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Summary

SUMMARY

There is now a good evidence of ecological impacts of recent climate change on
ecosystems worldwide. A major challenge in climate change research on phytoplankton
succession is to understand the multiple factors, which drive ecological changes in
phytoplankton communities. Increasing sea surface temperature is likely to alter
phytoplankton bloom dynamic, phenology and community structure. Recent studies on
the global primary production showed decline in size and productivity of marine
phytoplankton in relation to climate warming. Reorganisation of phytoplankton
community with warming can change community interactions and energy flow through
the whole marine food web.

The aim of this study was to examine the impact of light and temperature on the
spring phytoplankton bloom and disentangle direct and indirect effects of warming on
phytoplankton. I conducted two indoor mesocosm experiments with the natural winter
plankton community from the Kiel Bay, Baltic Sea. In the first experiment the combined
effects of the factors light and temperature were tested and in the second experiment the
factors temperature and zooplankton density were crossed. Additionally, I also included
the data from four earlier experiments performed with the same experimental system in
a metaanalysis on the effects of warming on primary productivity and an analysis of the
pathways between temperature, diversity and productivity of phytoplankton.

In the first chapter of this thesis, I described the results of performed metaanalysis
and presented the interactions between temperature, phytoplankton diversity and primary
productivity. This analysis allowed me to expand an earlier experimental work on the
overall effects of warming on phytoplankton succession. I found a general direct positive
temperature effect on the specific primary productivity and an independent positive effect
of phytoplankton species richness on the net and specific primary productivity.
I concluded, that there are other factors than temperature (e.g. grazing, nutrient
limitation), which might affect phytoplankton diversity and change diversity-productivity
relationship.

My experimental work, presented in chapters 2 and 3, focused on combined light
and temperature or consumer density and temperature impacts on the phytoplankton
succession. Overall, the phytoplankton bloom started earlier in warmer conditions.
Surprisingly, light intensity within the range studied (32 to 64% of sea surface irradiance

on cloudless days) had only a weak effect on phytoplankton bloom phenology and
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community composition, whereas the temperature effects were stronger. In general,
I observed a decline of phytoplankton standing biomass and a decline in phytoplankton
size with warming, which effects were related to increased grazing pressure under higher
temperature. Higher consumer activity changed community composition and dominance
of phytoplankton species and increased phytoplankton diversity (richness and evenness).
In the chapter 3, I show that warming can shift community composition of copepods, the
main phytoplankton grazers. Furthermore, the identity of copepods could be meaningful
for changes in phytoplankton diversity. Thus, I suggested that the species specific
interactions might be crucial to understand changes in phytoplankton community in
response to climate warming.

To summarize my experimental studies and data analyses, I developed
a conceptual model of temperature impacts on biotic interactions in marine plankton. In
this model temperature can directly act on specific primary productivity and indirectly
(via consumers) affect phytoplankton biomass and diversity. I concluded that the primary
productivity in marine pelagic ecosystem depends on the relative strength between direct
and indirect temperature effects and on the consumer-producer interactions.

My work, described in this thesis, highlights the importance of the complex
studies on phytoplankton community for understanding ecological processes in aquatic
ecosystems and their response to predicted climate warming. This complexity might be
achieved by combining field work with experimental studies and testing multiple factors,

which affect phytoplankton community.
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ZUSAMMENFASSUNG

Es gibt heutzutage ecindeutige Beweise fiir die Auswirkungen der
Klimaverinderung auf Okosysteme weltweit. In Bezug auf die Erforschung der Folgen
des Klimawandels fiir die Phytoplanktonsukzession ist es wichtig, die multiplen Faktoren
zu verstehen, die die Okologischen Verdnderungen in der Phytoplanktongemeinschaft
steuern. Ansteigende Temperaturen der Meeresoberfliche konnen Phénologie, Dynamik
und Gemeinschaftsstruktur der Phytoplanktonbliite beeinflussen. Aktuelle Studien iiber
die globale Primérproduktion haben gezeigt, dass Produktion und GroBe des
Phytoplanktons mit der Erwdrmung des Klimas abnehmen. Eine Reorganisation der
Phytoplanktongemeinschaft durch die Erwdrmung kann die Interaktionen mit anderen
trophischen Ebenen und den Energiefluss durch das gesamte marine Nahrungsnetz
beeinflussen.

Das Ziel dieser Studie war, den Einfluss von Licht und Temperatur auf die
Friihjahrsbliite des Phytoplanktons zu untersuchen und die direkten und indirekten
Effekte der Erwdrmung auf das Phytoplankton voneinander zu trennen. Ich habe zwei
Indoor-Mesokosmenexperimente (2008 und  2009) mit den  natiirlichen
Friihjahrsplanktongemeinschaften aus der Kieler Forde (Ostsee) durchgefiihrt. Wéhrend
des ersten Experiments waren die Faktoren Licht und Temperatur und wihrend des
zweites Experiment die Faktoren Temperatur und Zooplanktondichte getestet. Zusitzlich
habe ich die Daten aus vier vorherigen Experimenten (2005-2007) benutzt, die mit
demselben Mesokosmensystem durchgefiihrt worden waren, um eine Metaanalyse der
Erwarmungseffekte auf die Primdrproduktion durchzufithren und die Abhéngigkeit
zwischen Temperatur, Diversitit und Produktivitit des Phytoplanktons zu testen.

In dem ersten Kapitel dieser Doktorarbeit werden die Ergebnisse der Metaanalyse
vorgestellt und die Interaktionen zwischen Temperatur, Phytoplanktondiversitit und
Primérproduktion beschrieben, um die generelle Effekte der Erwdrmung auf die
Phytoplanktongemeinschaften zusammenzufassen und die experimentelle Arbeit
erweitern. Ich habe einen generellen direkten positiven Temperatureffekt auf die
spezifische Primérproduktion gefunden und einen davon unabhingigen positiven Effekt
der Artenanzahl des Phytoplanktons auf die spezifische und Nettoprimirproduktion.
AulBlerdem konnte ich feststellen, dass es auBler der Temperatur andere Faktoren (z. B.

Fradruck  der  Konsumenten,  Néhrstofflimitierung)  gibt,  welche  die
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Phytoplanktondiversitit sogar stirker beeinflussen konnen und wodurch sich die
Interaktion zwischen Diversitit und Produktivitit dndert.

