>0.05), associated with warmer water temperatures a
higher Q concentrations and pH from February to August1®.80.79,p<0.05). In spring,
these species were also positively affected byNBA®pec.mar Furthermore, these species
were more abundant in years with higher NN®@Q*, and TDP, but lower NH and SiQ
concentrations from February to October; howeves,factor scores were only significantly
correlated in February, March, July, and August5&&r<0.76, p<0.05). Polyarthra
dolichoptera Bosmina coregoniandCeriodaphnia quadrangulavhich were also associated
with Zoo Ill, above all, in 1977, 1989, 1994, and 1995, aveonnected with the opposite
range of physical, chemical, and nutrient paranseter

Zoo IV explained a variance of 9.5% and was correlaté@t Filinia terminalis, Keratella
hiemalis and Diaphanosoma brachyurunwhich were particularly abundant in 1977 and
1991-1996. These species were predominantly relatedolder water temperatures in
February, March, May, and Octobgk(.05) and to lower concentrations of NG@?Q,>, and
TDP from February to October, but especially in Mey0.68,p<0.05) and in JulyrE0.71,
p<0.01). Lepadellaspp., Daphnia galeatax Daphnia cucullata and Eudiaptomus gracilis
which were especially abundant from 1989 to 199rewhowever, connected with warmer
lake temperatures and higher N®®Q:*, and TDP concentrations.

The first principal component of the rotifer comnity, Rot I, explained a variance of
24.9% and displayed the same variable structutgoad and was associated with the same

rotifer speciesAscomorpha saltan&ilinia longisetg andKeratella hiemalisvere related to
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Figure 29. Pearson’s correlation coefficiemsbietween factor scores BbtI-IV in October and factor scores of
physical and chemical (left) and nutrient (righfrgmeters from February to October. The black depisesent

the first PC and the white dots represent the se&gh of abiotic environmental parameters.

colder mean lake temperature in Februg0(05), lower concentrations of mean N@nd

SiO, from March to May (0.59«0.89, p<0.05) and from August to October (0.748.90,
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p<0.01).Ascomorpha ecaudi®olyarthra major Polyarthra remataandSynchaeta pectinata
were oppositely affected by these conditions inréspective months (Fig. 29).

Rotll explained a variance of 15.5% and was connegitid Ascomorpha ovaliKeratella
cochlearis tectaPolyarthra dolichopteraandTrichocerca similisabove all, in 1993, 1994,
and from 2009 to 2011. These species were cordelaith a positive NAQec-mas Warmer
lake temperatures, highep @oncentrations and pH predominantly from Februarylay and
in July (0.61%<0.87, p<0.05). Furthermore, this species composition wpaositively
correlated with P¢¥" and TDP concentrations from March to October, matnly in March,
April and June (0.61=0.87,p<0.05) and they were related to lower NHoncentrations
from August to October (October=0.62, p<0.05). Conochilus unicornis Polyarthra
euryptera, Pompholyx sulcata, and Trichocerca dyiice were most abundant 1969, 1970,
and 1988 and they were oppositely influenced bgdahmarameters.

Rot Il accounted for a variance of 11.1% and wasth@none hand, associated whitinia
terminalisin 1970, 1993-1996, and 2009-2011 and was, orother hand, associated with
Asplanchnaspp., andSynchaeta oblonga 1984 and from 1988 to 1998splanchnaspp.
and Synchaeta oblongawvere related to warmer water temperatures, higheygen
concentrations, and higher pH from July to Octo{fe62<<0.80, p<0.05). Furthermore,
these species were related to higher concentratibh;, PQ:, and TDP and lower Nfi
concentrations from March to October (0.696.93,p<0.05). In contrast-ilinia terminalis
was linked to colder water temperatures, lower pht] lower concentrations of,ONO;3’,
PQ,*, and TDP.

Brachionus calyciflorusMonostylaspp., Trichocerca capucinaand Trichocerca pusilla
were linked toRot IV, which explained a proportion of 10.5% of vawa. This species
composition was most abundant in 1977, 1993-199% ian2010. These species were
associated with deeper vertical mixing in March,yMand June (0.6Y¥<0.78, p<0.05),

which had a positive influence on deep water teatpees, @ concentrations, and pH. In
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Figure 30. Pearson’s correlation coefficiemsk{etween factor scores 6fad I-11l in October and factor scores
of physical and chemical (left) and nutrient (riglparameters from February to October. The blacts do

represent the first PC and the white dots reprabentecond PC of abiotic environmental parameters.

contrast,Collothecaspp.,Conochilus hippocrepjdPolyarthra dolichopterawhich were also
connected withRot IV and which were most abundant in 1969 and 2@dre oppositely
affected.

Despite small differences, associations betwberprincipal components @lad, Clad J
andClad Aand PCs of physical, chemical, and nutrient patareavere very similar (Fig. 30-

32). The first principal components Gfad, Clad J andClad A which explained about 30%
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Figure 31. Pearson’s correlation coefficients lfetween factor scores @flad JI-Ill in October and factor

scores of physical and chemical (left) and nutrigigiht) parameters from February to October. Tl dots

represent the first PC and the white dots reprabentecond PC of abiotic environmental parameters.

of variance, were, on the one hand, associatedBamina coregoniChydorus sphaericuys

Daphnia cucullata and Diaphanosoma brachyururfrom 1969 to 1996, and were, on the

other hand, correlated witBaphnia hyalina Daphnia hyalina x Daphnia galeataand

Daphnia cucullatax Daphnia hyalinafrom 2009 to 2011Bosmina coregoniChydorus

sphaericus Daphnia cucullata and Diaphanosoma brachyurumvere related to lower

concentrations of P9 and TDP from February to April (0.58<0.67, p<0.05) and with

colder water temperature, with decreased lakelgtalaind with lower oxygen concentration
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Figure 32. Pearson’s correlation coefficientys jetween factor scores @flad A l-1ll in October and factor

scores of physical and chemical (left) and nutrigigiht) parameters from February to October. Tl dots

represent the first PC and the white dots reprabentecond PC of abiotic environmental parameters.

in April (r=0.69, p<0.05). However, abiotic environmental parametessewnot measured

from 2009 to 2011; thus, reliable statements caimeomade, ifDaphnia hyalinga Daphnia

hyalina x Daphnia galeata and Daphnia cucullatax Daphnia hyalinawere oppositely

affected by these parameters.

Although the second and third principal compdsent Clad, Clad J andClad A were

interchanged, they shared similar information dreytexplained about 20% of variance.
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Figure 33. Pearson'’s correlation coefficiemjshietween factor scores 6bpl-1l in October and factor scores of
physical and chemical (left) and nutrient (righfrgmeters from February to October. The black depisesent

the first PC and the white dots represent the se&dh of abiotic environmental parameters.

Clad Il, Clad JIII, and Clad All were, on the one hand, representedBogmina coregoni
andDaphnia galeatamainly from 1990 to 1993, and were, on the otlard) represented by
Bosmina longirostriendDaphnia cucullatamainly in 1977 and 1989. The latter species were
positively correlated with N© concentrations in February=0.75, p<0.01), whereas the
former species were negatively correlated withsNfOncentrations in February.

Clad Ill, Clad JII, andClad Alll were, above all, associated with galeata D. galeatax
D. cucullataandD. hyalinax D. galeatafrom 1990 to 1995. These species were related to a
positive NAGyec-mar Warmer water temperature and higher concentmidr®; and pH from
February to April. However, these principal compusewere also correlated with other
species (e.g.p. cucullata and D. galeatd, which is why the significance levels differ

between the respective months and principal comuene
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Figure 34. Pearson’s correlation coefficiemshietween factor scores 6bp ClI-1l in October and factor scores
of physical and chemical (left) and nutrient (riglparameters from February to October. The blacts do

represent the first PC and the white dots reprabentecond PC of abiotic environmental parameters.

Similar to principal components of the cladocematasets, the principal components
derived from the entire copepod communiGof), the copepodite stage€dp Q, and the
adult copepod stage€d@p A resembled each other in respect of the speciepasitions and
their correlations with abiotic environmental vailes (Fig. 33-35). For instance, the first
principal components afop, Cop G andCop Aaccounted for a variance of about 41-53%
and they were linked wityclops abyssorun€Cyclops vicinusandDiacyclops bicuspidatus
These species established largest abundances f8@h tb 1994, and in 2011, when

concentrations of NiH and SiQ were low in September and October (0.645:67,p<0.05).
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Figure 35. Pearson’s correlation coefficiemshietween factor scores 6bp Al-1l in October and factor scores
of physical and chemical (left) and nutrient (riglparameters from February to October. The blacts do

represent the first PC and the white dots reprabentecond PC of environmental parameters.

Cop Il and Cop C Il were connected withEudiaptomus gracilis Cyclops kolensijs
Mesocyclops leuckartiand Thermocyclops oithonoideand both principal components
explained about 18% of variance. Apart fr@yclops kolensjsthese species dominated the
copepod community in each year. These copepoditeciep were linked to high
concentrations of N§ PQ>, TDP, and Si@from February to October, but predominantly
with NO3" concentrations from February to May (0.688.85,p<0.05). FurthermoreCop C
Il was correlated with warmer water temperaturaghdér Q concentrations and pH in
February and March (0.54<0.59, p>0.05) and from August to October (0.458.54,
p>0.05).

Cyclops vicinus Diacyclops bicuspidatysand Thermocyclops oithonoidewere most
abundant in 1988, from 1991 to 1993, and in 1996were correlated witlCop All. These

species were associated with abiotic environmgraemeters only in distinct months.
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3.4.5 Canonical Correlation Analysis of zooplanktpaups

We performed a Canonical Correlation Analysisatalyze if the zooplankton pattern in

October could also be explained by the interaatioseveral zooplankton groups.

Table 17. Summary of CCA results calculated foresal zooplankton group comparisons. The number in
parentheses represents the number of factor scbeegooplankton group included in this analyBistepresents
the canonical correlatiorandR.? represents thequared canonical correlatiorT his table includes only the first

canonical functions because further canonical fonstwere not significanpé0.05).

Comparison Statistics R, R2
Criterion variabléPredictor variable Wilks’ . F-value  dfl df2  p-value
Rot(4) Clad (3) 0.14 2.46 12.00 26.75 0.026 0.88 0.78
Rot(4) Clad J(3) 0.20 1.91 12.00 26.75 0.081 0.84 0.71
Rot(4) Clad A(3) 0.16 2.24 12.00 26.75 0.04p 0.7 0.76
Rot(4) Cop(2) 0.11 5.48 8.00 22.00 <0.00L 092 0.84
Rot(4) Cop C(2) 0.10 5.90 8.00 22.00 <0.00L 093 0.86
Rot(4) Cop A(2) 0.24 2.88 8.00 22.0 0.028 0.79 0.62

a) CCA of rotifers and cladocerans

Table 17 shows that the rotifer communRp{ and the cladoceran communityléd) were
significantly correlatedR:=0.88, p<0.05) at the first canonical function, which expé&d a
large proportion of shared variand@¥78%). The multivariate test for significance reeea
that juvenile stages of cladocerar@lad J were not significantly correlated witRot
(R=0.84,p=0.08) and the first canonical function explainedraportion of 71% of shared
variance between both groups. In contrBsttand adult cladoceran stag€dgd A shared a
large proportion of shared variand@.%76%) and were significantly correlateR.£0.87,
p<0.05) at the first canonical function. These ressidhow that adult cladoceran stages
interacted predominantly with the rotifer community contrast, the influence of juvenile

cladocerans on the rotifer community was less paned.
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Table 18. Canonical loading®ad), structure coefficient&s), and squared structure coefficientd)(of the first
canonical function a) betwedtotandClad and b) betweeRotandClad A.The Roman numerals denote for the

respective principal components of both datasets.

a) Rot - Clad (first canonical function)
Variable load rs ré (%)
Rot | -0.354 -0.313 9.81
Rot Il -0.908 -0.803 64.47
Rot 11l -0.107 -0.094 0.89
Rot IV -0.198 -0.175 3.06
Clad | 0.982 0.869 75.51
Clad Il 0.161 0.143 2.04
Clad Il 0.093 0.083 0.68
b) Rot - Clad A (first canonical function)
Variable load rs ré (%)
Rot | -0.389 -0.339 11.47
Rot Il -0.903 -0.787 61.87
Rot 11l -0.068 -0.059 0.35
Rot IV -0.169 -0.147 2.17
Clad Al 0.954 0.831 68.98
CladAll 0.299 0.261 6.79
Clad Alll 0.034 0.030 0.09

Table 18 a) and b) display a similar patternr@ftionship betweermRot and the two
cladoceran group<lad and Clad A The second principal component of the rotifer
community Rotll) was the relevant criterion variable that cdmited mainly to the variance
of the first canonical criterion factor, whikRot I, Rot Il, and Rot IV contributed less to that
factor. Clad | was the relevant predictor variable that contidal predominantly to the
variance of the first canonical predictor factohil Clad Il and Clad Ill contributed less to
that factor. The same pattern applied alsoCtad A | (relevant predictor variable) and
Clad All andClad Alll (less important predictor variablefjot Il was negatively associated
with Ascomorpha ovalis Keratella cochlearis tecta Polyarthra dolichoptera and
Trichocerca similisand it was positively associated wi@onochilus unicornisPolyarthra
euryptera Pompholyx sulcataand Trichocerca cylindrica Clad | and Clad A | were
negatively associated witBosmina coregoniChydorus sphaericu®aphnia cucullata and
Diaphanosoma brachyururand both principal components were positively aesged with
Daphnia hyalina Daphnia hyalina x Daphnia galeateand Daphnia cucullatax Daphnia
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hyalina Due to the different signs of the canonical logdiand structure coefficients Rbt

Il and Clad | (and Clad A1), the canonical correlation between these twooogal factors
was negative. Hence, the rotifer specfescomorpha ovalisKeratella cochlearis tecta
Polyarthra dolichopteraandTrichocerca similisvere, on the one hand, positively related to
the cladoceran speci&aphnia hyalina Daphnia hyalina x Daphnia galeafaandDaphnia
cucullatax Daphnia hyalina but, on the other hand, negatively linkedBmsmina coregoni
Chydorus sphaericysDaphnia cucullata and Diaphanosoma brachyurunirhese species
were positively connected witiConochilus unicornis Polyarthra euryptera Pompholyx

sulcatg andTrichocerca cylindrica

b) CCA of rotifers and copepods

Table 17 shows thaRot and the entire copepod communit@of) were significantly
correlated at the first canonical functidR$0.92,p<0.001) and shared a large proportion of
variance R:=84%). Rot and copepodite stages of copepo@®pn O were significantly
correlated at the first canonical functidR$0.93,p<0.001), which explained a proportion of
86% of shared variance between both groups. Thévauhte test for significance revealed
that adult stages of copepodSop A were significantly correlated witfiRot (R.=0.79,
p<0.05) and both groups shared a variance of 62%heatfirst canonical function. These
results reveal that copepodite stages as well adt afages of copepods interacted
significantly with the rotifer community.