Der Schwerpunkt meiner experimentellen Arbeit (Kapiteln 2 und 3) lag auf der
Kombination der Temperatureffekte mit den Lichteffekten bzw. mit den
FraBdruckeffekten auf die Phytoplanktonsukzession. Generell hat die Algenbliite unter
wirmeren Bedingungen frither angefangen. Lichtintensitidt innerhalb des getesteten
Bereichs (von 32 bis 64% der Oberflacheneinstrahlung an wolkenlosen Tagen) hatte
einen unerwartet geringen Effekt auf die Phinologie der Phytoplanktonbliite und
-zusammensetzung. Gleichzeitig waren die Temperatureffekte stirker. Generell habe ich
unter wirmeren Bedingungen geringere Biomasse und kleinere Grofen des
Phytoplanktons gemessen. Diese Effekte konnten mit einer erhdhten FraBaktivitit des
Zooplanktons verbunden sein. Die hohe FraBaktivitit der Phytoplanktonkonsumenten hat
die Zusammensetzung und Dominanzstruktur des Phytoplanktons verdndert und die
Phytoplanktondiversitit (Artenzahl und Gleichverteilung) erhoht. Ich habe gezeigt, dass
die Erwdrmung die Zusammensetzung der Copepoden, den wichtigsten
Phytoplanktonkonsumenten, beeinflussen kann. AuBerdem kann die Identitidt der
Copepoden fiir die Verdnderungen der Phytoplanktondiversitdt eine Rolle spielen. Ich
schlage deshalb vor, dass artspezifische Interaktionen sehr wichtig sein kdnnen, um den
Einfluss des Klimawandels auf die Phytoplanktongemeinschaften zu verstehen.

Meine experimentellen Studien und Datenanalysen zusammenfassend, habe ich
am Ende der Arbeit ein konzeptionelles Model erstellt, welches Temperatureinflusse auf
die biotischen Interaktionen innerhalbes Meeresplanktons beschreibt. In diesem Model
hat die Temperatur einen direkten Einfluss auf die spezifische Primérproduktivitdt und
einen indirekten Einfluss (durch den Fraf3druck) auf die Biomasse und Diversitdt des
Phytoplanktons. Ich bin zu dem Schluss gekommen, dass die Priméirproduktivitit in den
pelagischen Meeresdkosystemen von der relative Stirke der direkten und indirekten
Temperatureffekten und von den Konsumenten-Produzenten Interaktionen abhéngig ist.

Die Ergebnisse meiner Arbeit, die ich hier vorlege, unterstreichen die Wichtigkeit
von komplexen Phytoplanktonstudien, um die Effekte der vorhergesagten
Klimaerwirmung auf die o6kologischen Prozesse in aquatischen Okosystemen zu
verstehen. Diese notwendige Komplexitit konnte durch die Kombination von Feldstudien
mit Laborexperimenten, welche multiple Faktoren auf die Phytoplanktongemeinschaft

beriicksichtigen, erreicht werden.
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General introduction

GENERAL INTRODUCTION

Phytoplankton responses to the recent climate warming

Marine phytoplankton contribute approximately 50 % of the global primary
production (Falkowski and Raven 2007) and are the basis of the pelagic food web. They
are responsible for most of the transfer of carbon dioxide (CO,) from the atmosphere to
the ocean and even small changes in the phytoplankton productivity might affect
atmospheric CO, concentrations. In the context of global warming and increasing
anthropogenic CO, emission (IPCC 2007) marine phytoplankton draw increasingly more
attention nowadays.

The Intergovernmental Panel on Climate Change (IPCC) presented several
scenarios of global warming depending on the CO, concentration in the atmosphere.
According to these forecasts, future warming between 1.1 °C and 6.4 °C until the end of
the 21* century is expected, with the most probable scenarios predicting a temperature
increase ranging from 1.7 °C to 4.9 °C temperature increase (A1B scenario, [IPCC 2007).
Recent observations confirm rising sea surface temperature (SST), however ocean
temperature measurements from 2004 — 2008 suggest a substantial slowing of the
increase in global ocean heat content (Trenberth et al. 2009).

Latest oceanographic studies predict a decline of marine phytoplankton biomass
(Boyce et al. 2010) and primary productivity (Behrenfeld et al. 2006) in response to
increasing SST. Experimental mesocosm studies provided similar results (Sommer and
Lengfellner 2008, Lassen et al. 2010). As the sea surface warms up, the water column
becomes increasingly stratified, which reduces vertical mixing and nutrient transfer to the
upper layer (Doney 2006). On the one hand low nutrient supply in the surface waters
limits phytoplankton growth. On the other hand warming increase reproduction rates and
grazing activity of the phytoplankton consumers (Sommer and Lengfellner 2008,
O'Connor et al. 2009), which might complementarily reduce phytoplankton biomass.

More stratified, nutrient limited waters favour small phytoplankton species over
larger ones, which require more nutrients (Bopp et al. 2005). Furthermore, the metabolic
theory states that the individual body size decreases with increasing temperature, what is
associated with faster generation times under higher temperature (Atkinson et al. 2003).
Warming strengthened selective feeding of zooplankton on large phytoplankton

(O'Connor 2009) and faster sinking of the large phytoplankton cells with increasing
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temperature due to increasing potential for building aggregates (Piontek et al. 2009)
might be the other reasons of the phytoplankton size decline.

Beside phytoplankton size, warming might also reorganize phytoplankton
community structure affecting species diversity. It is commonly known that warmer
regions are characterised by higher numbers of species (richness) and recent studies
confirm a positive relationship between temperature and species richness across marine
ecosystems (Tittensor et al. 2010). Less is known, how warming affects phytoplankton
evenness (a contrary term to dominance, which describes distribution equitability among
species). It was shown that warming decreased evenness in terrestrial plant communities
(Walker et al. 2006). If this is true for phytoplankton too, it might have a negative
consequences for ecosystem stability, because highly dominated communities are
suspected to be less resistant to disturbances like acidification, invasion etc. (Hillebrand et
al. 2008). Effects on phytoplankton diversity are however strongly related to consumers
presence and nutrient enrichment.

The phenology of the phytoplankton bloom is the other challenge in the research
on climate change. A number of long-term studies have shown that changes the in timing
of phytoplankton blooms are related to increased water temperature (Edwards and
Richardson 2004, Thackeray et al. 2008, Wiltshire et al. 2008, Koeller et al. 2009). The
spring phytoplankton bloom might occur later in the season, if more consumers survived
after warm winter (Wiltshire et al. 2008). Earlier phytoplankton bloom in temporal and
high latitudes (where light is limiting) might be caused by an earlier onset of thermal
stratification in the water column (Thackeray et al. 2008, Koeller et al. 2009). Shallow
mixed layer depth (MLD) increases light availability for phytoplankton, what might
initiate algae growth, if nutrients are not limiting (Thackeray et al. 2008). On the other
hand, wind activity is predicted to increase in parallel to the sea surface warming (IPCC
2007), what may strengthen mixing of the water column and delay the spring
phytoplankton bloom like it was reported by Edwards and Richardson (2004). Both direct
climatic drivers (e.g. thermal stratification, earlier ice-break, increased water temperature)
and indirect drivers (e.g. grazing pressure, changes in nutrient supply) can affect
phytoplankton phenology and the response might strongly differ between regions and
ecosystem types (Ji et al. 2010).

-10-
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Trophic reorganisation of the pelagic ecosystem in response to
warming

Climate warming can differentially influence species within a community having
impact on their interaction strength. Increased water temperature might affect both:
nutrient uptake by phytoplankton (bottom-up processes) and activity of higher trophic
levels (top-down control). Furthermore zooplankton feeding preferences might strongly

reorganize phytoplankton composition and community structure.

sinking

Fig. 1. Simplified pelagic food web with a focus on possible warming driven trophic
reorganisation. Red boxes represent potential increase in biomass with warming. The
relationships between all trophic levels are explained in text.

It is suspected that the strength of consumer control over primary producers will
increase with warming (O'Connor 2009). A model presented by Thebault and Loreau
(2003) predicts that consumers control only edible producers, whereas inedible plants are
dependent of nutrient concentration. Thus phytoplankton composition and evenness might
determine the relative strength of bottom-up and top-down processes (Hillebrand et al.
2007). In such a case warming might lead to the decline of edible phytoplankton species

due to increased grazing pressure and increased relative abundance of inedible species

-11 -
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changing phytoplankton diversity (particularly evenness) and community composition.
For instance enhanced copepod grazing activity, especially in a system where pelagic fish
(the main copepod consumer) is overexploited, might reduce the biomass of edible
diatoms, promoting the dominance of nanoflagellates. Besides diatoms, copepods would
reduce the number of ciliates, whereby heterotrophic nanoflagellates (HNFs) would
increase their biomass (Fig. 1). As a consequence the phytoplankton community might
shift towards nanoflagellates dominated system. Furthermore very large diatoms, which
are inedible for copepods might also grow rapidly, which would enhance phytoplankton
sinking rates and carbon export to the bottom.

As the heterotrophic organisms are more temperature dependent than autotrophic
ones (Brown et al. 2004), warming might cause a mismatched phenological shifts
between different trophic groups, where some species respond to the temperature changes
faster than the others. This pattern was originally described by Cushing (Cushing 1990) as
the match-mismatch hypothesis. He stated that the survival of organisms depends of
possibility to match their prey at the right time of their life cycle. For example Edward
and Richardson (2004) showed that planktonic phenological shifts led to the mismatch
between trophic levels and functional groups in the North Sea. Similarly Beaugrand et al.
(2010) reported that changes in copepod phenology reduced recruitment success of

Atlantic cod.

Phytoplankton drivers other than temperature increase

Phytoplankton growth depends of nutrient availability, underwater light and other
environmental factors like water temperature, salinity, wind velocity, consumers pressure
etc. (Tab. 1). Whereas some phytoplankton drivers (e.g. nutrients, light) are mostly
responsible for their replication rates, other factors (e.g. grazing, sedimentation) affect
phytoplankton loss. Balance between replication and loss processes is crucial to
understand phytoplankton bloom dynamic and it might be driven by temperature changes.

Light as a factor essential to photosynthesis is a major driver of phytoplankton
growth. At low irradiance levels, photosynthetic rates are linearly proportional to
irradiance. As irradiance increases, photosynthetic rates rise to a saturation level with
maximal phytoplankton production. Further increase of irradiance leads to
photoinhibition of phytoplankton growth (Jassby and Platt 1976). Whereas the initial

slope of the photosynthesis-irradiance relationship is not temperature dependent, at
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saturated light warming can promote phytoplankton growth (Falkowski and Raven 2007).
It has been also shown experimentally that daily and seasonal irradiance changes affect

phytoplankton competition and nutrient uptake (Litchman et al. 2004).

Table 1: Phytoplankton drivers and their effects

direct . .

e effects on phytoplankton quantity effects on phytoplankton quality

. . affects competition for nutrients
Nutrients determines the phytoplankton growth and PUEAs content
Light determines the phytoplankton growth affects competition for light,
9 and photoinhibition PUFAs and pigment content

affects PUFAs content, different

Temperature affects metabolic rates temperature optima determine
species composition
selective feeding affects size,

Grazing affects biomass loss species composition and
diversity

- affects size and species

Salinity - "
composition

indirect

drivers

Mixing depth determines nutrient and light availability

Ice cover determines light availability and salinity

Wind speed regulates mixing processes

Temperature affects grazing pressure, thermal stratification determines MLD

Light affects nutrient uptake

Macro- and micronutrients such as nitrogen, phosphorus, silicate, iron etc. are
essential resources for phytoplankton and their limitation decreases the efficiency of
biomass production. Phytoplankton nutrient uptake and growth are described as a
function of internal and external nutrient concentrations (Dropp 1974) and differ strongly
between species (Litchman and Klausmeier 2008). Velocity adapted species with high
maximum uptake rates and growth rates are able to grow fast in nutrient rich ecosystem,
whereas storage adapted and affinity adapted species with low growth rates or low
nutrient uptake affinity would have a competitive advantage in nutrient limited
ecosystems (Reynolds 2006). Thus nutrient limitation affects not only the efficiency of
photosynthesis, but might be crucial to understand phytoplankton competition between

species.
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Grazing is an important driver of phytoplankton loss. Copepods are the major
consumers of marine phytoplankton and respond strongly to temperature, food quantity
and food quality like e.g. the content of polyunsaturated fatty acids (PUFAs). Copepods
are mostly omnivores feeding on phytoplankton and ciliates between 500pum’ and
1000 um’ particle volume (Sommer and Sommer 2006). Copepods food selection does
not only depend on food size. Some species prefer feeding on non-motile pray like
diatoms (suspension feeders), another copepods feed mostly on motile pray like ciliates or
flagellates (raptorial feeders). Thus phytoplankton response to grazing pressure depends
not only on consumer density and activity, but also on their feeding strategies.