Table 19 a) and b) depict a similar patternssfogiation betweeRotandCop andCop C
Rot | andRot Il were the relevant criterion variables that ttdyuted mainly to the variance

of the first canonical criterion factor, whifot Il andRot IV contributed less to that factor.
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Table 19. Canonical loading®ad), structure coefficient&s), and squared structure coefficientd)(of the first
canonical function a) betwedtotandCopand b) betweeRotandCop G and c) betweeRotandCop A The

Roman numerals denote for the respective princpalponents of both datasets.

a) Rot - Cop (first canonical function)
Variable load rs ré (%)
Rot | -0.830 -0.762 58.09
Rot Il 0.188 0.173 3.00
Rot Il 0.510 0.468 21.89
Rot IV 0.126 0.116 1.34
Copl 0.870 0.799 63.87
Copll -0.492 -0.452 20.44
b) Rot - Cop C (first canonical function)
Variable load rs rs (%)
Rot | -0.802 -0.745 55.49
Rot Il 0.220 0.204 4.16
Rot Il 0.510 0.474 22.42
Rot IV 0.222 0.206 4.25
CopClI 0.916 0.851 72.45
CopCll -0.401 -0.372 13.88
C) Rot - Cop A (first canonical function)
Variable load rs rs (%)
Rot | -0.922 -0.723 52.29
Rot Il 0.209 0.163 2.68
Rot Il 0.283 0.222 4.92
Rot IV 0.161 0.126 1.60
CopAl 0.828 0.649 42.13
CopAll 0.561 0.440 19.36

Copl andCopll were the relevant predictor variables that cimited mainly to the variance
of the first canonical predictor factor. The sana¢tgrn applied also t6op Cl and toCop C
Il (relevant predictor factors)Rot | was negatively connected withscomorpha ecaudis
Polyarthra major Polyarthra remataandSynchaeta pectinatand positively connected with
Ascomorpha saltangilinia longiseta andKeratella hiemalisRot Il was negatively linked
to Filinia terminalis and positively associated wiksplanchnaspp and Synchaeta oblonga
Cop | was negatively related t&€yclops abyssorumCyclops vicinus and Diacyclops
bicuspidatusand positively related t6yclops kolensiCop Il was negatively correlated with
Eudiaptomus gracilis Cyclops kolensjs Mesocyclops leuckarti and Thermocyclops

oithonoides According to the different signs of the canonidabdings and structure
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coefficients,Ascomorpha ecaudifAsplanchnaspp, Polyarthra major Polyarthra remata
Synchaeta oblongaand Synchaeta pectinataere positively associated with the copepodite
stages oEudiaptomus gracilisCyclops kolensjsviesocyclops leuckartandThermocyclops
oithonoides These rotifer species were, however, negativalsoeciated with copepodite
stages ofCyclops abyssorumCyclops vicinus and Diacyclops bicuspidatusThe latter
copepods were positively correlated witscomorpha saltansrFilinia longiseta Filinia
terminalis andKeratella hiemalis

Table 19 c) shows a different pattern of assmridbetweerRotandCop A Again,Cop Al
andCop All were the relevant predictor variables that cdmiied mainly to the variance of
the first canonical predictor factoCop Al and Cop All were negatively associated with
Cyclops abyssorunCyclops vicinusandDiacyclops bicuspidatuDue to the same signs of
the canonical loadings and structure coefficierit€Cop Al and Cop All, adult stages of
Cyclops abyssoruntCyclops vicinusandDiacyclops bicuspidatusiere positively connected
with Ascomorpha saltang=ilinia longiseta Filinia terminalis, and Keratella hiemalis but
negatively connected withAscomorpha ecaudisAsplanchna spp, Polyarthra major

Polyarthra remataSynchaeta oblongandSynchaeta pectinata

3.4.6. Analysis of the biomanipulation experimeeatipd

We performed Mann-Whitney-tests to assess if species abundances during the
biomanipulation experiment (1991-1994) differedn#igantly from other years considered in
this analysis (Fig. 36). Abundances of rotif@ratella hiemalisvere significantly higher
(7.5 Ind L) during the biomanipulation period compared tceotyears (0.0 Ind t; Mann-
WhitneyU-test,p<0.05), whereas the opposite was trueeratella quadratawhich was
less abundant during the biomanipulation experiniedt Ind LY), than in other years (4.6
Ind L™; Mann-WhitneyU-test,p<0.05).Daphnia galeataexhibited the only significant

difference within the cladoceran community in rasg®to the biomanipulation experiment:
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rotifer abundances (Ind i)

cladoceran abundances (Ind)L
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Fig. 36. Boxplots of species abundances (Ifl that differed significantly g<0.05) between years with and
without a biomanipulation effect: &eratella hiemalis b) Keratella quadrata c) Daphnia galeatad) Cyclops

abyssorumand e)Cyclops vicinus

Daphnia galeatawas significantly more abundant from 1991 to 1904 Ind L) than in
other years (0.03 Ind "t Mann-WhitneyU-test, p<0.01). Large-bodied copepo@yclops
abyssorumand Cyclops vicinusvere more abundant during the biomanipulation erpnt
(0.14 Ind * and 0.4 Ind L%, respectively) than in other years (0.06 Intidand 0.08 Ind L,
respectively; Mann-WhitneyJ-test, p<0.05). Abundances of other species did not differ

significantly between both periods (Mann-Whitrigytest,p>0.05).
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4 Discussion

4.1. Long-term trend analysis of abiotic environmetal parameters

Our study differs from other studies that anatyzhe effects of climate change in that we
could analyze long time-series of weekly measuralle | data, instead of monthly
observations. This enabled us to analyze weeklpd&einstead of monthly trends of
meteorological, physical, and chemical lake paramsetwhich was commonly done in
previous studies. In some cases, the resolutianafthly measurements is too coarse if the
aim is to determine the timing of certain eventsrfrinterpolated data, such as, for example,
the onset of stratification (Gerten and Adrian 200%e found an earlier onset of stratification
shifting from mid-April to the beginning of Aprilput this trend was not statistically
significant. The stratified phase started signifiba earlier in years with a positive winter
NAO-index (NAGhec—map than in years with a negative winter NAO-indexurtRermore,
positive NAGhec—mar Were associated with warmer AT and higher WS intevi and early
spring, which is in line with the findings of Hulirand van Loon (1997). The NAQ: mar
seemed to be a reasonable proxy to roughly destitrdboéming of the stratification period in
Lake Plu3see, probably because of the accumulafifegt of atmospheric heat fluxes on
lake-water heat content. However, the index wasau®quate to describe the fine tuning
during the initiation of stratification and coul@r example, not predict the lake-water
temperatures at that time, because average winditmors prevailing from December to
March, which were associated with the NAQwma; did not mirror wind conditions at the
timing of stratification in April. In contrast, théming of the onset of stratification was
associated with lower monthly mean WS in March Apdl. Especially low WS in the last
week of March were closely related to the weekhef dnset of stratification. This indicates
that short-duration meteorological conditions, wiémphasis on wind conditions, are

important for the initiation of stratification, weh occurs within a short timeframe. Therefore,
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by assessing whether WS and AT differed among waeksnd the onset of stratification, we
could show that WS were significantly lower and &Ere significantly higher during the
weeks at the onset of stratification than in thecpding weeks. Our findings indicate that the
initiation of a stable stratification started witha timeframe of about 2—-3 weeks prior to the
onset of stratification. Prior to this timeframe W&re not low enough at increasing AT to
initiate a stable stratification. Due to increasiag temperatures in spring, the critical
timeframe shifted toward an earlier date and preach@in earlier onset of stratification. Thus,
within the time window of possible stratificatiothere is a negative effect of WS on the
timing of stratification (i.e., lower WS promoteaification). In contrast, there should be a
positive effect during ice-free periods in winterdaearly spring as higher WS enable a better
distribution of heat within the water column. Thetelr can well be approximated by the
NAOpec—mar The timing of freezing and break-up dates of ladee cover is also known to
have an influence on the timing of the onset ddtgtcation (Magnuson et al. 2000). Austin
and Allen (2011) even found lake-surface tempeestim summer to increase with increased
air temperatures, decreased wind speeds, and dedr&a cover during the previous winter.
Unfortunately, we cannot access data on ice-outLfike Plul3see and can, therefore, not
estimate the influence of ice cover on the onsetti@tification and lake temperatures of the
following summer.

Large-scale and regional meteorological pararsete spring affected the timing of the
onset of stratification and, therefore, also thgefatemperatures at the beginning of the
stratification period. Initial ET, MT, and HT wesggnificantly colder in years with an earlier
onset of stratification than in years with a labeset of stratification (Table 2). Initial layer
temperatures reflected the prevalent water temp@sitat times when the corresponding
layers were detached from vertical mixing and, efee, from heat exchange with warmer
strata above. Thus, lower deep-water temperatuess detached from vertical mixing at an

earlier date when water temperatures were gendoailyHigher deep-water temperatures, in
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contrast, were detached from vertical mixing atir date when water temperatures were
comparably warmer. As a result of increasing AT drdreasing WS in spring, the height of
the mixed water column decreases and increasingeaiperatures can warm the smaller
mixed lake volume faster; this also occurs becéesethermal energy is lost to deeper strata
of the lake. Due to generally lower water tempeaeguin years with an earlier onset of
stratification, comparably low water temperatureffise to form a temperature gradient,
which induces a stable stratification.

The depth of vertical mixing (i.e., the meanrthecline depth) during the first week of
stratification was only slightly deeper in yearshwan earlier onset of stratification (about 3.2
m) than in years with a later onset of stratifioatiabout 3.0 m). Stable stratification was
usually initiated at similar depths; therefore, &winitial layer temperatures cannot be
explained by the fact that the gradient inducirggadble stratification was established at lower
depths of the lake. Hence, initial ET, MT, and HEere/ determined by the prevalent
meteorological conditions in spring that affectdte tduration of vertical mixing and,
therefore, the timing of the establishment of thhadgent inducing a stable stratification.
Adrian et al. (1995) named the period before thabdéishment of a stable stratification a
‘prestagnation period,” which was characterizedtémperature gradients <1°C'mThis
period started generally in mid-April in Lake Hgiinsee and lasted for about 2 weeks until a
stable stratification, which was characterized bytable thermocline (with temperature
gradients >1°C i), was established. This is in line with our fingknin Lake PluRsee where
the ‘prestagnation period’ started about 2-3 wdeere the onset of stratification.

Large ET and MT trends in April and May resultesh the one hand, from an earlier
establishment of a stable water column, whereagpiennion and the metalimnion warmed
earlier and faster because less thermal energyosaby mixing to the hypolimnion. On the
other hand, those large trends were caused by alatine effect. We calculated the trends

for each calendar week, so we calculated the tr@nelspective of the date of the onset of
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stratification. Therefore, we calculated the trerfdsy., for the first week of May) using
warmer ET and MT of years with an earlier onsestodtification and not so warm ET and
MT of years with a later onset of stratification.

In contrast to positive ET and MT trends in A@mnd May, we observed largest negative
HT trends for these months. The earlier establistiraka stable water column resulted in an
earlier detachment of deeper strata from vertieal lexchange, with the warmer strata above
resulting in lower initial HT. Large negative HTetrds, therefore, resulted, on the one hand,
from an earlier onset of stratification and thelieaconservation of lower HT. On the other
hand, largest negative HT trends (e.g., in thd firsek of May) were caused, again, by a
cumulative effect: due to the different timing dfetonset of stratification, we calculated
trends using warmer HT of years with a later omdedtratification and colder HT of years
with an earlier onset of stratification.

Negative HT trends were most pronounced duripglAand May. From that point onward,
the extent of HT trends became continuously smaberard the end of the stratification
period. In the course of the stratification peritite hypolimnion constantly gains thermal
energy from the metalimnion above (Imberger andelP=in 1990). However, we assume that
HT trends, which became continuously smaller ireekfrom June to November, can also be
explained by a cumulative effect: cooler HT, whioksulted from an earlier onset of
stratification, were conserved longer than wers t&dd HT, which resulted from a later onset
of stratification. When calculating the HT trends, ffor example, the first week of August,
HT determined by an earlier onset of stratificatieere still colder than HT determined by a
later onset of stratification at that time. LongrteHT trends show large variations among
different lakes. In some lakes, hypolimnetic terapares increased (Livingstone 2003;
Arhonditsis et al. 2004) or remained unchanged @rRsbn and Ragotzkie 1990; Rempfer et
al. 2010). In other lakes, for instance in dimidtake Holland (Hondzo and Stefan 1991) and

in dimictic Lake Heiligensee (Gerten and Adrian 200 decreasing hypolimnetic
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temperatures were recorded. Hondzo and Stefan (E¥@8ved in a modeling study that the
response of hypolimnetic temperatures to futuréaglevarming depends on lake morphology
and predicted lowest hypolimnetic temperaturessfoall, deep, and eutrophic lakes, which
are also the characteristic features of Lake Pki3se

In addition to ET and MT increases in April addy, we observed another warming period
in both layers from August to October, with a refattrend minimum at the end of June.
Again, our results agree with the findings of thedaling study of Hondzo and Stefan (1993),
who also predicted two epilimnetic warming peri@gl a minimum temperature change in
between. Hondzo and Stefan (1993) prescribed theated annual pattern of air temperature
change caused by anthropogenic greenhouse gaseb, iwhather homogenous throughout
the year, and simulated with a lake model how weedpilimnetic and hypolimnetic
temperatures of different lake types will changéerafa doubling of C@ Simulated
epilimnetic and hypolimnetic temperature changesioall, deep, and eutrophic lakes show a
strong resemblance to our ET and HT trend estimstmf Lake Plul3see. In particular, the
spring and summer/autumn maxima of epilimnetic terapres would have been difficult to
detect in our observations using only monthly datae model results suggest that although
the observed large air temperature trends in Apay have an effect on the ET in April, they
are not necessarily required to explain the obse&€ trends in April, because a general
increase of air temperatures produces the obsgrattdrn of ET trends in the model. This
agreement between observations and model resstissapports our definition of the layer
boundaries based on a vertical temperature gradfelfiC mi'. Although this threshold seems
guite coarse, its adoption is still accepted imimogical studies (Wetzel 2001). We decided
to choose a gradient with which we could be surddfine a stable stratification and not a
transient stage shortly after the phase of thehmatogeneity where density differences are
apparent, but not large enough to induce a stabiifeation. Given the narrow range of

temperatures under consideration, we presenteddatar on temperature gradients as it is
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often done in literature (Adrian et al. 1995; Steft al. 1996; Gerten and Adrian 2001).
However, because density gradients are preferrddoan chosen method considers density
differences only implicitly through the effect afmperature, we also calculated SSI to back
up this method and the discussion of our resulid.r&flects temperature-dependent density
differences between the layers of a lake, but #&es layer volumes into account. The
pattern of SSI trends corresponded to the pattér&Totrends quite well. Although we
observed similar warming trends within the epiliomiin spring, summer, and autumn, we
found the largest increases of SSI in summer amghau In spring, we detected positive ET
and negative HT trends; however, temperature @iffees were quite small at that time.
Therefore, positive SSI trends were also relatiwhall. In summer and autumn, increasing
ET and constantly low HT resulted in enhancing terafure differences. The moderately
warming metalimnion acted as an additional barbetween the epilimnion and the
hypolimnion. As a result, ET and MT increases reslin large increases of SSI at that time.

We also included heat content analysis in outlysto determine the strength and the effect
of water temperature trends, because this analysess susceptible to bias from apparently
strong changes at specific depths or certain weeks.amount of heat stored in the lake
changes throughout the year and represents chantes water temperatures at all depths of
a lake. Hence, this analysis also takes the lakenes at all depths into account, which are
represented by the characteristic temperatureseoépi-, meta-, and hypolimnion during the
stratification period.

Trends of HC corresponded to the pattern of T, and SSI trends throughout the year.
However, in contrast to significantly positive tdsnof ET, MT, and SSI in April and May,
positive trends of HC were not significant at thate. In spring, the lake heat content is still
quite small, because of the relatively small haabme by air temperature warming. Positive
ET and MT trends and negative HT trends at thae tresulted in small HC trends. From

August to mid-October, HC trends were significarbsitive, which corresponded with the
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also significant ET, MT, and SSI trends. In sumigred autumn, increased heat income by air
temperature resulted in higher ET and MT, where@géinained unchanged since spring. In
accordance with large positive ET and MT trendsalge observed large positive HC trends.
Furthermore, heat content calculations also consadle volume changes with depth. Deeper
strata contain smaller volumes of water, so theyrdaute less to total heat content than do
upper strata of a lake. As the year progresses,thitoknesses of the epilimnion and
metalimnion expand at the expense of the hypolimnio April and May, the hypolimnion
contributed to about 50% of the lake volume, wherd@m August to October the
hypolimnion contributed to about 25-30% of the lakdume. The remaining lake volumes
were shared by the epilimnion and the metalimnibence, due to the increasing volumes of
the epilimnion and the metalimnion in summer antuiwn, increasing ET and MT at that
time carried even more weight to the calculatiorthef heat content than in spring, which
resulted in the large positive trends of HC.

In addition to positive ET and SSI trends witlkeaxch week, large trends also resulted from
temperature and stability shifts between successreeks. The yearly maxima of air
temperature (AWiax), epilimnetic temperature (Elky), and SSI (S$kyx) increased within the
analysis period, and the weeks in which the maxac@urred shifted forward in the season.
For example, Efax increased by 1.5°C and was delayed from the bewinof July to
beginning of August. S§lx increased by about 30% and the timing of\gsSWwas delayed
from the beginning of July to mid-August.

From May to July, we observed a period of smalld and SSI trends with a trend
minimum at the end of June. At the same time, weadtled trends toward deeper thermocline
depths with a trend maximum end of June. Thesas$reorresponded with decreasing heat
content trends. In their simulations of climate rupa effects on lakes, Hondzo and Stefan
(1993) found smallest increases in epilimnetic terapures in July and explained them with

increased evaporative losses. Long-term energydiwgdgdies of north temperate lakes found
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evaporation being negatively correlated with laleathstorage, whereas evaporation rates
were low in spring and in autumn and high in sumifwemter et al. 2003; Lenters et al.
2005). These studies also pointed out that evaparaates varied considerable over the
open-water season from year to year. Becausgxeahd SShax shifted significantly toward
autumn, we assume that the timing of the maximuapesation rate probably also shifted
toward a later date in Lake Pluf3see.

Warmer ET and increased SSI at a later timehef year resulted in warmer ET and
increased SSI in the following months. These chdngater column conditions, finally,
resulted in a later breakdown of stratification iethshifted from the beginning of November
to mid-November. The whole stratification periodswextended due to the earlier onset and
the later breakdown of stratification by about 3ek® Many other studies also found
extended periods of stratification in several lakdsst of them observed that the extension
was mainly associated with an earlier onset oftitration in spring (Adrian et al. 1995;
Winder and Schindler 2004), rather than to a lateakdown of stratification in autumn
(Livingstone 2003). Our results indicate that tlheyestratification in spring was much more
variable than the later date of stratification Bkawvn in autumn, indicated by a non-
significant trend in spring in contrast to a higklgnificant trend in the shift during autumn.

The prolonged duration of stratification consaldy affected conditions of dissolved
oxygen concentrations in the hypolimnion and thdahmanion within the last weeks of
stratification. The negative Oconcentration trends in both layers were condisteith
negative pH trends, because pH can serve as a pgooxghotosynthetic and respiratory
processes in a lake. Lower pH values reflect higg€ concentrations as a result of
enhanced respiratory processes or enhanced dectiowad organic matter. Higher GO
concentrations accumulate within the hypolimniomigher water column stability and these

conditions are even enhanced during the last wekeisatification.
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Lower GQ concentrations during the last weeks of the $ization period can either be due
to shallower mixing at the end of spring turnoveivihgstone and Imboden 1996) or be
associated with an extension of the summer statitin period. However, our results point to
the later reason because we found positive epilimnmetalimnetic, and hypolimnetic,0
concentration trends at the beginning of the ditation period. Consequently, positive
epilimnetic and metalimnetic pH trends, which iredee an enhanced uptake of £due to
higher photosynthesis rates exceeding respiratiooegses, support our findings of increased
O, production. These findings indicate that the waltimixing was deeper before the
establishment of a stratified water column in wirged early spring.

These findings were also supported by signifigamgher hypolimnetic @ concentrations
and saturations from the start of the stratificaperiod to July in years with positive
NAOpec-mar cCOMpared to years with negative NAQwuar Higher concentrations of NOand
lower concentrations of NA in the hypolimnion almost throughout the stratifion period
also indicate that vertical mixing was deeper iargewith positive NAQec-mar than in years
with negative NAQec-mar This agrees with findings of Guss et al. (20@@)p explained a
better ventilation and higher concentrations ofsNé&ncentrations in the hypolimnion with
short or no ice coverage in warm winters which bre¢ed remineralization and nitrification,
whereas under aerobic conditions bacteria oxidmenanium to nitrite (as an intermediate
stage) and to nitrate (nitrification), whereas téeerse process (denitrification) is performed
under anaerobic conditions.

Besides the downward mixing of oxygen, upwarding of nutrients can also be used as a
tracer to assess the impact of NAO-index on vdrtimaing intensity. In the upper strata of
the lake (0-10 m), higher concentrations of jy®IO,, PQ>, TDP and lower concentrations
of NH;” and SiQ were measured in years with positive NAQuar before the onset of
stratification, whereas only R (February-March) and Nfi (March-April) concentrations

differed significantly between years with a postiand a negative NAO-index. George et al.
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(2004) and Weyhenmeyer (2004) provided an additi@xplanation for higher nutrient
concentrations in association with a positive NA@ex. George et al. (2004) found positive
correlations of dissolved reactive phosphorus argbative correlations of nitrate
concentrations with the NAO-index in two small Bsgl lakes, whereas Weyhenmeyer
(2004) found positive correlations of POand NQ™ concentrations with the NAO-index in
Swedish lakes. George et al. (2004) explained higlbacentrations of dissolved reactive
phosphorus with heavier rainfall in mild winters positive NAO-index years, which
transported increased phosphorus concentrations the soil of the catchment area into the
lakes. Weyhenmeyer (2004) connected higheRdncentrations in the Swedish lakes with
higher nutrient loadings of inflow waters during rwa winters. Weyhenmeyer (2004)
explained the differences of nitrate concentratibeveen both studies with the different
times of assimilation and leaching of nitrate i $urrounding catchment in mild winters,
which depended on the timing of thawing of the sbithe catchment areas and the lakes’ ice
sheets. Blenckner et al. (2007) also highlighteat site-specific differences can produce
different climate-driven responses of nutrient dyies. Thereby, the influence of nutrient
loadings from the catchment area or the timinghef nutrient uptake by the phytoplankton
can vary among lake ecosystems. Although Lake BRiRsssesses no direct inflow, it is still
possible that the lake was enriched with higheisphorus concentrations from the catchment
area during warm and wet winters; however, datéhereffect of nutrient discharge from the
catchment area, which could support or refutehigimothesis, are not available.
Weyhenmeyer (2004) also found a negative relaligp of SiQ concentrations and the
NAO-index during the diatom-dominated spring phyaofton maximum. In addition, SO
depletion was accompanied with pH increases. Aljhowe could not detect a significant
relationship of SiQ and the NAQec-mar in Lake Plul3see, we found a significantly negative
relationship of SiQ and pH in March and in April. The phytoplanktorrisg maximum in

Lake Plul3see is also dominated by diatoms; especk&iephanodiscysCyclotella and
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Asterionella contributed essentially to the phytoplankton biemauring that time period
(Makulla and Sommer 1993; Overbeck and Chrdst 1998)er Secchi disc transparencies
and SiQ concentrations as well as higher pH and highergery concentrations and
saturations also indicated that the phytoplankfimg maximum occurred in April. Since we
only considered monthly means of these parameatensgs not possible to determine if the
timing of the phytoplankton maximum shifted to aler date. However, Muller-Navarra et
al. (1997) found that the spring algal maximum oced earlier with increasing winter and
early spring temperatures. Additionally, Guss et (2D00) found indications for a more
intense algal maximum in spring in response to mvilaters in Lake Plul3see. Trends towards
increased epilimnetic Oconcentrations and pH in April and May also suggbeat the
phytoplankton maximum became more intense durilegldkt decades. These findings can
also explain the negative trends of NONO,, NH,", and SiQ concentrations from spring to
autumn, because an earlier onset and a more inf@mgeplankton maximum depleted
nutrient concentrations earlier and to a greateéergx Hence, trends were calculated using
years with a later and probably less intense phgidgon maximum, which were associated
with negative NAQec-mar Years, and years with an earlier and probably motense
phytoplankton maximum, which were associated witbsifve NAQhec-mar Years.
Consequently, negative nutrient concentration sgmubably also resulted from a shift and
different intensities of the phytoplankton springpiimum as an effect of the winter and
spring conditions, which also affected the nutrieahcentrations in the following months
until the next mixing period in autumn. Earlier ptyylankton maxima after mild winters were
also detected in many other lakes (e.g., Heiligeng&drian et al. 1995], Lake Erken
[Weyhenmeyer et al. 1999], Miggelsee [Gerten andafd2000], and Lake Washington
[Winder and Schindler 2004]) and seem, therefooepé a general phenomenon. These
changes can be attributed to shorter ice coveog@eiin mild winters, since the timing of ice

break-up is essential for the development of thgtqg@tankton due to changes of a lake’s
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mixing conditions and the underwater light condisqWeyhenmeyer et al. 1999; Straile and
Adrian 2000; Peeters et al. 2007; Berger et al0R0lhackeray et al. (2008) also pointed out
species-specific differences in the advancemertheftiming of peak abundances of two
diatom species: Where&yclotellaadvanced as a result of an earlier thermal stration,
Asterionellawas more related to nutrient enrichment and la&keming.

Concentrations of SiOwere only significantly negative associated with ip March and
April; afterwards this signal diminished. The anhuzycle of SiQ concentrations
corresponded to the typical seasonal successiophgfoplankton and zooplankton in
temperate lakes, which was described by the PEGem@&@bmmer et al. 1986): In spring,
diatoms dominate the phytoplankton maximum, whglgsociated with a depletion of $iO
concentrations. After the clear-water phase, widch characterized by a minimum of the
phytoplankton biomass and which is caused by ise@azooplankton grazing, other
phytoplankton species develop and become more bamorthese are, for example,
cyanophytes, cryptophytes, and dinoflagellates (aek and Chrost 1993). Accordingly,
SiO,, which is predominantly used by diatoms, doesphay a comparably important role for
the phytoplankton growth anymore, and other nutsieas phosphorus and nitrogen become
more important in summer and autumn. After the releater phase and the re-cycling of
nutrients, which occurs as a consequence of theingrgrocess, a second phytoplankton
maximum develops in summer (Sommer et al. 1986)nds towards higher O
concentrations and pH in the epilimnion and lowecci disc transparencies in June and July
indicate a more intense summer phytoplankton maxinm Lake Pluf3see. From June to
October, N@ concentrations became positively associated withAdthough, phosphorus is
the limiting element in most freshwater ecosyste@emmer (1991) and Makulla and
Sommer (1993) found indications that nitrogen anot mphosphorus could be the
phytoplankton growth limiting nutrient in Lake Pké®, at least for some species. However,

Makulla and Sommer (1993) could exclude phosphasua limiting nutrient. We could not
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prove these findings since we could not access uneaents of SRP (soluble reactive
phosphorus), total phosphorus, or total nitrogenceatrations. But we found that pH
correlated significantly with N@ concentrations from June to October, whereas pHP®*
concentrations were at no time significantly cated, which could also be an indication that
phosphorus is not the growth limiting nutrient iake Plu3see.

Increased primary production in summer could asplain trends towards decreasing
nutrient concentrations in summer and autumn. Aaldhily, lake stability also affected
nutrient concentrations throughout the stratifimagperiod, but especially during the period of
maximum lake stability in summer. Apart from PCconcentrations, SSI in August had a
negative effect on the concentrations of ;N®IO,, NH,", and, above all, of SiOn August
and the following months until the end of the sticdtion period. However, the negative
relationship of lake stability and nutrient concatibns was probably an indirect effect. Lake
stability rather affected phytoplankton species atiwgly due to increased sedimentation
rates. Increasing temperatures, which affect laébilgy, decrease the viscosity of a liquid,
whereas lower viscosities increase the sinkingoreés of particles within that liquid. Hence,
the sedimentation rates of nutrients, phytoplankéom organic material are higher when they
sink down the stable water column (Wetzel 2001)nd&r and Hunter (2008) confirmed that
lake stability altered the structure, dynamics, stnr@lcomposition of the phytoplankton due to
the effects of nutrient availability and sinkingaaties. In accordance with the availability of
certain nutrients and with altered stratified caiotis, certain phytoplankton species
expanded and outcompeted other species. For exaWpider and Hunter (2008) found that
low nitrogen:phosphorus ratios, i.e., nitrogen tation, favored large-sized flagellates (e.g.,
Chlamydomongs whereas Makulla and Sommer (1993) found thah Imigrogen:phosphorus
ratios, i.e., phosphorus limitation, favored chjargtes (e.g.,Chlorella). Furthermore,
Winder and Hunter (2008) demonstrated that incibasgter column stability favored species

that are less susceptible to sinking. These a®Jeahll, small-sized species and species that
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are able to regulate their buoyancy within the wa@umn. The latter group of species

consists mainly of flagellates and cyanophytesmai (1986) also observed a different
outcome of nutrient competition due to temperatygma differences of the phytoplankton

species. Thereby, cyanobacteria and green algaedtmud at temperatures larger than 20°C,
while diatoms dominated at temperatures lower HC.

Especially, blooms of cyanophytes in eutroplakes during warm summers became of
increasing interest within the last years, becafs®eir impact on recreation and the health
of ecosystems, animals, and humans. Cyanophytendmee in freshwater ecosystems is
promoted by increased lake stability due theirigbib decrease their density due to their gas
vesicles, which allow them to float in the wateduron during increased water column
stability and decreased mixing conditions (WalsB94). Hence, buoyant cyanophytes have a
competition advantage for access to light to ofipecies that sink out faster of the euphotic
zone (Huisman et al. 2004; Johnk et al. 2008). Heunbore, cyanophytes have a higher
tolerance to warmer water temperatures, are lesgedrby herbivores due to their toxins, and
are potent competitors for resources, above dlipogen and phosphorus (Hyenstrand 1998;
Downing et al. 2001; J6hnk et al. 2008). In Lakal¥ke, Hickel (1988) observed a sudden
change of the algae population from cyanophytesnrfothrix redekgi 1972-1978 to
dinoflagellates Ceratium hirundinell2d 1979-1990. These changes were attributed to ttkma
conditions in winter affecting the timing of icedak-up. Similar findings were observed by
Weyhenmeyer et al. (2002) who observed higher qyayte biomasses after mild winters in
association with the NAO-index. Adrian and Denel®96) observed a change in the
phytoplankton species composition during the phgiokton spring maximum shifting from
diatoms and cryptopytes to cyanophytes in resptmseld winters.

Interannual phytoplankton variability was quitéege in Lake Pluf3see. Unfortunately, we
could not access phytoplankton data for Lake Pkifsanake clear and reliable statements

on the phytoplankton community, its relationshipnigtrient concentrations, and its trends.
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However, trends towards earlier and more intensgoplankton maxima due to warmer
winter and spring conditions, extended durationshef stratification periods, and increased
water column stability due to increased water tempees could drastically affect nutrient
concentrations and lake productivity if the sodbserved changes will continue in the future.

Moreover, these changes will be passed onto higbehic levels.

4.2. Zooplankton community analysis

Although many studies investigated the effeétslimate change on zooplankton dynamics
in freshwater ecosystems, the majority of thesedistu concentrated on zooplankton
communities in spring and early summer and analymed they were affected by warmer
winter and spring conditions. So far, only few sésdfocused on the effects of climate
variability on zooplankton in summer and autumrg.(eAdrian et al. 2006; Seebens et al.
2007; Huber et al. 2010; Sommer and Lewandowskéal)204/e decided to focus on the
zooplankton community in October, because we fomust pronounced changes of lake
conditions in summer and autumn. These changesded| among others, trends towards
warmer water temperatures, increased lake stalibtyer deep-water oxygen concentrations,
lower nutrient concentrations, and a later breakdowf stratification. Besides only
considering summer and autumn conditions to atfezizooplankton community at the end of
the stratification period, we extended the timefaof possible effects to spring. Thus, we
could display the effects of physical, chemicald anutrient parameters in the respective
seasons on the zooplankton community in Octoberthén following, we used the term
“abiotic environmental parameters” to comprise [¢gls chemical, and nutrient parameters.

However, this method has its limitations: Sin@e only considered the zooplankton
community in October, we have no information on tmnposition and the dynamics of
species from the beginning of the zooplankton’swgng season in winter and spring to

September. Therefore, we cannot make reliablerst@tts on this time period. Nevertheless,
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prevailing lake conditions prior to October can linked to the zooplankton population in
October. A change in environmental conditions athlibginning of the seasonal succession of
the plankton (Sommer et al. 1986) can produceaditers in the population dynamics that can
propagate further into the season. For instance tithing and the magnitude of the peak
maximum of certain copepod species could be atgtuo spring warming (Gerten and
Adrian 2002; Adrian et al. 2006; Seebens et al.7208t that time, prevalent conditions
determine the timing of the emergence of copepods ftheir resting stages (Gerten and
Adrian 2002; Adrian et al. 2006) or they have afeafon the number of overwintering
species (George 2000; Seebens et al. 2007). leaesp the different starting conditions at
the beginning of the seasonal succession, the atuldynamics in the later season can,

thus, be traced back to prior winter and springdaitons.

In Lake Plul3see, zooplankton biomass in Octelss predominantly associated with lake
conditions before the onset of stratification: Raticladoceran, and copepod biomasses were
associated with higher mean B@oncentrations and lower NHconcentrations in February.
This negative interplay of oxygenated and reduagdgen fractions probably reflected an
oxygen gradient or vertical mixing conditions aatthime. The copepod biomass in October
was also significantly positive correlated with tINAOpec.may Water temperatures, O
concentrations, and vertical mixing in February &tarch. Although rotifer and cladoceran
biomasses were not significantly correlated witasth parameters, these findings indicate a
positive relationship between the zooplankton bissna autumn and the lake conditions in
the prior winter and spring. Guss et al. (2000p dlsund higher zooplankton biomass in
autumn in response to warmer winter conditions akd Plul3see. They explained their
findings with higher decomposition of organic mattéhich was probably caused by a more
intense phytoplankton maximum in summer. Largersdes of decomposing bacteria,

protozoa, and organisms were then consumed byotby@ankton.
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Guss et al. (2000) only considered an indicipzooplankton biomass which included all
zooplankton groups. However, changes in the zo&pmancommunity in response to abiotic
environmental changes are sometimes difficult tdecte when functional groups are
considered only. Therefore, we considered rotifelajocerans, and copepods on a species
level. In contrast to physical, chemical, and rmuiti parameters, however, we did not
calculate the linear trends of the zooplankton iggse®ue to the large gaps between the years
with available zooplankton samples, these trendutations would produce untrustworthy
results about long-term developments of specietaike Plul3see. Therefore, we adapted
another method for the zooplankton analysis in LBké3see. With a Principal Component
Analysis, which calculates linear combinationsha# priginal variables (species) so that they
describe the largest proportion of variance of famagton datasets, we synthesized species
that had a similar pattern of species occurrenaegathe time series in new groups (principal
components oZoo, Rot, Clad, andCop). In the next step, we correlated them with ppati
components of nutrients and of physical and chenaéa parameters to detect the nature of
the principal components’ underlying gradients. Apmom one exceptionQop 1), all
principal components of all zooplankton groups wpredominantly associated with lake
conditions before the onset of stratification irrisgp of the same year. These findings
emphasize the importance of this period and thelued processes which lay the foundation
for the seasonal succession of the phytoplanktdrzanplankton throughout the stratification
period.