In a nutrient-rich ecosystem, where light availability determines phytoplankton
growth, grazing is the major factor, which reduces phytoplankton biomass. The relative
strength of the factors light and grazing is therefore crucial for phytoplankton bloom
dynamics. How climate warming might affect this interaction needs, however, better
understanding. Relationship between physical growth conditions and phytoplankton
biomass was formulated by Sverdrup (Sverdrup 1953) as the critical depth hypothesis,
which states that there exists a critical mixing depth at which phytoplankton growth is
matched by losses of phytoplankton biomass. If the mixing depth exceeds the critical
depth, the phytoplankton biomass decreases as a result of insufficient light dose which
limits phytoplankton growth. Bahrenfeld (2010) proposed an alternative
dilution-recoupling hypothesis to explain the balance between phytoplankton growth and
loss based on phytoplankton-grazer interactions and physical processes affecting this
balance. According to this theory phytoplankton-grazer interaction is attenuated (diluted),
when stratification of the water column is minimal and as stratification is established,
grazing increases reducing phytoplankton biomass. Both hypotheses, based on different
parameters, link the phytoplankton growth with stratification of the water column, which

is predicted to change as a consequence of climate warming.
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AIM OF THE STUDY

The aim of this study was to explore direct and indirect effects of increased
temperature on phytoplankton production, species composition and phenology and to
evaluate the relative strength of different phytoplankton drivers. To reach this goal
I conducted two independent indoor mesocosm experiments with the natural winter
plankton community from the Kiel Fjord, Baltic Sea. The first experiment conducted in
2008 focused on the combined effect of light intensity and increased temperature on the
phytoplankton spring bloom. The second experiment conducted in 2009 addressed the
effects of warming and grazing pressure on the phytoplankton succession. In addition
I performed a metaanalysis of the effect of temperature increase on the phytoplankton

productivity during the spring bloom using experimental data since 2005 to 2009.
Chapter 1

In the first chapter I present results of a metaanalysis of the effect of increased
temperature on primary production across six mesocosm studies to test how
phytoplankton productivity might change in response to predicted climate warming.
Subsequently I related the effects to the light intensity and copepod grazing pressure. I
expected that warming will positively affect phytoplankton productivity, light intensity
will strengthen and grazing pressure attenuate the temperature effect. To test a hypothesis
that temperature indirectly affects primary productivity due to increase of phytoplankton
diversity, I performed a path analysis. I suspected that indirect temperature effect on
primary productivity (via diversity changes) might be stronger in relation to the direct

temperature effect on primary productivity.
Chapter 2

In the second chapter my main objective was to combine light intensity and
temperature in a factorial design to compare directly the strength of the positive light
effect and the negative temperature effect on the timing of the phytoplankton bloom.
Because light as an essential factor for photosynthesis was suspected to be a major driver
of phytoplankton growth, I predicted a positive relationship between light and
phytoplankton biomass and delay of phytoplankton bloom timing as the light intensity

decreases. I also hypothesized that the light intensity effects will be weaker under warmer
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conditions, because grazing activity of phytoplankton consumers would increase with

increasing temperature leading to faster reduction of the phytoplankton biomass.
Chapter 3

In the second chapter I concluded that the light intensity had a weaker effect on
phytoplankton than expects and temperature was the major factor, which affected the
phytoplankton bloom. I assumed that temperature effect on phytoplankton was mostly
indirect via enhanced grazing activity of copepods — the main phytoplankton consumers.
Thus the next experiment and the chapter 3 focus on the temperature effects combined
with the effect of copepod grazing, where grazing pressure was manipulated due to
introduction of different copepod densities to the mesocosms, when the experiment
started. Because I previously observed a shift in copepod composition, which I associated
with warming, I also supposed that this taxonomic shift of consumers might have an
impact on phytoplankton diversity due to the genus specific feeding strategies of

copepods.
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Indoor mesocosm system at IFM-GEOMAR in Kiel
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CHAPTER 1

Responses of primary productivity to increased
temperature and their implications for the
phytoplankton diversity

ABSTRACT

In order to examine the effects of warming and diversity changes on primary productivity,
we conducted a metaanalysis on six independent indoor mesocosm experiments with a
natural plankton community from the Baltic Sea. We showed, how the temperature
effects on primary productivity are influenced by light intensity and zooplankton density
and analysed pathways between temperature, diversity and productivity elucidating direct
and indirect effects of warming on primary productivity during the spring phytoplankton
bloom. Our findings indicate that warming directly affected biomass specific primary
productivity, which was more pronounced under low grazing pressure. On the other hand,
primary productivity per unit volume did not respond to temperature, because of a
negative temperature effect on biomass. Primary productivity response to temperature
changes depended on light limitation in a unimodal shape. The path analysis
demonstrated that phytoplankton species richness had a positive impact on both net
primary productivity and specific primary productivity, while evenness had a negative
effect on the net primary productivity. Both richness and evenness were not affected by
temperature. Thus, we suggest that diversity effects on primary productivity can depend
on other factors than temperature such as grazing, sinking or nutrient limitation, which,
however, are temperature dependent. In conclusion, the relative importances of direct and

indirect temperature effects determines primary productivity response to warming.
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INTRODUCTION

The world’s oceans have been warming over the last decades and numerous field
and experimental studies have been performed to examine phytoplankton temperature
responses (Behrenfeld et al. 2006, Sommer and Lengfellner 2008, Boyce et al. 2010,
Finkel et al. 2010, Sommer and Lewandowska 2010). Most of the recent work on
temperature driven phytoplankton changes examine the impact of predicted warming on
phytoplankton productivity or seasonal patterns. However, studies, which link primary
productivity and diversity effects to increasing temperature are very rare (Beaugrand et al.
2010, Burgmer and Hillebrand in press), although the relationship between productivity
and diversity has been broadly discussed outside the climate change context (Worm and
Duffy 2003, Grace et al. 2007, Stachowicz et al. 2007, Cardinale et al. 2009).

Warming is suspected to increase specific primary productivity directly acting on
photosynthetic carbon assimilation by phytoplankton (Falkowski and Raven 2007).
Recent oceanographic studies, however, have shown that increasing sea surface
temperature (SST) has caused a global decline in phytoplankton productivity (Behrenfeld
et al. 2006, Boyce et al. 2010), which was tentatively explained by limited nutrient supply
due to increasing water column stratification (Doney 2006).

Increasing temperature has been reported to have a positive effect on the number
of species (richness) in marine environments (Beaugrand et al. 2010, Tittensor et al.
2010) and in some terrestrial ecosystems (Menéndez et al. 2006). By contrast, Walker
et al. (2006) found decreased plant richness with warming in tundra ecosystems. The
relationship between temperature and evenness (a measure of how equitable biomass or
abundance is distributed among species) has received less attention. Nonetheless
a metaanalysis across the tundra biome (Walker et al. 2006) showed that warming
decreases evenness in plant communities.