The second principal components of the entineepod community and the copepodite
community were represented bEudiaptomus gracilis Mesocyclops leuckarti and
Thermocyclops oithonoideBoth principal components explained a proporbbrariance of
about 18% and showed a strong resemblance, whix@asincipal components derived from
the adult copepod community represented a diffepatiern. These findings reveal that the

copepodite stages &. gracilis M. leuckarti andT. oithonoidespredominated in October.
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These three copepods were the most abundant coppeces in October in Lake Plu3see
and they were part of the copepod community in egedr. In agreement with copepod
biomasses, these species were significantly coegklaith higher nitrate concentrations from
February to May. Furthermore, they were highly elated with warmer water temperatures,
higher Q concentrations, and higher pH in February and Marad from August to October;
however, these correlations were not significanénée, these findings indicate thit
gracilis, M. leuckarti andT. oithonoidesvere more abundant in those October months when
water temperatures were warmer angdoncentrations and pH were higher in winter and
early spring and in late summer and autumn. Therefoyter and spring conditions already
influenced the development of these species atady stage and these effects propagated
further into the season by population dynamics.

Seebens et al. (2007) found an increase ofEtdiaptomus graciligoopulation in Lake
Constance in late summer/autumn and related theindances to spring climate variability
and to the resulting shifts in seasonal succesyoamics: Higher spring water temperatures
resulted in faster ontogenetic development andighér abundances in April/May, which
resulted in an earlier population minimum in Jual/probably due to predation, and in an
earlier increase ofEudiaptomusabundances in August/September. Eurytherm calanoid
copepodE. gracilis is able to reproduce throughout the year (HerA8§3l Santer 1990;
Einsle 1993). Due to their low food threshold lef@l reproduction they are also active in
winter and do not perform winter diapause (Eins893 Santer 1994). George (2000)
observed higher abundances of overwintengracilis in response to mild winters in years
with a positive NAO-index. In accordance with thepplation dynamics oE. gracilis in
Lake Constance (Seebens et al. 20&7)gracilis probably also established higher spring
abundances after milder winters and springs in LRk#see. It is also possible that winter

and early spring conditions had a positive effatttlee summer and autumn abundances of
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this species. Furthermore, it probably also bee@fftom warmer water temperatures in late
summer and autumn.

Cyclopoid copepod$. oithonoidesand M. leuckarti are warm-water species and perform
winter diapause, whereas their active phasestiast éarly spring to autumn (Frenzel 1977;
Vijverberg 1980; Herzig 1983; Maier 1990). Winteraghuse enables these species to
withstand conditions of low temperatures and reduéeod availability during winter
(Elgmork et al. 1990; Santer 1990). Nilssen and Waen (2000) reviewed for a variety of
European lakes that the duration of the pelagicsgrend the number of generationsTof
oithonoidesandM. leuckartidepend on the temperature regime of the lake.lgdélsee, the
pelagic phase and summer peak abundancg. aithonoideswere synchronized with the
timing of spring warming (Gerten and Adrian 2002drian et al. 2006). In this respect,
Gerten and Adrian (2002) assumed that warmer spengperatures favored the earlier
emergence from resting stages, which enabled peisiess to mature earlier and to build-up its
peak abundance earlier in summer. Peak abundamicepbthe timing of the pelagic phases,
of M. leuckartiwas also related to spring warming.

In Mlggelsee,T. oithonoidesand M. leuckarti probably also developed an additional
generation (three instead of two generations) spease to warm spring temperatures (Gerten
and Adrian 2002; Adrian et al. 2006). Egg, naupliaopepodite, and adult copepod
development are strongly related to ambient waterperatures (Vijverberg 1980; Herzig
1983; Maier 1989). Therefore, trends towards aniezaonset and a later breakdown of
stratification within the last decades as a restilhcreasingly warm water temperatures could
enable warm-water speci&s oithonoidesandM. leuckartito emerge earlier in spring and to
enter winter diapause at a later date in autumriake Plul3seeThermocyclopsand
Mesocyclopsenter winter diapause as fourth and fifth copejgodtages (Vijverberg 1980;
Herzig 1983; Maier 1989). In Lake Pluf3see, theqeepodite stages afhermocyclopsand

Mesocyclopsspecies predominated in October in Lake Pluf3seehwindicates that both
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species entered diapause at that time. Therefoneas not possible to determine if the
diapause of these species shifted towards a laterlsy analyzing the October zooplankton.
Notwithstanding the possibility of an additionalngeation, T. oithonoidesand M. leuckarti
benefited from warmer water temperatures througtiait growing phase, but predominantly
in winter and early spring and in late summer amdimn. These conditions probably enabled
them to develop higher abundances before the aitdine diapause phase before they sink to
the bottom of the lake in autumn compared to yeatls colder water temperatures and an
earlier breakdown of stratification.

Diacyclops bicuspidatyLyclops abyssorupandCyclops vicinusvere associated with the
first principal components of the entire copepothownity, the copepodite community, and
the adult copepod community, which explained thvgdat proportions of variance within
these datasets (41-53%). Hence, in contra&. tgracilis M. leuckarti,and T. oithonoides
copepodite and adult stageshfbicuspidatusC. abyssorumandC. vicinuswere part of the
copepod community in October. However, these speaidy established high abundances
from 1991 to 1994 and in 2011. Probably due to ddnndances and irregular appearances in
autumn,Cyclops kolensisvas not associated with these principal componeisoughD.
bicuspidatusand all three cyclopoi€yclopsspecies have similar life histories and perform
summer diapause (Elgmork 1967; George 1973; Santkilampert 1995D. bicuspidatus
C. vicinus and C. kolensisare cold-water species (Vijverberg 1980; Herzi@3;9Maier
1989), wherea€. abyssorums an eurytherm species (Herzig 1983). The oneetination,
and duration of the diapause ©f abyssoruntan vary among habitats: Santer and Lampert
(1995) observed summer diapauseCofabyssorumwhereas Nilssen and Elgmork (1977)
observed winter diapause of this speci2sbicuspidatugperforms summer diapause and its
active phase lasts from autumn to the end of spiigerberg 1977; Lacroix and Lescher-
Moutoué 1984; Maier 1989; Maier 1998). However,t8aand Lampert (1995) and Adrian et

al. (2006) reported thaD. bicuspidatusalso occurred in summer at low densities. This

128



indicates that, in some laked, bicuspidatusperforms summer diapause, whereas in other
lakes the active pelagic phase of this specienlisreduced.

Besides avoiding food competition with highlyi@ént filter-feeders (Maier 1994; Santer
and Lampert 1995; Hansen and Santer 1995; HoppMaeér 2005), fish predation is
considered to be the ultimate reason for summeradise ofCyclopsspp. and. bicuspidatus
(Hansen and Santer 1995; Santer and Lampert 198f&rNI998; Santer 1998). Thereby, size-
selective fish predation leads to the eliminationlarger individuals, which are more
conspicuous and, thus, more susceptible to predét@an smaller ones (Brooks and Dodson
1965; Hall et al. 1976; Vijverberg 1977; O'Brien 78). Small D. bicuspidatus which
produces large egg sacs in relation to body sizaiiM1998), and larg€yclopsspp. have
their population maximum in spring when fish preoiats low, whereas the active phase of
small M. leuckarti coincides with high predation pressure in sumnianSen and Santer
1995).

From 1991 to 199€yclopsandDiacyclopsreached highest abundances within the period
of analysis. Before that time period, their abur@snwere generally low or they were
virtually absent. This time period coincided wittbsmanipulation experiment, which was
conducted in Lake Pluf3see from 1991 to 1994 (Krerh885). The aim of a biomanipulation
experiment is to increase water transparency byaiad the nutrient loading and, hence, to
get rid of noxious algae blooms. Thereby, this geachieved by interfering into the food
chain of an ecosystem. The biomanipulation exparinne Lake Plul3see was performed to
reduce the predation pressure of planktivorous @ishzooplankton. In the course of the
experiment, piscivorous pikeperch&titostedion luciopergaeels Anguilla anguillg, pikes
(Esox luciuy, and trouts $almo truttd were added, while planktivorous breamsiiamis
bramg, roachesRutilus rutilug, and percheserca fluviatilig were removed in each year in
autumn (Kremser 1995). As a result of this biomalapon, piscivorous fish depressed

planktivorous fish, which had a positive effect lange-bodied zooplankton species, which
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would in turn result in low phytoplankton biomas$gsincreased grazing (Post et al. 1997).
Results of the biomanipulation experiment in Lakal3Bee indicate that the influence of the
introduced species on the zooplankton communitynatieer small, because the morphometry
of Lake PluRsee was not adequate for all introdwspaEties (Kremser 1995). The small and
steep littoral zone only enables the developmefdwfmacrophytes near the shore (Overbeck
and Chrost 1993). This part of the lake is predamily used as home range of young and
small fish that live concealed between the macrtgshgnd it also serves as hunting ground
for predators such as pike. Due to the limited ta&lspace, introduced species probably did
not accustom well in Lake PluBsee (Kremser 1995;miktu 1996). Although the
biomanipulation was rather moderate, zooplanktiuseréish densities decreased within the
course of the experiment. Furthermore, largest poge in Lake Plu3seeCyclops spp.)
benefited from the introduction of piscivorous fishd from the removal of zooplanktivorous
fish. Small-bodiedMesocylopsand Thermocyclopswere probably influenced to a lesser
extent by the biomanipulation experiment. Beforee thiomanipulation experiment,
Mesocylopsand Thermocyclopsvere predominantly associated with perch and roatich
amounted to approximately 70% of the fish standitugk of Lake Plul3see prior to the food
web manipulation (Overbeck and Chrost 199B)ermocyclopss negligibly colored and
pigmented. Therefore, it is probably outside theypange of most fish speciddesocyclops

IS more conspicuous, especially when female cargel egg sacs, which also reduce their
maneuverability (Winfield and Townsend 1983). Hoeg\this species is able to survive in
the littoral area (reviewed by Nilssen and Waervagen0). A similar biomanipulation
experiment was conducted in Lake Veeng, Denmark gefarand Jeppesen 1992): In the
course of the experiment, reduction of bream amdhanabledC. vicinusto establish high
abundances. After the experiment, however, theindances declined again due to higher

fish predation which favored smallir. leuckarti
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Cyclops spp. andD. bicuspidatuswere also abundant from 2009 to 2011. Copepod
countings of the year 2004, which were provided Bgrbara Santer, also indicate that
Cyclopsspp. andD. bicuspidatusestablished high abundances in October of that ygzart
from these countings, however, zooplankton dataewsaravailable from 1997 to 2008.
Furthermore, fish data was also unavailable sitee dompletion of the biomanipulation
experiment. Therefore, we cannot draw reliable k@ions on whether the fish community
changed sustainably in response to the biomanipualaxperiment and whether the copepod
community was sustainably affected by an altereth tommunity. In addition, physical,
chemical, and nutrient parameters are also undlailfrom 2009 to 2011 due to an
inaccurately measuring water probe which could geme indication on changing physical,
chemical, and nutrient conditions favori@gclopsspp. and. bicuspidatus

Our results indicate that the largest variapiiit the copepod community can be attributed
to alterations of the fish predation pressure. bmrihe biomanipulation experiment from
1991 to 1994, large-bodie@yclops spp. andDiacyclops bicuspidatusestablished high
abundances, whereas in most other years they mkawmilg low abundances or they were
virtually absent. Hence, they benefited from redupeedation pressure by zooplanktivorous
fish. In contrast, Eudiaptomus gracilisand small-bodiedMesocyclops leuckartiand
Thermocyclops oithonoidasere probably influenced to a lesser extent byratitens of the
fish predation pressure. These species were theabasdant copepod species in October in
Lake Plul3see and they established high abundanc#®se October months when water
temperatures were warmer and €ncentrations and pH were higher in winter andyea
spring and in late summer and autumn.

Changes in the species composition within thela@teran community can probably also be
ascribed to the biomanipulation experiment and iptessftereffects. Particularly noticeable
were changes in the daphnid community: During ibenanipulation experiment, the daphnid

community was associated with higher abundancésrgéDaphnia galeataand comparably
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low abundances of smalbaphnia cucullata however, onlyD. galeataabundances were
significantly higher during that period. Spaak addekstra (1997) also observed higher
predation risk oD. galeatathan onD. cucullata D. galeatawas replaced bl. cucullatain
the year with highest fish predation pressure, e&sD. galeatawas abundant in absence of
strong fish predation. Furthermore, from 2009 td20the daphnid community in Lake
PluBsee was predominantly associated with largeedoBaphnia hyalinga whereasD.
cucullatawas virtually absent. However, due to the reasoestioned above, it is impossible
to state with certainty that the observed changa® wediated by a sustainable effect of the
biomanipulation experiment. However, Spaak et20084) demonstrated thBx hyalinawas
the dominant daphnid species in Lake Plu3see ionautof 1997, which could be an
indication that the transition ©. hyalinawas probably already initiated at that time.

Taking only the years into account that weresadered in this analysis, two periods can be
distinguished: From 1969 to 199Baphnia cucullata Daphnia galeata their hybrid D.
galeata x D. cucullatg and small cladocerans (e.@psminaspp. andDiaphanosoma
brachyurum dominated the cladoceran community in Octobed fnom 2009 to 2011,
Daphnia hyalinaand its hybrid®. hyalinax D. galeataandD. cucullatax D. hyalinawere
most abundant and small cladocerans were rare.eTtves periods were probably also
represented by the first principal component€izd, Clad J andClad A which explained
variance proportions of about 30% within these sktta Correlations with abiotic
environmental parameters indicate thiaphnia cucullata Bosmina coregoniChydorus
sphaericus and Diaphanosoma brachyururwere associated with lower concentrations of
PQO,> and TDP in spring and with colder water tempeestudecreased lake stability, and
lower oxygen concentrations in April. Thus, thepeces were associated with a later onset
of stratification, but also with lower phosphorumncentrationsD. hyaling D. hyalinax D.
galeatg andD. cucullata x D. hyalina were associated with the opposite range of these

parameters. However, missing measurements from 2002011 do not allow reliable
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conclusions on the relation of physical, chemi@d nutrient parameters with the first
principal components derived from the cladoceranroanities.

During the period of the biomanipulation expeithand probably also in the recent period,
large species benefited from a decrease of zoopan&us fish, whereas small species
became less abundant. Basically, our results, edlyethose considering small cladoceran
species, agree with the findings of Mumm (1998@sminaand Ceriodaphniadecreased
during that time period (Mumm 1996). However, due ¢ontradicting results of
biomanipulation experiments oBosmina(e.g., Sgndergaard et al. 1990; McQueen et al.
1992), Mumm (1996) concluded that this genus wabaly affected by competitors or by
different predators rather than by planktivoros fi

In contrast to our findings, Mumm (1996) fouDthphanosoma brachyurumo increase in
response to the biomanipulation experiment. Howetes discrepancy can be explained by
the different periods considered in both studieanivh (1996) considered a period from 1982
to 1995, whereas we also considered years befaleafter that period. In OctobeD.
brachyurumreached higher abundances in earlier and lates yean during the experiment.
Furthermore, Mumm (1996) found the invertebratelpterChaoborugo increase in summer
in absence of planktivorous fish, which could h&ael a positive effect oBiaphanosoma
However, considering available counts @haoborusof Mumm (1996) and our data, we
cannot verify this assumption, becauSkaoborusdensities did not change significantly in
October. Nevertheless, it is possible tlat brachyurumwas affected byChaoborusin
summer, becaude. brachyurumis a warm-water species (Herzig 1984), which tepeak
abundances in summer. Hofmann and Krambeck (198%greedD. brachyurumto be
present in the upper epilimnion in Lake Pluf3sesuimmer.

Also in contrast to our findings, Mumm (1996 uttb not detect effects odaphnig which
can probably be explained by the fact that herystudy considered daphnids as a species

complex without distinguishing between the sin@aphnia species and their hybrids.
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However, zooplanktivorous fish reduction favoringrge-bodiedDaphnia either due to
natural environmental changes or due to biomantjpmaexperiments, was demonstrated in
many studies (e.g., Sgndergaard et al. 1990; Vatral. 1990; McQueen et al. 1992;
Benndorf et al. 2001). Basically, our results agré the size-efficiency hypothesis (Brooks
and Dodson 1965; Hall et al. 1976). According te size-efficiency hypothesis, intense size-
dependent predation will predominantly eliminategéaforms enabling small zooplankter to
become dominant, whereas reduced predation ingemsit competitively eliminate small
herbivorous zooplankter and favor larges pecieg ddmpetitive advantage @faphniain
comparison to other (smaller) herbivorous specseshat they are highly efficient filter-
feeders: On the one hand, their filtering apparahables them to use a broader size range of
algae particles than smaller species (Geller ande@981). On the other hand, their food
threshold is lower than those of smaller speciesmfhert and Schober 1978; Porter et al.
1983; Gliwicz 1990).

Water temperatures in winter and spring are idensd to be an important factor
influencing zooplankton dynamics because warmereiwdaemperatures speed up egg
development and increase somatic growth rates lanited food conditions (Allen 1976;
Bottrell et al. 1976; Vijverberg 1980). Due to tdigect response of zooplankton species to
water temperatures, the timing and dynamics of plogmcal processes (e.g., the clear-water
phase) can be attributed to prevalent water tenyresa Thereby, Schalau et al. (2008)
highlighted in their modeling study that the spridgvelopment ofDaphniais primarily
governed by water temperature and not by food alwitly. Berger et al. (2007, 2010)
achieved similar results with mesocosm experimentdisentangling the governing factors of
the phytoplankton maximum in spring and the zodgiam development. Hence, a critical
zooplankton biomass to suppress the phytoplankiomdss can be established at an earlier

date in warmer years compared to colder years, @gyten and Adrian 2000; Straile 2000;
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Benndorf et al. 2001). In Lake Plu3see, Muller-Neaat al. (1997) also observed an earlier
onset of the clear-water phase mediated by warmagntemperatures.

Although climatic effects on the species beisgomiated witfClad I, Clad JlI, andClad
A lll were probably influenced by fish predationesffs, there is some indication that positive
NAOpec-mar Warmer water temperatures, and higherc@ncentrations and pH in winter and
early spring had a positive effect bn galeata D. galeatax D. cucullatg andD. hyalina x
D. galeatadensities in October. Probably, galeataand its hybrids already benefited from
these conditions in spring, whereas these conditwere transferred later into the season by
their population dynamic®. galeatais predominantly abundant from spring to early swen
(e.g., Wolf 1987; Spaak et al. 2004; Wagner andnBerf 2007), but it can also have higher
abundances in autumn (e.g., Weider and Stich 1888an and Deneke 1996; Jankowski and
Straile 2004). Jankowski and Straile (2004) shothatiD. galeataperforms best at high food
availability and low predation pressure. Furtherepd@. galeatais characterized by high
growth rates (Spaak and Hoekstra 1995; Spaak 20@0; Loffler et al. 2004). This is wiy.
galeata rapidly reaches high abundances during the spalgge maximum when fish
predation pressure is still low (Mehner and Thi@99). During the later seasdD, galeata
and its hybrids probably benefited from the reducof planktivorous fish and they were able
to establish higher abundances during the bioméatipn experiment period in Lake
PluBsee. In contrast, years with high zooplanktusrfish activity probably exerted great
influence orD. galeataand other large crustaceans in summer and autumn.

Mehner and Thiel (1999) reviewed that fish |&ned zooplanktivorous fish exert only little
influence on small zooplankton (e.g., rotifer, shtdhdocerans, and copepodites) in spring.
However, juvenile fish can control large cladoceramd copepods in summer and autumn,
because of their larger mouth size enabling thefedd on large zooplankton and because of

their better developed hunting abilities.
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However, due to the short generation times qfhdals, it is difficult to deduce their
population dynamics in autumn from winter and sproonditions. Nevertheless, our results
indicate that winter and spring conditions and fisbdation pressure played an important role
in determining the daphnid composition in autunurtier studies should, therefore, consider
shorter time intervals of sample identification amdinting to recognize how precisely abiotic
and biotic environmental conditions influenced daghnid community.

In contrast toD. galeata D. hyalina has a competitive advantage at lower food
concentrations (e.g., Stich and Lampert 1984; Jaskoband Straile 2004; Zeis et al. 2010),
and has, therefore, its highest abundances in auferg., Seitz 1980; Jankowski and Straile
2004). Spaak et al. (2004) obseni2dhyalinato be the dominant daphnid species in Lake
Pluf3see in autumn of 199. hyalinawas also found in summer (Adrian and Deneke 1996)
or it was abundant throughout the year in deepatasof the lake (Weider and Stich 1992). In
contrast toD. galeata D. hyalinais known to perform diel vertical migration to e the
risk of fish predation in Lake Constance (Seitz@;98tich and Lampert 1981, 1984). Spaak et
al. (2004) also found indications for vertical nagon ofD. hyalinain Lake Plul3see. Kruse
(1988) did not find differences in the vertical magon behavior betweel. galeataandD.
hyalina in the Schohsee; in the Schierensee, howelkerhyalina performed vertical
migration, whileD. galeatadid not. These differences between neighboringdakfelLake
Plul3see can probably be ascribed to differing pgredl@ressures by planktivorous fish.

SmallD. cucullatais less affected by visually hunting fish compatedargerD. galeata
and D. hyalina Therefore, it has its peak abundances in summeéritadoes not perform
vertical migration (Seitz 1980; Adrian and Denek&9@). Wolf (1987) reported thdD.
cucullata dominated the daphnid population throughout thar ye 1984 in Lake Plul3see,
while Spaak et al. (2004) showed tlatcucullataonly reached low abundances throughout
the year in 1997. In accordance with Wolf (1987§ feundD. cucullatato be the most

abundant daphnid species in autumn of 1984. Howevercould not access zooplankton
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samples of the year 1997 to examind) ithyalinawas the dominant daphnid species d.if
cucullataonly reached low abundances in autumn in this.ydagse observations support our
hypothesis of possible aftereffects of the biomalaifpon experiment and they show that the
predation pressure by fish probably differed betwthese years.

Daphnia performs cyclical parthenogenesis, which meang #msexual reproduction
alternates with sexual reproduction. For many garars reproduction is solely performed
through parthenogenesis, but unfavorable or stiesshditions induce sexual reproduction.
Interspecific reproduction and hybridization is gibse, if co-occurring different taxa produce
males and sexual females at the same time. Oftendsyco-occur with their parental species
or they can even dominate the daphnid populatientducomparable or even higher fitness
values (e.g., Wolf 1987; Weider and Stich 1992; #¥ei1993; Spaak and Hoekstra 1995).
Life history studies orDaphnia hybrids demonstrated that they often show an nmeeliate
pattern of their parental taxa (Weider 1993; Boersmmd Vijverberg 1994; Spaak et al. 2000).

Hybrids of D. hyalina and D. galeatahave an intermediate body size compared to the
parental taxa, but their intrinsic growth rateimsitar to the faster growin®. galeatathan to
D. hyalina(Weider 1993; Loffler et al. 2004). Furthermorertical distribution oD. hyalina
x D. galeatawas more similar t®. hyalinathan toD. galeata(Wolf 1987; Weider and Stich
1992; Kessler 2004). De Meester et al. (1995) dtmand differences in the vertical
distribution of D. hyalina x D. galeataclones, with the largest clones dwelling in deeper
strata of the water column than smaller clones.dddb. hyalinax D. galeatahas a selective
advantage under moderate fish predation comparebotb parental species (Spaak and
Hoekstra 1995).

A similar pattern can also be observed in hybotD. cucullataandD. galeata where the
combination of life history traits (small body sia€D. cucullataand high growth rates @.
galeatg probably lowers the fish predation pressure ol thybrid species (Spaak and

Hoekstra 1995; Spaak et al. 2000). In Lake Plufi3egaleatax D. cucullatawas the second
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most abundant daphnid species (followDgcucullatg in autumn in the period 1969-1996,
but it established largest abundances during thamdmipulation experiment. These
observations suggest that this hybrid species padd well under increased fish predation
and reduced fish predation. High fish predatiorec@lely favors smalleD. cucullatg but
the slightly largeD. galeatax D. cucullataalso benefited from higher growth rates. On the
contrary, lower fish predation selectively favoesgerD. galeata but slightly smalleD.
galeata x D. cucullata also benefited from a smaller body size. High aamtces ofD.
galeata x D. cucullataduring the biomanipulation experiment indicatet tpeedation by
planktivorous fish was reduced, but was not absehich supports the statement of Kremser
(1995) and Mumm (1996) in behalf of a moderate lapipulation experiment.

In 2009 and 201@. cucullatax D. hyalinaonly established low abundances, whereas this
hybrid species was virtually absent in all othearge In addition, Spaak et al. (2004) also
found only small numbers of this hybrid in Lake Bdee throughout the year in 1997.

These results clearly demonstrate that the mesmbkethe daphnid community in Lake
Plul3see were indeed affected by the biomanipulag®periment, which contradicts the
findings of Mumm (1996), who did not detect any mfpas in the daphnid species complex.
This is in agreement with Adrian and Deneke (199@)o could not detect any substantial
changes in total abundances or in species riclofd3aphniaas a functional group, but they
found marked changes at the species level. Thesgeaphnia was represented by three
species and their hybrids in Lake Plu3see. Theychagacterized by different life history
traits and patterns of temporal and spatial ocogee Furthermore, they are differently
adapted to fish predation pressure, which alsoagxpland reflects their occurrence in Lake
Plu3see. This highlights the importance of invedirgy species instead of functional groups if
the aim is to identify changes in ecosystem praesess

In contrast to copepods and cladocerans, retik@re probably not directly affected by the

biomanipulation experiment. Due to their small siz#ifers are less conspicuous than large
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cladocerans and copepods (Brooks and Dodson 198bethl. 1976). Therefore, the impact
of fish predation on rotifers can be assumed tosipall. Rotifers were rather indirectly
influenced during the biomanipulation experimentiqek as fish preyed on cladocerans and
copepods, which act as competitors of rotifers @MEI95). Principal components derived
from the cladoceran and copepod communities werdgoninantly correlated with physical,
chemical, and nutrient variables in winter and rggriin summer and autumn, fish influence
probably increased and dominated the effect onfahmation of the composition of both
communities (Mehner and Thiel 1999) and superimgosigereby, the influence of abiotic
environmental variables. In addition to a lessnegeand probably more indirect influence of
fish predation, rotifers were more strongly relatedabiotic environmental conditions than
cladocerans and copepods because of their higherdection and development rates. Due to
these life history characteristics, rotifers aréealo respond faster and more sensitively to
changes of ambient temperatures and food avatiabfidmondson 1965; Allen 1976; Herzig
1987; Stemberger and Gilbert 1985).

Asplanchnaspp. andSynchaeta oblongavere significantly correlated with warmer water
temperatures, higher pH, and higher concentratiwh®,, NOs;, PQ>, and TDP from
February to October, whil&ilinia terminalis was associated with the opposite range of
parametersAsplanchnaspp. andSynchaeta oblongaenefited from higher pH, and higher
concentrations of § NOs, PQ¥, and TDP, whereas these parameters can servexssr
for photosynthetic activity and primary production.contrastFilinia terminalis was related
to lower pH, and lower concentrations of, ONO;, PQ>, and TDP. Lower pH values
probably reflected higher GQ@oncentrations as a result of enhanced respirgtagesses or
enhanced decomposition of organic matkeiinia terminalis probably benefited from larger
densities of decomposing bacteria, because thisespes capable of feeding on bacteria and
detritus in deeper strata of the lake (Herzig 1983jz 1995) Synchaetapp. andAsplanchna

spp., however, have high food requirements (Stegaveand Gilbert 1985). Furthermore,

139



eurythermAsplanchnaspp. and warm-water speci®soblongabenefited from warmer water
temperatures, while cold-stenothefmterminalisbenefited from colder water temperatures
(Herzig 1987; Brzins and Pejler 1989). Elliott (1977) reportedttAaplanchna priodonta
needs higher oxygen concentrations, whefahsia terminalis reaches high abundances at
low oxygen concentrationsSynchaetaspp., however, develops high densities over a wide
range of temperatures, but it depends on high axggeacentrations (Elliott 1977).
Ascomorpha ecaudisPolyarthra major Polyarthra remata and Synchaeta pectinata
developed high densities in autumn when high camaons of NQ and SiQ
concentrations in spring, late summer, and autuneagminated. Thereby, increased SiO
seems to enable the build-up of higher abundantes/ailable food algae, especially of
diatoms, which favored these rotifer speci@scomorpha saltang-ilinia longisetg and
Keratella hiemalis however, established higher densities at lowers Nénd SiQ
concentrations. Apart frorK. hiemalis which is a cold-water species, all other speaies
warm-water species (Herzig 1987erBinS and Pejler 1989). Hence, the positive andtiag
association of these species with this principamponent can rather be ascribed to
differences in food resource preference than tgpesature preferenced. ecaudisprefers
unicellular green algae, whereAs saltansand A. ovalis prefer dinoflagellates (Voigt and
Koste 1978; Walz 1995Rolyarthraspp. andSynchaetapp. prefer large algae particles such
as cryptomonads (Voigt and Koste 1978; Herzig 1983@jz 1995). In contrasEilinia spp.
andKeratella hiemalisare also able to feed on bacteria and detritus fleeper strata of the
lake (Sanders et al. 1989; Herzig 198Kgratella hiemalisand Filinia terminalis were
predominantly observed in the deeper strata of [RIk@see (Hofmann 1985; Hofmann and
Krambeck 1991) an#ilinia longisetaalso moved down the water column to escape thd rap
temperature increase in spring (Hofmann 1972). kwoim(1972) observed thkt longiseta
rather behaved like a cold-stenotherm species thamarm-water species in response to

increasing water temperatures in Lake Pluf3see.
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Hence, all mentioned rotifer species positioriedmselves along ecological gradients
(represented biRot | andRot I1), which met their preference of water temparas, oxygen
concentrations, and food resources. However, aogprdo the Canonical Correlation
Analysis, the rotifer species, which were assodiateth Rot | and Rot Ill, were also
significantly associated with the copepod commuimityLake Pluf3see. Copepody/clops
vicinug Cyclops abyssorumandDiacyclops bicuspidatusziere predominantly associated with
the rotifersAscomorpha saltang-ilinia terminalis, Filinia longiseta andKeratella hiemalis
during the biomanipulation experiment period from 19911@04. In contrast, copepods
Eudiaptomus gracilis Mesocyclops leuckarti and Thermocyclops oithonoidesvere
predominantly associated with the rotife®scomorpha ecaudisPolyarthra major
Polyarthra remata Synchaeta pectinaté&ynchaeta oblongaand Asplanchnaspp. in other
years.Cyclops vicinusCyclops abyssorujrandDiacyclops bicuspidatuare known to prey
on a variety of rotifer species (reviewed by Bra@@D5). In accordance with our results,
Devetter (1998) reported that predation pressuf@ycfopsspp. was the main factor reducing
rotifer abundanceCyclops vicinuswas, for example, positively associated withratella
hiemalis and negatively associated wifPolyarthra major Brandl and Fernando (1978)
observed thatC. vicinus preferentially selectedAsplanchnaspp., Polyarthra spp., and
Synchaetaspp. as prey. Walz et al. (1987) observed thaulatipns of Asplanchnaspp.,
Polyarthra spp., andKeratella spp. increased markedly aft€:. vicinusinitiated summer
diapause in Lake Constance. Plalmann et al. (1f®8rd C. vicinusto feed selectively on
Synchaetapp. and to be responsible for its decline inngpm Lake Constance. Stemberger
(1985) foundDiacyclopsspp. to select soft-bodie8ynchaeta pectinatdolyarthra major
andPolyarthra rematawhile it did not select foAscomorpha ecaudi&splanchnaspp., and
Keratella spp. Diacyclops bicuspidatusvas observed to co-occur together witbratella

hiemalisandFilinia terminalis in the deeper strata of Lake Plul3see (HofmanrKaaohbeck
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1991). These rotifers probably avoided predation Gyclops vicinusthrough vertical
segregation.

Mesocyclops leuckartlso feeds on a variety of rotifer species (ree@vin Williamson
1983). M. leuckarti preyed, for example, oAsplanchnaspp.,Synchaeta pectinat@Gophen
1977) andSynchaeta oblongéarabin 1978). In contrast fd. leuckarti which needs prey
for successful development (Hansen and Santer 1B@pp et al. 1997)FEudiaptomus
gracilis and Thermocyclops oithonoiddsgave been reported to do well on algae food alone,
although both species were also found to feed difers (Santer 1994; Hopp et al. 1997,
Berger and Maier 2001).

Our findings indicate that the differences ire thotifer assemblage can primarily be
attributed to the biomanipulation experiment: Tlkduced impact of zooplanktivorous fish
enabled Cyclops vicinus Cyclops abyssorumand Diacyclops bicuspidatuso become
dominant and to exert an altered predation pressaréhe rotifer community. During that
time period these copepods exerted great influemrcéAscomorpha ecaudisPolyarthra
major, Polyarthra remata Synchaeta pectinateéSynchaeta oblongaand Asplanchnaspp,
which enabledrilinia terminalis, Filinia longiseta and Keratella hiemalisto become more
abundant. In other years, however, the former gafuptifers benefited from low numbers of
Cyclops vicinusCyclops abyssorupandDiacyclops bicuspidatuand co-occurred together
with Eudiaptomus gracilisMesocyclops leuckartiand Thermocyclops oithonoidgsvhich
probably exerted less pressure on these species.

CopepodsCyclops vicinus Diacyclops bicuspidatusco-occurred with rotifersFilinia
terminalisandKeratella hiemalis These species can be considered as cold-watelespi
contrast, co-occurring copepodfesocyclops leuckartand Thermocyclops oithonoidesnd
rotifers Ascomorpha ecaudi®olyarthra major Polyarthra remataSynchaeta pectinatand
Synchaeta oblong@refer warm water temperatures. However, our testdb not clearly

indicate that the underlying gradients of the reipe principal components represent a
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temperature gradient. Firstly, not all species @p@issociated with these principal components
have the same temperature preferences. For examwgalen-water specie®\scomorpha
saltansandFilinia longisetaand cold-water specid&eratella hiemaliswere associated with
the same principal component. Secondly, the ocooer®f cold- or warm-water species in
particular years cannot be clearly attributed tll @@ warm years, but their occurrence can
rather be ascribed to the period of the biomantmraexperiment. For that reason, we can
assume that the altered copepod community duriagotbmanipulation experiment period
primarily affected the rotifer assemblage and thataltered predation pressure superimposed
the effect of abiotic environmental changes.