The diversity-productivity relationship has been frequently discussed in the
literature leading to the conclusion that productivity increases with species richness,
because communities with a high number of species are more likely to contain and
become dominated by highly productive species (selection effect, Cardinale et al. 2009).
The relationship between evenness and productivity is less well understood and the
available studies lead to divergent predictions. Some authors found a positive effect of
evenness on plant biomass in a grassland ecosystem (Wilsey and Potvin 2000), whereas

others (Mulder et al. 2004) gave a contrary example. Polley et al. (2003) found no effect
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on the biomass production and suggested that the evenness-productivity relationship
strongly depends on the identity of the dominant species and on the relative importances
of complementarity (niche differentiation between species) and selection effects.

Most of the experiments, which examine the impact of temperature and producers
diversity on productivity, use standing biomass or chlorophyll content as a proxy for
primary production (Cardinale et al. 2006, Boyce et al. 2010). However, primary
productivity and producer biomass are separate ecosystem functions (Stachowicz et al.
2007), with productivity measuring carbon flux and biomass measuring carbon
accumulation. Thus results of different studies might diverge depending on the measured
parameters.

The first aim of our study was to test the impact of warming on net primary
productivity (PP) and biomass specific primary productivity (PP:B) using a metaanalysis
approach on six independent mesocosm experiments conducted in Kiel, Germany within
the project AQUASHIFT. Analysis of individual experiments already showed a decline of
phytoplankton standing biomass as an effect of warming and enhanced grazing pressure
(Sommer and Lengfellner 2008, Sommer and Lewandowska 2010), whereas
phytoplankton biomass responses to the light intensity changes were not very conclusive
(Sommer and Lengfellner 2008, Lewandowska and Sommer 2010). Thus, in this study we
tested both grazing and light intensity effects on the primary productivity response to
warming across the AQUASHIFT experiments.

The second aim of this paper is to illustrate the interaction pathways between
temperature, phytoplankton diversity and primary productivity to find out if observed
phytoplankton productivity changes are a direct effect of temperature increase or rather an
effect of changing phytoplankton diversity with warming. We hypothesise that different
pathways are relevant for PP compared to PP:B.

METHODS

Experimental design and laboratory techniques. Mesocosms of 1400 L
volume and 1 m depth were set up in temperature controlled rooms. Mesocosms were
filled with the natural plankton communities (containing phytoplankton, bacteria and
protozoa) from the Kiel Fjord, Baltic Sea. Mesozooplankton was added from net catches
at typical overwintering concentrations (Tab. 1-1, Behrends 1996). During the first
experiment (2005) an additional 300 L “benthos”-chamber was connected in circular flow

to each main mesocosm. The “benthos”’-chambers contained sediment and mussels in
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order to supply the plankton community with larval stages of benthic organisms. The
“benthos”’-chambers were omitted during the following experiments, because no larvae of

benthic organisms were observed to play a role in the system.

Table 1-1. Experimental design of studies included in analyses.

) Temperature Light intensit Initial copepod
Experiment g’C) ¢ (% o) ! abundance (F;nl()i L'l)
2005 0,2,4,6 16 16
2006-1 0,2,4,6 100 5.5
2006-2 0,2,4,6 64 8.5
2007 0,2,4,6 32 4.5
2008 0,6 32,48, 64 8
2009 0,6 48 1.5,4,10

Temperature and light were computer programmed to simulate daily and seasonal
variability. There were four temperature scenarios (each replicated twice) tested in the
experimental period 2005 — 2007 and two temperature scenarios tested during the
experiments 2008 and 2009 (Tab. 1-1). In the experiment 2008 the factor temperature was
crossed with the factor light intensity, in the experiment 2009 with the factor copepod
density. The coldest treatment (baseline, AT=0°C) during each experiment corresponded
to the decadal mean (1993 — 2002) of the SST in Kiel Bay starting from February 15" In
order to simulate predicted warming (IPCC 2007), temperature was elevated 2 °C, 4 °C
and 6°C above the baseline, symbolized by the notations AT=2°C, AT=4°C and AT=6°C
in the text. For the analysis in this paper we used only data for AT=0°C and AT=6°C to
allow straightforward comparisons between experiments.

Light conditions mimicked daily and seasonal irradiance patterns according to the
model presented by Brock (1981). The daily light cycle equal approximately 10 h for our
experimental periods, however the day length change during the course of the
experiments, according to the natural changes. We reduced light intensity to 16%, 32%,
48% and 64% of the sea surface solar irradiance calculated for cloudless days (Ip) in order
to test different light scenarios (Tab. 1-1) related to underwater attenuation and cloud
cover. During the experiment 2006-1 light intensity was not reduced (100% Iy).

Phytoplankton samples were taken three times per week from the mid depth of the
mesocosms, fixed with Lugol’s iodine and counted using an inverted microscope
(Utermohl 1958) for species >5 um and flow cytometry technique (FACScalibur, Becton

Dickinson) for species <5 pum cell size. Phytoplankton biomass was estimated from
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carbon content (Menden-Deuer and Lessard 2000) after approximation of cell volumes to
geometric standards (Hillebrand et al. 1999).

Primary productivity (PP) was measured by the '*C incorporation method after
Gargas (1975). We used 4uCi "*C-bicarbonate per 30 ml sample. Duplicate samples were
incubated together with a blank (dark) sample during 3-4 h around noon inside each
mesocosm at mid depth. Afterwards samples were filtered through cellulose-nitrate
membrane filters (0.2 um pore size), filters were fumed with HCI and fixed with
scintillation cocktail (Lumagel). A liquid scintillation counter (Tricarb counter, Packard)
was used to measure radioactivity. Productivity per day (ug C L' d) was calculated
from productivity during the incubation time by adjusting for the light received during
incubation in relation to the total daily light dose.

Data analysis. Biomass specific primary productivity per day (PP:B) was
calculated as net primary productivity as ug C L d”' (PP) divided by total phytoplankton
biomass as pg C L™ (B). If not stated otherwise we used the mean values of PP and PP:B
from the bloom start to the point of the maximal productivity for further analysis. We did
not include values of primary productivity after the productivity maximum to avoid an
impact of nutrient limitation which might have occurred from the peak onwards. In
addition we conducted the same analysis based only on the maximum primary
productivity (PPn.x and PP:B.x), which are reported in the Appendix (Fig. Al, Tab. Al)
for comparison.