Furthermore, eurytherieratella quadrataHerzig 1987; Brzins and Pejler 1989) showed
the inverse pattern of occurrence compare&doatella hiemalis K. quadrataoccurred in
significantly smaller numbers during the biomangtidn experiment than in other years. The
temporary dominance df. hiemalisin the presence o€. vicinusspp. can probably be
explained with the ability oK. hiemalisto dwell in deeper strata of the lake. In contrist
guadrata predominated in the epilimnion in Lake Plu3see fiibn 1985) and was,
therefore, more susceptible to copepod predation.

According to correlations of the second printipamponent of the rotifer dataset with
physical, chemical, and nutrient parameters, highleandances ofAscomorpha ovaljs
Keratella cochlearis tectaPolyarthra dolichopteraandTrichocercasimilis in October were
significantly associated with positive NAR-vas Warmer water temperatures, higher pH, and
higher Q concentrations from February to May. Furthermdinese species were related to
higher concentrations of NQ PQ?*, and TDP and to lower Nficoncentrations from March
to June and in October. Hence, these species behdfom warmer water temperatures,
higher oxygen concentrations, and higher nutriesicentrations.Conochilus unicornis
Polyarthra euryptera Pompholyx sulcataand Trichocerca cylindricawere linked to the

opposite range of parameters. The former grouppetiss predominantly developed high
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abundances from 2009 to 2011, while they were alliguabsent during the earlier period
from 1969 to 1996. The opposite pattern appliethélatter group of species. However as
already mentioned before, missing measurements #0869 to 2011 do not allow reliable
conclusions of the relationship between abioticiremmental parameters and ecological
preferences of rotifers, which were associated thiih principal component. Furthermore, the
nature of this gradient is difficult to deduce doethe specific composition of species being
associated with this principal component. For exdamimdicators for eutrophy dseratella
cochlearis tectgRuttner-Kolisko 1972) andrichocerca similigPejler and Brzins 1993) are
positioned on different sides of the gradient. Remnore, warm-water specidscomorpha
ovalis (Herzig 1987) was, on the one hand, negativelp@ated with warm-water species
Polyarthra euryptergRuttner-Kolisko 1972) an@onochilus unicornigElliott 1977), but, on
the other hand, positively associated with colaivstieermPolyarthra dolichoptera(Herzig
1987; Brzins and Pejler 1989).

According to the Canonical Correlation Analysistifer speciesAscomorpha ovalis
Keratella cochlearis tectaPolyarthra dolichopteraandTrichocercasimilis were positively
correlated with cladoceran speciBaphnia hyalina Daphnia hyalina x Daphnia galeata
and Daphnia cucullata x Daphnia hyalinavhich were also predominantly abundant from
2009 to 2011. Accordingly, rotifer speci€onochilus unicornis Polyarthra euryptera
Pompholyx sulcataand Trichocerca cylindricawere associated with cladoceran species
Bosmina coregoniChydorus sphaericy®aphnia cucullataandDiaphanosoma brachyurum
during the period 1969 to 1996. Many studies dertnatex! thaDaphniaare able to suppress
rotifers from “bottom-up” through exploitative comition of limiting food resources,
because threshold food levels of rotifers are higtiten those of cladocerans (e.g.,
Stemberger and Gilbert 1985, Duncan 1989; Gliwig2Q). In additionDaphniaare able to
interfere mechanically with rotifers from “top-dotvife.g., Gilbert and Stemberger 1985;

Burns and Gilbert 1986; Maclsaac and Gilbert 198nall cladocerans (e.gBosmina
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coregonj Chydorus sphaericyoften co-exist with rotifers in absence of laadocerans
(e.g.,Daphnig, because smaller species are less able to meeahigrinterfere with rotifers
and because they are less able to deplete foodroesoas effectively as large cladocerans
(Gilbert 1988).

Rotifers, however, developed various stratetpeseduce the probability of being harmed
by cladocerans and copepods (Williamson 1983; W&R5; Brandl 2005): For example,
Ascomorphapp. andConochilus unicornisiave gelatinous sheaths which increase the size of
the species. Furthermor&onochilus unicornisforms large colonies with many species,
which make it more difficult for predators to pregy them effectively. By contrast, species of
the genus Polyarthra developed efficient escape responses. Howerolyarthra
dolichoptera and Polyarthra euryptera which have similar defence mechanism, were
positioned on opposite sides of the same prinagoahponent. Hence, this rotifer species
composition makes it difficult to draw reliable abumsions from the interaction between
cladocerans and bofolyarthraspecies.

The fourth principal component of the rotifertaket was, apart fronPolyarthra
dolichoptera predominantly associated with species @sllotheca spp., Conochilus
hippocrepis Brachionus calyciflorusMonostylaspp.,Trichocerca capucinaandTrichocerca
pusilla, which only established low abundances or whichewartually absent in most years
in October.

The rotifer species diversity indices by Shan(®hannon and Weaver 1949) and Simpson
(Simpson 1949) were negatively correlated with KOs, PQ>, and TDP concentrations and
with pH from May to October. Overbeck and Chr6s®93) showed that nitrogen and
phosphorus, which are the two most important notsiéor phytoplankton growth in Lake
Plu3see, as well as,@oncentrations and pH, can serve as proxies fotoglinthetic activity
and primary production in Lake Plul3see. Hence, hsglecies diversity was probably

associated with low primary production. Howeverydo pH values can also be an indication
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for enhanced decomposition of organic material bgtéria after a more intense summer
phytoplankton bloom (Guss et al. 2000). Hence,damgnsities of decomposing bacteria,
which are consumed by rotifers, enable higher ggetiversity.

Jeppesen et al. (2000) found zooplankton speiiksess, which represents the number of
different species in an ecosystem, to decline 8agmtly with increasing TP (total
phosphorus) concentrations. Furthermore, they faunohimodal response of the Shannon-
index, which also takes the relative abundanceth@fpresent species into account, to TP
concentrations. Dodson et al. (2000) found a unehadsponse of species richness and
species diversity to trophic state. Thereby, omw fspecies dominated the community at
extremely low or extremely high resource concermnat while species richness in lakes was
high at intermediate resource concentrations. kamgle, Tilman (1987) observed a decline
in species richness in response to an experimgriaase of productivity: Only few species
responded strongly to an increase of the limitiegpurce and were able to outcompete other
species of the community which, finally, resulteda decline of species richness. Another
explanation for high species richness at interntedmoductivity levels is that species are
often not adapted to extreme environmental gragiéng., extremely low or extremely high
pH values or @concentrations). Again, only few species are &blithstand these extreme
conditions which is why highest species richnesspecies diversity can be observed at
intermediate productivity levels (Dodson 1992).

However, a unimodal response of species richrmessf species diversity to primary
production is often difficult to detect since theve#gonmental gradients (represented, e.g., by
total phosphorus concentrations) are not alwaysodeged from extremely low to extremely
high values in one ecosystem. Studies finding amodal response often analyzed a large
number of lakes ranging from oligotrophic to higldytrophic lakes (e.g., Dodson 1992) or

differing in their TP concentrations (Jeppesen.e2@00).

146



The Shannon-index and the Simpson-index of titeeezooplankton community, which
included the species of all three zooplankton gspgpowed the same pattern of correlations
with nutrient parameters as the rotifer communitis similarity can be explained with
species richness. Rotifers contributed primarilyhi® entire zooplankton community because
of their large number of different species. Funthere, rotifers displayed a strong variability
in the species occurrence in different years. Imtrest, cladocerans and copepods were only
represented by comparably few species and thebi#gaof their species occurrence was
also comparably smaller in relation to rotifers.féftunately, we could not detect significant
correlations between the species diversity indafdbe cladoceran and copepod communities
and abiotic environmental parameters. This agreea targe degree with our findings of
correlations between principal components deriveanf both communities and physical,
chemical, and nutrient parameters. Dodson et &@0QP showed in their survey that
cladocerans and copepods also responded unimadddhlyke productivity. Since cladocerans
and copepods are expected to respond similarlyffierehces in lake productivity as rotifers,
changes in the time series pattern of speciesgityendices by Shannon and Simpson of the
cladoceran and copepod communities cannot be eeplaby changes of the abiotic
environment. Species diversity changes within tlaelaceran and copepod community can
probably also be ascribed to changes in the fisingonity in Lake Pluf3see.

Generally, rotifers responded more directly bamges of physical, chemical, and nutrient
parameters than cladocerans and copepods. On tke hand, rotifers have higher
reproduction rates and shorter generation duesierfalevelopment times. Due to these life
history characteristics, species abundances, sp@umposition, and species diversity of
rotifers were more strongly related to changesefabiotic environmental conditions. On the
other hand, rotifers are smaller and less conspgtioan large cladocerans and copepods and

they were, therefore, probably only indirectly ughced by the biomanipulation experiment
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through its effect on cladocerans and copepodshimnrespect, we could demonstrate that

cladocerans and copepods exerted great influentieeaiotifer community in October.
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5 Conclusion

The aim of this PhD thesis was to examine tfecesf of inter-annual climatic variations and
trends on Lake Pluf3see, a small eutrophic lakecimeSwig-Holstein. Thereby, long-term
variability and trends of large-scale and regiomadteorological forcing parameters were
analyzed and related to abiotic and biotic envirental changes of the lake. In the first part
of our research, we investigated, therefore, tHiience of the winter-index of the North
Atlantic Oscillation (NAQyec-ma) ON regional air temperatures and wind speedst, Nex
examined their influence on the trends and theabdiiy of water temperatures, oxygen and
nutrient concentrations, and pH prior and during skratification period from the beginning
of measurements in 1969 to 2006. In the second partanalyzed the influence of these
parameters on the zooplankton community with iteghmajor zooplankton groups (rotifers,
cladocerans, and copepods) in October in particgdars from 1969 to 2011. Furthermore,
we examined whether changes in the species congosibuld also be ascribed to
interspecific competition between these groups rfdod-web alterations during the
biomanipulation experiment (1991-1994).

Our results show that Lake PluRsee experiencegbrmong-term changes of water
temperatures, pH, and concentrations of oxygen ranidents from 1969 to 2006, which
reflected long-term changes of meteorological fugciYears with a positive NAGc mar
probably affected the duration of the ice coverpgeod of the lake due to warmer air
temperatures whereas higher wind speeds enablesiter listribution of heat within the
water column in winter and early spring, and viegsa. The index was also a reasonable
proxy to describe the timing of the onset of shiGdtion, which shifted from mid-April to
beginning of April within the period of analysis. oever, we could reveal that
meteorological conditions, which occurred withisteort timeframe of about 2-3 weeks (i.e.,

warmer air temperatures and lower wind speeds)e weportant for the initiation of a stable
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water column. Hence, in some cases, the resolofiomonthly measurements is too coarse, if
the aim is to determine certain events with inteafeal data, because the crucial processes
involved for initiating a stable stratification &lplace within a short timeframe.

The timing of the onset of stratification detared the epilimnetic, metalimnetic, and
hypolimnetic temperatures and their long-term teeddring the initial weeks of stratification.
Large epilimnetic warming trends (about 3°C througihthe period of analysis) resulted from
large air temperature trends at that time and fretduced thermal energy being lost to deeper
strata in years with an earlier onset of strattfama The opposite was true for hypolimnetic
temperature trends, because colder deep water tatapes were conserved at an earlier date
in years with an earlier onset of stratificatiomefeby, we demonstrated that the hypolimnetic
temperature trends decreased significantly (by 80d&3IC throughout the period of analysis)
during the first weeks of the stratification perizdassociation with the trends towards an
earlier onset of stratification. The extent of gpiletic and hypolimnetic temperatures in
spring can also be explained by a cumulative effeetause these trends were calculated
irrespective of the timing of the onset of straafion. Again, the resolution of monthly
measurements would have been too coarse to ideh#afyeason for these large temperature
trends.

In the further course of the stratification pelki air temperatures were strongly related to
epilimnetic temperatures, while the influence ofm@vibecame less important. Although
epilimnetic temperature trends in August were samib those in spring, lake stability and
lake heat content increased more strongly in suntha@r in spring. In summer, temperature-
differences between the epilimnion and the hypoiomrare larger than in spring and also the
lake volume encompassed by the warm epilimnioanger than in spring. As a result of the
positive trends of epilimnetic temperatures, ofela#ability, and of heat content in summer
and autumn, the breakdown of stratification shiffemm beginning of November to mid-

November during the period of analysis.
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Large trends of oxygen concentrations, pH, aattient concentrations in spring and in
summer indicate more intense spring and summeroplarikton maxima. However due to
time constraints, we could not consider the phgokion community in our research. We
only used Secchi disc transparencies, oxygen coratiems, pH, and nutrient concentrations
as proxies for the phytoplankton densities or fog primary production. However, future
studies on Lake PluR3see should investigate the ositign of the phytoplankton community.
This will help comprehending our findings of thenaal cycles and the long-term trends of
oxygen, pH, and nutrient concentrations betterta@emphytoplankton species might benefit
from the observed long-term changes in Lake Plul¥saeexample, increased water column
stability and lower nutrient concentrations in suenroould favor cyanophyte blooms in Lake
Plu3see. Furthermore, an accurate identificatioth@fphytoplankton community will help to
assess the influence of different food resourceghenoccurrence of certain zooplankton
species. For example, cyanophytes are known tataffi@st herbivore species because they

avoid cyanophytes as food resource due to theingox

Despite large changes of water temperatures, gtd, concentrations of oxygen and
nutrients prior and during summer stratificatiore would ascribe the largest variability of
species occurrence within the cladoceran and capejatasets in October to predation
pressure alterations during the biomanipulation eexpent. In the course of this
biomanipulation experiment, which was performednfrd991 to 1994 in Lake Plul3see,
piscivorous fish were added and zooplanktivoroslk fwere removed to reduce the predation
pressure on the zooplankton. The Principal CompoAealysis performed on the copepod
and cladoceran communities revealed that largeeldlodopepod<yclops vicinusCyclops
abyssorumandDiacyclops bicuspidatuandlarge-bodied cladocerari3aphnia galeataand
its hybrid specieDaphnia galeatax Daphnia cucullataand Daphnia hyalinax Daphnia

galeataprobably benefited from reduced predation presbyrezooplanktivorous fish during
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the biomanipulation experiment. Before the biomalapon experiment, however, the
cladoceran community was predominantly associatéd smaller species (e.gDaphnia
cucullata and Bosmina. There are also indications of a sustainable ceffef the
biomanipulation experiment, because large-bodiedepods (e.g.Cyclops vicinus and
cladocerans OQaphnia hyalinaand its hybrid species) also reached high aburedamt
October in recent years (2009-2011). However, utehla zooplankton samples from 1997
to 2008 do not allow reliable conclusions on pdssilsustainable effects of the
biomanipulation experiment on the zooplankton comityu Furthermore, fish stocking was
only randomly evaluated in Lake Plul3see before aftet the biomanipulation experiment.
Hence, it is difficult to quantitatively assess thdluence of fish on the zooplankton
community before, during, and after the experiment.

Principal components derived from the cladocesard copepod communities were
predominantly correlated with physical, chemicall autrient parameters during the previous
winter and early spring. At this time, fish predation both zooplankton communities was
probably small. In summer and autumn, however,itflaence of an altered fish predation
pressure probably dominated the effect on the foomaof the composition of both
communities and superimposed, thereby, the infleei@biotic environmental variables. For
example, abundances Df galeata D. galeatax D. cucullatg andD. hyalinax D. galeatain
October were predominantly affected by warmer waénperatures and higher oxygen
concentrations and pH during the prior winter ardlye spring. Copepod&udiaptomus
gracilis, Mesocyclops leuckartandThermocyclops oithonoidegere also positively linked to
warmer water temperatures and higher oxygen coratents and pH during the prior winter
and early spring, but they were also linked to ¢hemrameters in late summer and autumn. In
contrast to large-bodied copepo@yclops vicinus Cyclops abyssorumand Diacyclops

bicuspidatus Eudiaptomus gracilisMesocyclops leuckartiand Thermocyclops oithonoides
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were probably influenced to a lesser extent by aliens in the fish predation pressure due to
their smaller body size.

In contrast, rotifers were indirectly affectegl the biomanipulation experiment because
alterations in the fish population primarily influged the competitors of the rotifers: With a
Canonical Correlation Analysis, we demonstrated tbifers were influenced by cladocerans
and copepods. However, due to the probably legnset and more indirect effect of fish
predation and probably also due to their higheragyction and development rates, rotifers
were significantly correlated with water temperagyrpH, and concentrations of oxygen and
nutrients throughout the stratification period.

The species diversity of the rotifer communitgsanegatively related to pH and to oxygen
and nutrient concentrations from May to October,eras N@, PQ*, and TDP
concentrations were particularly important. The aie@ association of rotifer species
diversity and these parameters, which can serygr@ses for primary production, indicate
that species diversity probably declined in respotts increasing primary production. In
contrast to the large year-to-year variability ne tspecies richness of the rotifer community,
the variability of the smaller species richnesshef cladoceran and the copepod communities
did not yield any significant correlations to aligatnvironmental variables.

Due to the strong impact of the biomanipulatgxperiment on the long-term variability of
the zooplankton community datasets, we could netrty demonstrate the impact of
environmental changes mediated by climate variatiithin the last decades on the three
zooplankton groups of Lake Plu3see. Further studlethe impact of climate warming on
zooplankton species, groups, or communities shothidrefore, try to disentangle the
influences of changing environmental parametersnfrgpecies-specific interactions. For
example, mesocosm experiments allow the simulatfaealistic environmental conditions in
an isolated system under controlled conditions,red single key factors can be changed to

analyze their impact on certain zooplankton spegesips, or communities.
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The main conclusion of our study on the longrtesffects of climatic variations on Lake
Plul3see is that the lake experienced pronouncedgekaof water temperatures, pH, and
concentrations of oxygen and nutrients since thginopeng of measurements in 1969.
Especially noticeable was the increasingly prolahggatification period, which was caused,
on the one hand, by milder winters and springs, andhe other hand, by increasingly warm
air temperatures in summer and autumn in recensy#athis respect, we could demonstrate
the effects of an earlier onset of stratificationwater temperatures in spring and we could
also show that deeper strata of the lake expertenoereasingly oxygen-reduced or even
anoxic conditions during the last weeks of stredifion in autumn as a result of a later
breakdown of stratification.

Although we detected major changes of the abietivironment within the last decades in
Lake PluRsee, we ascribed the largest variabilitthiov the zooplankton community in
October to changes of the fish predation pressaused by a biomanipulation experiment
that was performed in Lake Pluf3see from 1991 tal189this respect we could demonstrate
that rotifers, cladocerans, and copepods wererdifty affected. Due to the strong effect of
the biomanipulation experiment we were not ableléarly demonstrate the long-term effects
of changing abiotic environmental conditions on th@oplankton community of Lake
Plul3see; however, our results highlight the impuona of considering also food-web
interactions when the aim is to analyze long-teffacts of climate change on zooplankton
communities, because effects of changing spectegsaittions may superimpose the effects of

abiotic environmental changes.
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Appendix

Table Al. Rotifer, cladoceran, and copepod spefoesd in Lake Pluf3see in October. The right column

contains the abbreviations we used for figurestahtes.

D

rotifer species originial description abbrevias
Anuraeopsis fissa GOSSE 1851 Anu.fis
Ascomorpha ecaudis PERTY 1850 Asc.eca
Ascomorpha ovalis CARLIN 1943 Asc.ova
Ascomorpha saltans BARTSCH 1850 Asc.sal
Asplanchnaspp GOSSE 1850 Asp.spp
Brachionus angularis GOSSE 1851 Bra.ang
Brachionus calyciflorus PALLAS 1766 Bra.cal
Brachionus falcatus ZACHARIAS 1898 Bra.fal
Collothecaspp HARRING 1913 Col.spp
Conochilus unicornis ROUSSELET 1892 Con.hip
Conochilus hippocrepis SCHRANK 1830 Con.uni
Euchlanis dilatata EHRENBERG 1832 Euc.dil
Filinia longiseta EHRENBERG 1832 Fil.lon
Filinia terminalis PLATE 1886 Fil.ter
Gastropus stylifer IMHOF 1891 Gas.sty
Kellicottia longispina KELLICOTT 1879 Kel.lon
Keratella cochlearis cochlearis GOSSE 1851 Ker.coc
. | Keratella hiemalis CARLIN 1943 Ker.hie
& | Keratella quadrata MULLER 1786 Ker.qua
B |Keratella cochlearis tecta GOSSE 1851 Ker.tec
Lecanespp NITZSCH 1827 Lec.spp
Monostylaspp EHRENBERG 1830 Mon.spp
Lepadellaspp BORY DE ST. VINCENT 1826  Lep.spp
Platyias quadricornis EHRENBERG 1832 Pla.qua
Polyarthra dolichoptera IDELSON 1925 Pol.dol
Polyarthra euryptera WIERZEJSKI 1893 Pol.eur
Polyarthra major BURCKHARDT 1900 Pol.maj
Polyarthra remata SKORIKOW 1896 Pol.rem
Polyarthra vulgaris CARLIN 1943 Pol.vul
Pompholyx sulcata HUDSON 1885 Pom.sul
Synchaeta pectinata EHRENBERG 1832 Syn.pec
Synchaeta oblonga EHRENBERG 1832 Syn.obl
Testudinella patina HERMANN 1783 Tes.pat
Trichocerca capucina WIERZEJSKI 1893 Tri.cap
Trichocerca cylindrica IMHOF 1891 Tri.cyl
Trichocerca pusilla JENNINGS 1903 Tri.pus
Trichocerca similis WIERZEJSKI 1893 Tri.sim
Trichotria pocillum MULLER 1776 Tri.poc
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Table continued from previous page

Bosmina coregoni BAIRD 1857 Bos.cor
Bosmina longirostris MULLER 1776 Bos.lon
Ceriodaphnia quadrangula MULLER 1785 Cer.qua
@ | Chydorus sphaericus MULLER 1785 Chy.sph
g Daphnia cucullata LEYDIG 1860 Dap.cuc
8 | Daphnia galeata SARS 1863 Dap.gal
% Daphnia hyalina SARS 1862 Dap.hya
D. galeatax D. cucullata WOLF AND MORT 1986 Dap.GxC
D. hyalinax D. galeata WOLF AND MORT 1986 Dap.HxG
D. cucullatax D. hyalina WOLF AND MORT 1986 Dap.CxH
Diaphanosoma brachyurum LIEVEN 1848 Dia.bra
Eudiaptomus gracilis SARS 1863 Eud.gra
«» | Cyclops abyssorum SARS 1863 Cyc.aby
§_ Cyclops kolensis LILLJEBORG 1901 Cyc.kol
@ | Cyclops vicinus ULJANIN 1875 Cyc.vic
8 | Diacyclops bicuspidatus CLAUS 1857 Dia.bic
Mesocyclops leuckarti CLAUS 1857 Mes.leu
Thermocyclops oithonoides SARS 1863 The.oit

Table A2: Body length ranges of rotifer species #mr means used to calculate the dry weightseiRate
denotes the source of information: 1: Ruttner-Kalig1974), 2: Voigt and Koste (1978), 3: G. Maig&he

conversion factor denotes the factor used to toamsfresh weight of rotifers to dry weights.

range of species

mean species

fresh weigh€onversion dry weight

Rotifer species length (um) reference length (um)  (ug Ind) factor (ng Ind)
Anuraeopsis fissa 80-100 1 90 0.022 16.1 0.004
Ascomorpha ecaudis 130-200 1 165 0.539 9.1 0.049
Ascomorpha ovalis 100-200 1 150 0.405 9.1 0.037
Ascomorpha saltans 100-150 1 125 0.234 9.1 0.021
Asplanchnaspp 600-700 2 650 63.164 2.8 1.769
Brachionus angularis 100-200 1 150 0.405 16.1 0.065
Brachionus calyciflorus 200-500 1 350 5.145 9.1 0.468
Brachionus falcatus 200-400 1 300 3.240 9.1 0.295
Collothecaspp 100-500 1 300 0.142 9.1 0.013
Conochilus unicornis 250-1300 2 775 2.015 9.1 0.183
Conochilus hippocrepis 410-800 2 605 1.573 9.1 0.143
Euchlanis dilatata 100-200 2 150 0.338 16.1 0.054
Filinia longiseta 70-250 1 160 0.532 9.1 0.048
Filinia terminalis 70-250 1 160 0.532 9.1 0.048
Gastropus stylifer 100-250 1 175 1.072 16.1 0.173
Kellicottia longispina 400-800 1 126 0.060 32.3 0.019
Keratella cochlearis cochlearis 126 3 100 0.020 32.3 0.006
Keratella hiemalis 200 1 200 1.760 16.1 0.283
Keratella quadrata 100-300 1 200 1.760 16.1 0.283
Keratella cochlearis tecta 82-120 2 101 0.021 32.3 0.007
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Table continued from previous page

Lecanespp 100
Monostylaspp 100
Lepadellaspp 100
Platyias quadricornis 200-350
Polyarthra dolichoptera 90-120
Polyarthra euryptera 180-200
Polyarthra major 150-170
Polyarthra remata 50
Polyarthra vulgaris 100-150
Pompholyx sulcata 100
Synchaeta pectinata 300-500
Synchaeta oblonga 250
Testudinella patina 100-250
Trichocerca capucina 197
Trichocerca cylindrica 214
Trichocerca pusilla 82
Trichocerca similis 160
Trichotria pocillum 200-350

wawwHHHHHHHHHHNNN

100
100
100
275
105
190
160
50

125
100
400
250
175
197
214
82

160
275

0.120
0.120
0.120
2.496
0.324
1.921
1.147
0.035
0.547
0.150
6.400
1.563
0.429
0.502
0.500
0.079
0.216
2.496

16.1
16.1
9.1
16.1
9.1
9.1
9.1
9.1
9.1
16.1
9.1
9.1
16.1
16.1
16.1
16.1
16.1
16.1

0.019
0.019
0.011
0.402
0.029
0.175
0.104
0.003
0.050
0.024
0.582
0.142
0.069
0.081
0.080
0.013
0.035
0.402

Table A3: Body length ranges of cladoceran speaies their means used to calculate the dry weidasly

lengths were obtained by G. Maier. Reference denitite source of information from which we obtairild
regression formula: 1: Bottrell et al. (1976), 2irBont et al. (1975).

) range of species mean species dry weig
Cladoceran species reference )
length (um) length (um) (1g Ind)
Bosmina coregonjjuveniles) 200-420 1 310 0.625
Bosmina coregonffemales without eggs) 280-970 1 625 5.265
Bosmina coregonffemales with eggs) 280-970 1 625 5.265
Bosmina coregonjmales) 200-420 1 310 0.625
Bosmina coregonffemales with ephippia) 280-970 1 625 5.265
Bosmina longirostrigjuveniles) 290-360 1 325 0.721
Bosmina longirostrigfemales without eggs) 320-450 1 385 1.207
Bosmina longirostrigfemales with eggs) 320-450 1 385 1.207
Bosmina longirostrigmales) 290-360 1 325 0.721
Bosmina longirostrigfemales with ephippia) 320-450 1 385 1.207
Ceriodaphnia quadrangul§uveniles) 270-460 2 365 0.448
Ceriodaphnia quadranguléfemales without eggs) 340-650 2 495 1.240
Ceriodaphnia quadranguléfemales with eggs) 340-650 2 495 1.240
Ceriodaphnia quadrangulémales) 270-460 2 365 0.448
Ceriodaphnia quadranguléemales with ephippia) 340-650 2 495 1.240
Chydorus spaericu§uveniles) 160-340 2 250 0.385
Chydorus spaericuffemales without eggs) 160-340 2 250 0.385
Chydorus spaericufemales with eggs) 160-340 2 250 0.385
Chydorus spaericu@nales) 160-340 2 250 0.385
Chydorus spaericufemales with ephippia) 160-340 2 250 0.385
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Daphnia cucullatgjuvenile stage 1)

Daphnia cucullatgjuvenile stage 2)

Daphnia cucullatgadult stage 1)

Daphnia cucullatgadult stage 2)

Daphnia cucullataadult stage 3)

Daphnia cucullatamales)

Daphnia cucullatafemales with ephippia)
Daphnia galeatgjuvenile stage 1)

Daphnia galeatgjuvenile stage 2)

Daphnia galeatgadult stage 1)

Daphnia galeatgadult stage 2)

Daphnia galeatgadult stage 3)

Daphnia galeatgmales)

Daphnia galeatgfemales with ephippia)
Daphnia hyalinajuvenile stage 1)

Daphnia hyalinajuvenile stage 2)

Daphnia hyalina(adult stage 1)

Daphnia hyalina(adult stage 2)

Daphnia hyalina(adult stage 3)

Daphnia hyalina(males)

Daphnia hyalina(females with ephippia)

. galeatax D. cucullata(juvenile stage 1)

. galeatax D. cucullata(juvenile stage 2)

. galeatax D. cucullata(adult stage 1)

. galeatax D. cucullata(adult stage 2)

. galeatax D. cucullata(adult stage 3)
galeatax D. cucullata(males)

. galeatax D. cucullata(females with ephippia)
. hyalinax D. galeata (juvenile stage 1)

. hyalinax D. galeata (juvenile stage 2)
hyalinax D. galeata (adult stage 1)

. hyalinax D. galeata (adult stage 2)

. hyalinax D. galeata (adult stage 3)
hyalinax D. galeata (males)

. hyalinax D. galeata (females with ephippia)
. cucullatax D. hyalina (juvenile stage 1)

. cucullatax D. hyalina (juvenile stage 2)

. cucullatax D. hyalina (adult stage 1)

. cucullatax D. hyalina (adult stage 2)

. cucullatax D. hyalina (adult stage 3)

. cucullatax D. hyalina (males)

. cucullatax D. hyalina (females with ephippia)
Diaphanosoma brachyurum (juveniles)
Diaphanosoma brachyurum (females without eggs
Diaphanosoma brachyurum (females with eggs)
Diaphanosoma brachyurum (males)

O0O0D0D00D0D0D0D0D00D0D0D0D00000O0

)

Diaphanosoma brachyurum (females with ephippi

R)

400-700
700-1000
100-1300

1300-1600
1600-1900
700-1000

1600-1900

400-700
700-1000
100-1300

1300-1600
1600-1900
700-1000

1600-1900

400-700
700-1000
100-1300

1300-1600
1600-1900
700-1000

1600-1900

400-700
700-1000
100-1300

1300-1600
1600-1900
700-1000
1600-1900
400-700
700-1000
100-1300
1300-1600
1600-1900
700-1000
1600-1900
400-700
700-1000
100-1300
1300-1600
1600-1900
700-1000
1600-1900
370-610
640-1200
640-1200
370-610
640-1200

rFPrrrrPr P rRrrr PR RrRrPrPLE PR R RrRPR

NNNNNRpRRpRRRPRPRRRRRRPR

550
850
1150
1450
1750
850
1750
550
850
1150
1450
1750
850
1750
550
850
1150
1450
1750
850
1750
550
850
1150
1450
1750
850
1750
550
850
1150
1450
1750
850
1750
550
850
1150
1450
1750
850
1750
490
920
920
490
920

0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.800
2.741
6.446
12.420
21.144
2.741
21.144
0.577
3.936
3.936
0.577
3.936
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Table A4: Body length ranges of copepod speciesthatt means used to calculate the dry weights.yBod

lengths were obtained by G. Maier. “C” refers te ttopepodite stage, whereas the Roman numeralsedingo

respective stage. Reference denotes the souraéoofiation from which we obtained the regressiamifala: 1:
Culver et al. (1985), 2: McCauley (1984), 3: Bdttet al. (1976).