To examine an impact of simulated warming on PP and PP:B, we conducted
a metaanalysis on six independent experimental datasets. We used log response ratios to
analyse relative effects of warm temperature treatments (AT = 6°C) over ambient
temperature treatments (AT = 0°C) for each experiment. Afterwards we calculated an
overall effect size (with the inverse of variance as a weight) across all studies and tested
for significance. Variation in effect sizes was further analysed by the categories light
intensity and initial copepod density in order to detect significant differences between
groups (analysis of heterogeneity). Light intensity and initial copepod density from
factorial studies (experiments 2008 and 2009 respectively) were entered as additional
independent variables in a heterogeneity analysis for a better representation of general
trends. Data points from factorial experiments were proved to have no significant impact

on general trends (see Appendix Table A2).
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A structural equation model (SEM) based on a correlation matrix in “R” (version
2.12.0) was used to check for relationships between temperature, mean primary
productivity (PP and PP:B) and phytoplankton diversity parameters (richness and
evenness) across all experiments. Because of identical counting efforts between all
experiments, richness (S) could be approximated as the number of phytoplankton species
identified and Pielou’s index (Smith and Wilson 1996) was used to estimate

phytoplankton evenness (J).

RESULTS

Effects of warming on primary productivity
Across all experiments warming caused positive changes in phytoplankton
primary productivity. We observed a slightly positive, however not significant,
temperature effect on PP and a significant positive response of PP:B to enhanced
temperature (Tab. 1-2). Similar effects of warming were observed on maximal net
primary productivity (PPn.) and biomass specific maximal primary productivity

(PP:Bmax , see Appendix Fig. Al, Tab. Al).

Table 1-2. Summary of results from metaanalysis of temperature impact on net primary

productivity (PP) and biomass specific primary productivity (PP:B).

PP PP:B
Overall effect 0.15 0.42
Variance <0.01 <0.01
Standard deviation 0.39 0.28
+95% confidence interval 0.47 0.65
-95% confidence interval -0.16 0.20

The primary productivity response to increased temperature varied strongly
between the single experiments (Fig. 1-1). Temperature had a negative effect on PP
during experiments with low light intensity (experiments 2005 and 2007, light intensity
16% Iy and 32% I, accordingly) and a positive effect on PP during all other experiments
with higher light intensities. Effects of warming on PP:B were positive for each study
except for experiment 2006-2, which was characterised by a high initial phytoplankton

biomass and PP,,.x was reached shortly after the beginning of the experiment.
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Figure 1-1. Average effect sizes (+95% confidence intervals) of increased temperature on

net primary productivity (A) and biomass specific primary productivity (B) for each

experiment used in analysis.

We found a significant relationship between the effect size of warming on PP and

light intensity (Fig. 1-2, 2" order polynomial regression, F = 9.489, r=0.79, P = 0.02).

No correlation was found between the effect size of warming on PP:B and light intensity

(P > 0.05). Effect sizes of warming on PP did not show any response to changes in

grazers abundance (P > 0.05), whereas effect sizes of warming on PP:B showed

a negative, however not significant, trend in response to increasing initial copepod density

(Fig. 1-3, linear regression, F =3.732, r*=0.38, P = 0.1).
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Figure 1-2. Impact of light intensity on
the effect sizes of warming on net
primary productivity (PP). Polynomial
regression according to the equation:
y =-1.25 + 0.04x — 0.003x> (F = 9.489,
r’=0.79, P = 0.02).
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Temperature-productivity relationship pathways
Hypothetical temperature-productivity pathways with standardised correlation
coefficients are illustrated in Fig. 1-4. A chi-squared test showed no significant deviation
between the observed correlation matrix and that predicted by the proposed SEM
(x> =0.26, df = 1, P = 0.61), suggesting that the model presented a suitable description of
the variables. The proposed SEM described 99% of data variability (R* = 0.99).

A
) -0.12
[TemperatureJ f PP |
{L
0
0 & S -
— o
J S
B

\ 4

) 2.38
[TemperatureJ PP:B |

-1.75
o
4.54

Figure 1-4. Results of the Structural Equation Model (SEM) used to illustrate effects of
temperature (T) and phytoplankton diversity (richness, S; evenness, J) on A) net primary
productivity (PP) and B) biomass specific primary productivity (PP:B). Significant
(P > 0.05) relationship pathways are marked with bold arrows, given are standardized
correlation coefficients. Metrics of overall model fit suggest that the models cannot be

rejected (x> = 0.25, P = 0.61).
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The SEM did not indicate significant pathways between temperature and PP,
neither directly nor indirectly through diversity, which was true for evenness as well as
richness (Tab. 1-3). However there was a direct impact of richness and evenness on PP,
but both effects had opposite sings (Fig. 1-4A). Phytoplankton evenness had a negative
impact on PP (P < 0.001), whereas phytoplankton species richness positively affected PP
(P =0.002).

Table 1-3. Unstandardized path coefficients (standardized values are shown in Fig. 1-4)
between temperature (T), net primary productivity (PP), biomass specific primary

productivity (PP:B), phytoplankton species richness (S) and phytoplankton evenness (J).

Pathways Estimate SE P
T — PP -0.014 0.116 0.9

S — PP 0.349 0.112 0.001
J — PP -0.608 0.116 <0.001

T—PP:B 0311 0.131 0.02
S—PP:B 0.572 0.126 <0.001

J—PP:B 0.120 0.131 0.4
T—S -0.066 0.160 0.6
T -0.270 0.154 0.08

The pathway between temperature and PP:B was a direct relationship and was not
mediated via diversity (Fig. 1-4B). Temperature significantly increased PP:B (P = 0.02).
In addition, there was a positive, independent impact of richness on PP:B (P < 0.001).

Phytoplankton evenness had no significant effect on PP:B (P > 0.05).
DISCUSSION

Temperature impact on primary productivity
Temperature is suspected to increase specific primary productivity due to
increasing carbon incorporation rates (Falkowski and Raven 2007). In parallel, however,
temperature positively affected phytoplankton loss processes caused by zooplankton
grazing (O'Connor et al. 2009), sinking (Piontek et al. 2009) and respiration (Falkowski
and Raven 2007) thus diminishing net primary productivity. Our metaanalysis indicates

that warming has a significantly positive effect on PP:B, which is related to copepod
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density (Fig. 1-3). Under high grazing pressure (high copepod density) the temperature
effects on PP:B were rather weak and under lower copepod density the effects of
warming on PP:B became stronger. This is in agreement with the results reported by
Burgmer and Hillebrand (in press), who used microcosms to examine the combined effect
of temperature and consumer pressure on freshwater phytoplankton. They showed that
algae biomass decreased with warming only if consumers were present, whereas warming
led to an increase of algae biomass in the absence of the consumer pressure. Although not
significant, our results might suggest that 1) grazing activity, not density of copepods
determine the PP:B response to increased temperature, 2) other processes than grazing,
such as nutrient limitation, strong aggregation and sinking of phytoplankton affect PP:B
response to warming.