) range of species mean species dry weig
Copepod species length (um) reference length (um) (ug Ind)
calanoid nauplia 140-480 1 310 0.405
cyclopoid nauplia 110-420 1 265 0.297
Eudiaptomus graciligC 1) 420-630 2 525 0.806
Eudiaptomus graciligC I1) 510-830 2 670 1.400
Eudiaptomus graciligC I11) 690-990 2 840 2.336
Eudiaptomus graciligC 1V) 830-1170 2 1000 3.466
Eudiaptomus graciligC V) 870-1230 2 1050 3.871
Eudiaptomus graciligfemales without eggs) 1070-1580 2 1325 6.554
Eudiaptomus graciligfemales with eggs) 1070-1580 2 1325 6.554
Eudiaptomus graciligmales) 1010-1510 2 1260 5.849
Cyclops abyssorurfC 1) 420-660 3 540 2.223
Cyclops abyssorurfC I1) 540-920 3 730 4.440
Cyclops abyssorurfC 111) 640-1030 3 835 6.044
Cyclops abyssorurfC 1V) 750-1340 3 1045 10.113
Cyclops abyssorurfC V) 870-1770 3 1320 17.286
Cyclops abyssorurgfemales without eggs) 1060-1900 3 1480 22.475
Cyclops abyssorurffemales with eggs) 1060-1900 3 1480 22.475
Cyclops abyssorutfmales) 770-1450 3 1110 11.615
Cyclops kolensiéC 1) 420-660 3 540 2.223
Cyclops kolensiéC I1) 540-920 3 730 4.440
Cyclops kolensiéC 1) 640-1030 3 835 6.044
Cyclops kolensiéC 1V) 750-1340 3 1045 10.113
Cyclops kolensiéC V) 870-1770 3 1320 17.286
Cyclops kolensiffemales without eggs) 1060-1900 3 1480 22.475
Cyclops kolensiffemales with eggs) 1060-1900 3 1480 22.475
Cyclops kolensiémales) 770-1450 3 1110 11.615
Cyclops vicinugC I) 420-660 3 540 2.223
Cyclops vicinugC II) 540-920 3 730 4.440
Cyclops vicinugC Il1) 640-1030 3 835 6.044
Cyclops vicinugC V) 750-1340 3 1045 10.113
Cyclops vicinugC V) 870-1770 3 1320 17.286
Cyclops vicinugfemales without eggs) 1060-1900 3 1480 22.475
Cyclops vicinugfemales with eggs) 1060-1900 3 1480 22.475
Cyclops vicinugmales) 770-1450 3 1110 11.615
Diacyclops bicuspidatu€C 1) 300-460 3 380 0.401
Diacyclops bicuspidatugC I1) 360-510 3 435 0.544
Diacyclops bicuspidatuC 111) 380-680 3 530 0.850
Diacyclops bicuspidatugC 1V) 480-910 3 695 1.566
Diacyclops bicuspidatugC V) 510-110 3 805 2.182
Diacyclops bicuspidatugemales without eggs) 660-1390 3 1025 3.765
Diacyclops bicuspidatugemales with eggs) 660-1390 3 1025 3.765
Diacyclops bicuspidatugnales) 510-1070 3 790 2.092
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Table continued from previous page

Mesocyclops leuckartC 1)

Mesocyclops leuckarC II)

Mesocyclops leuckar{C I11)

Mesocyclops leuckar{C 1V)

Mesocyclops leuckar{C V)

Mesocyclops leuckart{females without eggs)
Mesocyclops leuckar{females with eggs)
Mesocyclops leuckar{males)

Thermocyclops oithonoid€€ 1)
Thermocyclops oithonoid€€ 11)
Thermocyclops oithonoid€€ 111)
Thermocyclops oithonoid€€ 1V)
Thermocyclops oithonoid€€ V)
Thermocyclops oithonoidéfemales without eggs)
Thermocyclops oithonoidé¢females with eggs)
Thermocyclops oithonoidémales)

300-460
360-510
380-680
480-910
510-110
660-1390
660-1390
510-1070
300-460
360-510
380-680
480-910
510-110
660-1390
660-1390
510-1070

wwwww

380
435
530
695
805
1025
1025
790
380
435
530
695
805
1025
1025
790

0.401
0.544
0.850
1.566
2.182
3.765
3.765
2.092
0.401
0.544
0.850
1.566
2.182
3.765
3.765
2.092
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Table A5. Correlations of factor scores of the 2ankton communityZo0) in October with factor scores of the

physical and chemical (left) and of nutrient partare (right) from February to Octoberpx0.05, ** p<0.01,

*** 1<0.001. The Roman numerals indicate the respectie P

Zool Zooll Zoolll ZoolV Zool Zooll Zoolll ZoolV
0 g |PCI |-0.01 -0.44 0.79+ 0.67+ 2 |PCI -0.35 -0.36 0.07 0.43
Q| WL |PCIl |-0.66* 0.57 -0.23 0.09 L ipCl -0.39 0.20 0.76 0.52
8 5 |PCI 0.28 -0.63+ 0.61* 0.64+ 5 | PCI 0.33 -0.69 0.61* 0.52
S| =|PCll |-057 0.21 -0.55 0.45 » = [PCII -0.71* 0.52 0.19 0.41
g 5 |PCI 0.33 -0.84~ 0.54 0.25 21 5| PCI 0.44 -0.68 0.34 0.31
§ < |PCIl |-0.23 -0.06 -0.17 -0.02 g < |PC I -0.64+ 0.46 0.19 0.45
€ z | PCI 0.32 -0.45 0.7%# 0.07 g z| PCI 0.06 -0.38 0.52 0.68
% = |PCIl |-0.32 -0.18 0.02 0.7 S = |PCII -0.83»+ 0.75= -0.08 0.42
o | § PCIl | -0.55 0.31 0.17 0.32 S| S PC I 0.17 -0.47 105 0.51
S| |PCl | 052 -0.35 0.76  -0.29 E| " |PCI 0.48 -0.15 0.46 -0.14
Tg = |PCI 0.45 -0.52 0.7¢% -0.02 E = | PCI 0.24 -0.33 0.60 0.35
g 2 |PCIl |-0.22 -0.06 0.48 0.50 8 2 |PCI -0.45 0.00 -0.05 0.7%
5|2 PC I 0.02 -0.06 0.65 0.36 o2 PCI 0.04 -0.22 0.58 0.52
s [ < |PCll | 0.26 -0.03 0.03 -0.25 &l Z|pc -0.74* 0.66* -0.03 0.27
8 F|PCI |-0.14 -0.03 0.54 0.51 & PC I 0.05 -0.22 70.5 0.50
al|viPCll | 0.26 0.08 -0.14 -0.45 »nPCIl -0.85++ 0.74= -0.09 0.32
5 |PCIl | -0.44 0.26 0.29 0.61 5 | PCI 0.08 -0.16 0.47 0.42
O |pcu | 020 -0.22 0.16 0.06 O |pcl -0.90~ 0.77= -0.28 0.35

Table A6. Correlations of factor scores of the festicommunity Rof in October with factor scores of the
physical and chemical (left) and of nutrient pargere (right) from February to Octoberp0.05, ** p<0.01,

*** n<0.001. The Roman numerals indicate the respectie P

Rotl __ Rotll__ Rotlll _ RotlV Rotl __ Rotll_ Rotlll _ RotlV
o| §[PCI [ 010 -06r 068 -0.12 os[PCI | -030 038 044 011
@ |L |PCll |-067* 052 000  -0.37 L|PCll_ [-031  -013 053  -045
g g|PCl [031 072 053 0.06 5| PCl | 047 -078 074~ 022
S|Z|pCll [-052 034 004 -0.78 o | Z|PCIl_|-066 037 034  -0.06
S 5|[PCl [ 050 -087 056 0.18 @[ 5[ PCI | 055 064 067+ -0.14
g | <|PCIl |-017 005 005  -0.23 e | <|PCll_ |-059 035 044  -0.23
€[z |PCI | 041 063 040  06% S Z[PCr [ 013 053 086 -0.08
£l =|PCll|-021 018 056  -0.65 S| =|PCll|-089~ 054 014  -0.35
- | s[PCT [-043 012 051  -0.09 S[c| PCI| 028 -0:59 0.89~ 0.1
§|™|PCll| 056 050 020 061 S|S|PCI_|035 025 -016 053
S [s[PCI [049 -06r 016 0.36 E[g|PCI | 031 -049 084 011
@ |2 |PCI|-009 -027 086 -0.08 5|2 |pci|-044 001 026  -0.33
£ o[pPCl [009 031 o088 001 S[o[PCl | 012 044  09% -0.02
< | < |PCIl| 017 002 -023  -0.01 o | Z|pcu_ |-077+ 045 001  -0.10
gl §[PCi[-004 023 088 -0.10 SPClI | 015 -042 098 -0.09
@ | |Pcl | 0.19 0.06 003 042 ®|PCIl__|-0.82+ 0.54 011  -0.38
g |[PCI |-042 012 048  -0.39 5| PCI| 012 034 6018 001
Olpci | 025 028 062 025 OlpPcil_|-090+ 0.62* 012  -0.44
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Table A7. Correlations of factor scores of the ajire cladoceran communityClad), b) juvenile stages of
cladocerans(lad J, and c) adult stages of cladocera@fafl A in October with factor scores of the physical
and chemical (left) and of nutrient parametershfjigrom February to October. p<0.05, ** p<0.01, ***

p<0.001. The Roman numerals indicate the respectie P

a) Cladl __ Cladll__ Cladlll Cladl __ Cladll__ Cladlll
o] S [PC1 [ 036 0.17 0.72 sPCI [ 06+ -022 017
@Y% |PCll |-024 033  -0.16 L |PCll_ [-022 075  0.49
g g|PCT [ 036 -018 070* 5| PCI | 059 003 0.49
S| =|PCcll | 039 -010  -0.14 o|=|PCIl_|-014 041 0.07
&[5 [PCI [ 069 -009 053 @[ 5[ PCl | 061 -021 022
| <|PCIl | 044 010  -0.16 €| <|Pcll_ |-009 038 0.10
€[z |PCI | 0.16 0.17 0.38 Sz PCI| 031 011 036
£|=|pCl| 055 -018 027 S| =|pCll|-042 033  -0.02
< | 5 [PCT [ 010 037  -0.19 Slc| PCI| 041 -014 026
S| ™ |Pcl|-019 037 0.20 S|™|PClIl_ |-050 -004 039
g [s [PCT [ 002 0.28 0.58 g[s[pcT [o11 0.02 0.20
@ |2 |PCil| 019 0.20 0.14 5|>|pCll_| 041 013 031
£l o[PCl [-015 029 0.18 S[=| PCI| 010 o007 0.20
s | < |PCIl [-033 0.0 0.12 Ol Z|pcui |-035 040  -0.09
gl g[pPci | 006 0.31 0.13 S| PCI| 010 013 0.17
C|¥|PCll |-024 -018  -052 “w|pCcll_|-029 056  -0.21
g [PCI |-011 028 0.30 5| PCl| 002 001 010
Olpci 022 031  -0.19 Olpci |-021 034  -0.28
b) Clad JI__Clad JIl_Clad JIl Clad JI__Clad JIl__Clad JIII
o] §[PCT [ 018 021 074 SPCI | 0.6F -0.20 0.15
gL |PCll |-033 038  -0.05 L |PCIl_[-047 034 0.75
g g|PCl [ 025 055  0.64 5 |PCI | 041 023 0.52
S| =|PCll | 0.44 006  -0.01 o|=|PCll_|-018  0.33 0.29
& 5[PCI [ 056 031 045 @[5 PCI| 053 029 0.16
| <|PCll | 046  -001  -0.14 £ <|Pcll |-014  0.28 0.30
€[z [PCI | 001 -004 042 Sl z| PCI| 024 032 0.35
£|=|pcu|o054 023  0.28 S| =|PCll_|[-040  0.25 0.10
= | g [PCT [ 007 0.46 0.06 Slc| PCI| 035 -024 0.21
S| ™ |Pcl |-037 015 0.26 S| ™ |PCll |-045  -0.37 0.27
g [s[PCI [-023 009 057 E[s[ Pci| o006 -0.14 0.19
@ |2 |PCll| 013 0.12 0.25 5|>|pCll | 037 -023 0.38
£ o[PCl [-023 008 0.26 8[| PCI| 004 -0.10 0.24
< | < |PCIl |-037 012  -0.02 @l Z|pcu [-036 036 0.13
glg[PCi [-002 014 031 S| PCI| 002 -004 0.23
C|%|PCll [-014 006  -0.61 “|PCll_|-033 056 0.10
g |[PCI |-0.13 004 044 5| PCI| 001  -013 0.08
Olpcii|030 -014  -0.33 Olpcil |-019 044 -0.06
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Table continued from previous page

c) Clad AI__Clad All__Clad Alll Clad Al__Clad All__Clad Alll
o] g[PCI [ 031 0.45 0.55 s PCI| 073 -0.19 0.23
@|[L|PCll|[-017 019  -0.29 L |PCll_[-0.30  0.86~  0.08
g g|PCl [ 027 0.15 0.65 5 |PCI | 054 021 0.41
S|Z|pcn 039 017 011 o | = |PCIl_|-010  0.30 -0.13
S| 5[pPCl [ 061 013 0.53 s[5 PCI| 068 -013 0.27
| <|PCIl | 047 012 012 | <|PCll_|-004  0.28 -0.10
€[ z[PCI | 0.09 0.33 0.32 Sz PCI| 030 001 0.31
£l =|PCl| 050 -0.04 0.32 S| =|pCll_|-040  0.27 -0.18
- | g [PCT [ 011 020  -0.30 S[c| Pci| 042 005 0.27
S| ™ |PCll |-021 042 0.04 E| 2 |PCll_|-058 015 0.34
g [=[PCI [-005 055 0.45 E[35]| PCI| 012 0.06 0.15
@ |2 |PCi| 017 0.22 0.06 5|2 |pCll | 041 -0.05 0.26
£ o[PCl [-016  0.29 0.03 8|2 PCI| 010 010 0.11
< | < |PCIl |-033 0.8 0.13 Gl Z|pcu |-034 028 -0.28
4| §[PCi ] 006 026  -0.05 s PcI| o011 0.14 0.06
C|®|PCll [-012 045  -0.43 »|pCcll_|-028 037 -0.43

g |[PCI |-0.15  0.35 0.14 5| PCI| 006  -0.03 0.04

Olpci | 030 040  -0.05 O|pcui |-016 012 -0.43

Table A8. Correlations of factor scores of ther@jre copepod communityCop), b) copepodite stage€gp O,

and c) adult stages of copepo@®p A in October with factor scores of the physical @hémical (left) and of

nutrient parameters (right) from February to Octobg<0.05, ** p<0.01, *** p<0.001. The Roman numerals

indicate the respective PC.

a) Copl Copll Copl Copll
o] g[PCI [-0.32 -0.57 2] PCI -0.14 -0.31
| L |PCll| 033 -0.51 L |pPCll | -0.08 -0.85
g 5|[PCI [-055 -0.47 5| PCI -0.44 -0.38
S| =|PCll | 0.31 -0.11 o | Z|PCIl | 043 -0.63
8 s [PC1 [-0.29 0.02 gl 5] PCl -0.42 -0.16
S| <|PCll | 0.30 -0.08 2l <|pci | 0.36 -0.72+
€| >|PCI [-020  -0.02 Slz|Pcr | 021 064
% = |PCIl | 0.28 -0.24 S| =|PCIl_| 059 -051
5| £|PCI | 057 -0.10 S| s| PCI -0.13 -0.35
&| ™ |PCll |-0.48 -0.10 5|2 |PCll |-0.40 -0.06
% |5 |PCI [-05% -0.18 § = | PCI -0.13 -0.38
% | |PCIl | 035 -0.24 S| ™ |PCll_|-0.07 -0.63
£ | =|pPCci | 0.08 -0.48 ol 2| PCI -0.03 -0.53
< | <|PCIl |-0.24 -0.07 @l Z|pcn | 044 -0.47
a| g|pci | 0.10 -0.54 2 PCI -0.04 -0.54
a9 |PCIl |-0.10 0.05 O |PCIl | 0.61r -0.43

5 [PC1 | 0.30 -0.49 5| PCI -0.05 -0.53

O |pcil | 0.10 0.09 O lpcl 0.67+ -0.46
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Table continued from previous page

b) Cop ClI Cop Cll Cop ClI Cop Cll
o] g[PCI |-0.20 -0.59 2] PCI| -0.03 -0.38
| L |PCil| 038 -0.45 L |pCll | 0.01 -0.83
g g|PCI [-0.49 -0.54 5| PCI| -0.38 -0.37
S| =|PCll | 027 -0.04 o | = |PCll | 053 -0.67%
ol 5[PCI [-0.26 0.02 gl 5| PCI| -0.39 -0.13
S| <|PCll | 0.28 0.01 g <|Pcl | 0.48 -0.72+
€| z|PCI [-015  -0.09 Sl z| Pci] 014 088
% = |PCIl | 0.33 -0.19 2| = |PCIl | 066+ -0.50
5| S|PCI | 057 -0.10 S| <] pci| -007 -0.37
& |2 |PCll |-0.47 -0.14 5|2 [PCll |-038 -0.16
T |5 |PCI [-053 -0.19 Els]| PCI| -0.08 -0.40
% | |PCIl | 0.39 -0.24 S| ™ |PCll | 001 -0.64
£| =2|PCl | 014 -0.48 ol 2| PCI| 002 -0.55
< | < |PCll |-0.23 -0.02 @1 Z|pcu | 048 -0.49
gl g|PCl | 015 -0.54 2 PCI| 0.01 -0.54
g | 9D|PCll |-0.14 0.00 W IPCIl | 063 -0.40
5 [PC1 | 0.37 -0.45 5| PCI| o0.01 -0.55
Olpci| 012 0.05 Olpcil | 071 -043
C) Cop Al Cop All Cop Al Cop All
o | g[PCI [-0.39 0.11 o[ PCI| -0.47 0.78
| L |PCIl| 047 -0.08 L |PCIl | 017 -0.31
g g|PCI [-053 0.13 = | PCI| -0.46 0.15
S| =|PCll | 0.18 0.56 o | = |PCIl | 031 0.24
8 s [PC1 [-0.52 0.15 gl 5] PCI| -052 0.22
S| <|PCll | 019 0.23 g <|pcll | 0.28 0.15
€| >|PCI [-021  -0.05 Sl x| PCl 021 0.28
% = |PCIl |-0.03 0.44 S| =|PCll | 053 0.11
5| £|PCI | 032 0.53 S| s| PCI] -0.29 0.29
g2 |PCll |-0.22 -0.40 E| ™ |PCll |-0.06 -0.60
T |5 [PCI [-0.46 -0.45 § = | PCI| -0.14 0.04
% | ” |PCIl | 0.09 0.31 S| ™ |PCll [-0.13 0.52
£ | =|pPCci [ 019 -0.12 O|2]| PCI| -0.04 0.18
«< | < |PCll | 013 -0.65 &1 Z|pcl | 055 0.21
a| g|pci | 0.06 0.21 2 PCI| -0.05 0.14
| D|PCll | 013 0.00 “IPCIl | 061 027
5 |[PC1 | 0.27 0.00 5| PCI| -0.06 0.14
O lpcll |-0.16 0.32 OlpCcll | 063 0.37
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