We did not find a significant response of PP to warming, which was probably
caused by the compensation of increased PP:B and decreased B due to higher grazing
activity in warmer conditions. A negative effects of temperature and grazing pressure on
B were reported by Sommer and Lewandowska (2010) for the experiment 2009.
A similarly negative response of phytoplankton biomass to increased temperature was
observed for all experiments included in our metaanalysis (Sommer and Lengfellner
2008, Lewandowska and Sommer 2010).

Temperature effects on PP depended on light intensity (Fig. 1-2). Under light
limited conditions, temperature had a negative effect on PP, because warming strongly
increases grazing activity of phytoplankton consumers (O'Connor et al. 2009) and
community respiration, as reported by Wohlers et al. (2009), whereas the carbon
incorporation process is limited by light (Maclntyre et al. 2002). Under light saturated
conditions in the nutrient rich ecosystem, warming led to increase of PP, because
photosynthetic activity of phytoplankton is not light limited and carbon loss due to
respiration or zooplankton grazing is balanced by an increase in carbon incorporation
rates. Thus the temperature effects on the net primary productivity depend on the relative
strength of increasing photosynthetic activity and phytoplankton loss processes like

community respiration, grazing or sinking.

Linking temperature and diversity effects on primary productivity
The path analysis confirmed our previous results that temperature has a direct
positive impact on PP:B (Fig. 1-4B). In addition, PP:B increased with increasing species

number (richness), probably as a result of niche complementarity and selection effects,
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which favoured highly productive species (Grace et al. 2007). We did not observe
a significant response of PP:B to evenness, suggesting that the co-dominant species in the
more even communities were as productive as the single dominant species in the
communities with low evenness.

The SEM indicated no significant effect of warming on PP (Fig. 1-4A), which
stays in agreement with our metaanalysis (Tab. 1-2). Phytoplankton species richness
significantly increased PP, similar to richness-PP:B relationship. Phytoplankton evenness
in our studies had a negative effect on PP, which confirms results presented by Mulder et
al. (2004), but contradict others (Wilsey and Potvin 2000, Bruno et al. 2005). As
suggested by Polley et al. (2003) the relationship between evenness and productivity
depends on the relative importance of selection and complementarity effects. If the
selection effect prevails and a single dominant species successfully competes for the
resources, increase in phytoplankton evenness will decrease primary productivity and the
dominant species will largely control ecosystem functions. Thus, the identity of
a dominant phytoplankton species in such a case might affect primary productivity more
strongly than diversity, as suggested by Bruno et al. (2005).

Surprisingly temperature did not affect phytoplankton diversity, neither richness
nor evenness. Although the slightly negative response of phytoplankton diversity to
increased temperature agrees with the predictions of species loss with climate warming
(Worm et al. 2006), these effects were not significant. It should be noted, that all
experimental temperatures were low (< 9°C) and thus probably no species was excluded
by exceeding its upper temperature limit. Accelerated competitive exclusion under
warmer temperatures was also less probable, because increased grazing pressure at higher
temperatures should have decreased competitive pressure. On the other hand, highly
sensitive species might have been excluded earlier by stronger grazing. Overall, these
counteracting processes might have cancelled each other out, in spite of being
temperature dependent individually (Hillebrand et al. 2007).

In conclusion, our analyses indicate that warming has a direct positive impact on
PP:B while at the same time negatively affecting standing phytoplankton biomass (B).
Thus the temperature effect on PP depends on the relative strength of increased PP:B with
warming and decreased B with increased grazing pressure under warmer conditions.
Moreover, primary productivity response to increased temperature depends on light

limitation. Hence future studies on the impact of warming on phytoplankton should,
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beside temperature effect, consider changes in the light conditions. Temperature did not
affect phytoplankton diversity, but species richness directly increased primary
productivity in our study, probably as result of the strong selection effect. Thus we
suggest that experimental studies on species specific interactions might help to
understand temperature-diversity-productivity relationship and phytoplankton community

response to recent climate changes.
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CHAPTER 2

Climate change and the spring bloom: a mesocosm
study on the influence of light and temperature on
phytoplankton and mesozooplankton

ABSTRACT

We examined the simultaneous effect of climate warming and light availability on the
phytoplankton spring bloom using 1400 1 (1 m depth) indoor mesocosms. The timing of
the spring bloom was advanced both by warming and higher light intensity, but the
influence of temperature on the phytoplankton community was stronger than the light
effect. Warming affected phytoplankton directly and indirectly via enhanced grazing
pressure at higher temperatures. Warming resulted in markedly lower phytoplankton
biomass and a shift towards smaller cell sizes. It also led to changes in the community
structure of phytoplankton and zooplankton. Among phytoplankton, large-celled diatoms
were most negatively affected by warming. Overwintering zooplankton species (Oithona,
Pseudocalanus) remained dominant in the cold treatments, while they were replaced by
late spring or summer species (Acartia, Centropages, Temora) in the warmed treatments.
Our results show that understanding food web interactions might be very important to the

study of the effects of climate warming on pelagic ecosystems.
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INTRODUCTION

Global warming is considered to be one of the most important chronic factors
driving future ecosystem changes. Aquatic ecosystems have a climate-buffering capacity
due to their impact on the global carbon cycle (biological CO2-pump), and each
disturbance may irretrievably change the functioning of the Earth ekosystem (Schiermeier
20006).

The temperature of ocean surface waters is predicted to increase by 1 to 6°C
within the 21st century, depending on the climate scenario (IPCC 2007). As
a consequence of this warming, the structure of Marine ecosystems is expected to change.
Drastic changes in phytoplankton community structure provoke a chain reaction in
marine food webs and might result in the removal of top predators or herbivores
(Smetacek and Cloern 2008). However, marine ecosystems are also controlled by top-
down processes. Warming might affect the abundance of top predators and herbivores
and change grazing pressure. Strong top-down effects of marine fishes on zooplankton
with warming have been shown by Mueter et al. (2009), but the relative strength of
bottom-up and top-down control in the marine environment across all trophic levels needs
to be better understood.

The spring phytoplankton bloom is one of the most important seasonal patterns in
pelagic food webs, supplying energy to the higher trophic levels after winter (Townsend
et al. 1994). Suspected shifts in the timing of spring blooms (Edwards and Richardson
2004) may cause a mismatch between food supply by phytoplankton and food demand by
zooplankton according to the match-mismatch hypothesis (Cushing 1990), thereby
disturbing the energy flow through the system.

In deep, well-stratified water bodies, seasonal warming and the seasonal onset of
higher light availability are coupled triggers of the spring bloom, because thermal
stratification increases the mean light exposure of phytoplankton cells circulating in the
mixed water layer (Sverdrup 1953). In shallower, well-mixed water bodies or in systems
where non-seasonal haloclines restrict mixing even in winter, the spring bloom can start
before the onset of thermal stratification (Reynolds 2006, Sommer et al. 2007, Sommer
and Lengfellner 2008). Under such conditions, seasonal phytoplankton growth can start at
extremely low temperatures because light-limited photosynthesis is rather insensitive to
temperature (Tilzer et al. 1986). However, trophic interactions should be strongly

modified, because heterotrophic processes tend to be more sensitive to temperature (Rose
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et al. 2009). Thus, we can suspect that warming without increasing light availability will
lead to higher grazing rates by overwintering zooplankton that will not be balanced by
a concomitant increase of primary productivity. An earlier onset of grazing might reduce
the size of the phytoplankton community before light conditions permit the built-up of the
phytoplankton spring bloom, thus leading to food shortage for zooplankton (Durant et al.
2005), particularly for the starvation-sensitive larval stages.

Although numerous experiments on the response of natural phytoplankton
communities to light intensity or temperature changes have been published (Keller et al.
1999, Huisman et al. 2004, Elliott et al. 2006), tere are few studies where both factors are
addressed with experiments (Berger et al. 2007, Sommer and Lengfellner 2008). Several
field observations have shown that increasing temperature provoked changes in
community structure and dynamics of the phytoplankton bloom (Winder and Schindler
2004, Thackeray et al. 2008, Nixon et al. 2009). A strong impact of light on the
phytoplankton spring bloom was observed by Berger et al. (2007) in their in situ
enclosure experiments of a freshwater ecosystem. They did not observe any temperature
effect on phytoplankton biomass or bloom timing, although the abundance of
mesozooplankton changed with warming. Our previous experiments (Sommer and
Lengfellner 2008) with an indor mesocosm system with the natural plankton community
from the Baltic Sea (mesozooplankton added from net catches at the same concentration
as the present study, see ‘Materials and methods’) suggested a weak temperature effect on
the timing of the phytoplankton spring bloom, but a strong temperature effect on
phytoplankton biomass and composition. Three experiments performed in different years
under different light regimes preliminarily suggested a strong light effect on timing,
phytoplankton biomass and composition (Sommer and Lengfellner 2008); however, these
studies were not a factorial combination of light and temperature within the same
experiment and therefore not a rigorous test of the relative importance of light and
temperature effects. Therefore, in the present study we utilized an experimental design of
2 temperature scenarios (AT = 0 and 6°C) and 3 light regimes (32, 48 and 64% of sea
surface irradiance) in a factorial combination to test the relative importance of climate

warming and light availability on the phytoplankton spring bloom.
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MATERIALS AND METHODS

Experimental design. Twelve mesocosms were deployed in 4 climate chambers
where temperature could be programmed. Light could be regulated individually for each
mesocosm. We tested 2 temperature and 3 light scenarios, resulting in 6 treatment
combinations; each treatment was duplicated. Each mesocosm was 1400 I in volume and
I m deep, with a gently moving propeller that mixed the water column. Mesocosms were
filled with the natural winter plankton community containing algae, bacteria and protozoa
from Kiel Bight, Baltic Sea. Mesozooplankton dominated by Oithona sp. was added from
net catches at a natural concentration of ca. 10 ind. I'' (Behrends 1996). Initial nutrient
concentrations were 13.8 pmol 1" nitrate, 0.9 umol 1" phosphate, 30.0 pmol 1" silicate
and 0.9 pmol 1" ammonium. Such concentrations were high enough to preclude nutrient
limitation until the biomass peak was reached.

The temperature program was derived from the decadal mean (1993 to 2002) of
water surface temperatur es in Kiel Bight. We used 2 temperature regimes (Fig. 2-1):
(1) baseline (i.e. 0°C elevation above the decadal mean, AT = 0°C) and (2) +6°C above
the baseline (AT = 6°C), in agreement with the most drastic climate scenario presented by
IPCC (2007).

10.0

AT=+6°C

6.0

5.0

Temperature °C

45 50 55 60 65 70 75 80 85 90
Julian Day

Figure 2-1. Temperature profiles for all 12 mesocosms. AT: elevation of temperature.

Light conditions mimicked daily irradiance curves and seasonal light patterns
according to the astronomic model by Brock (1981). We reduced the natural irradiance to
32, 48 and 64% of sea surface irradiance (Ip) on cloudless days to test 3 light scenarios.

The highest Iy (64%) was based on a mixed water column mean light intensity during
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cloudless days at 10 m mixing depth (depth of the halocline in situ) and a vertical
attenuation coefficient (k) of 0.18 m™. The 32% I, corresponded to 50% light reduction
by cloud cover or any combination of less clouds and a higher attenuation coefficient.

The light system was controlled by a computer program (GHL, Prometeus). The
starting date for the light and the temperature programs was set at 15 February (day of
year [DOY] 46).

Sampling and plankton estimation. Water temperature, fluorescence, pH and
nutrient concentrations were measured every day to monitor the system. Samples for
phytoplankton counts were taken 3 times per week from the mid depth of mesocosms and
fixed with Lugol’s iodine. Samples for flow cytometry and primary production
measurements were taken at the same time and measured immediately. Mesozooplankton
samples were taken weekly using a net (12 cm in diameter, 64 um mesh size), fixed with
Lugol’s iodine and counted with a binocular microscope (Leica MS5).

Phytoplankton were counted using the inverted microscope method (Utermohl
1958). For cells smaller than 5 um, flow cytometry (FACScalibur, Becton Dickinson)
was used. Flow cytometric phytoplankton categories were distinguished by size and
pigment fluorescence (chlorophyll a and phycoerythrin). Cell volumes were calculated
after approximation to geometric models (Hillebrand et al. 1999) and converted into
carbon content as described by Menden-Deuer and Lessard (2000).

In order to provide a simplified image of phytoplankton composition,
phytoplankton species were aggregated into functional groups (see Table 3):
microdiatoms, nanodiatoms, bentho-pelagic diatoms, nanoflagellates, dinoflagellates and
picoplankton. Microdiatoms were classified as species >20 pm, nanodiatoms were
classified as species <20 um and bentho-pelagic diatoms were distinguished separately.
Nanoflagellates did not include dinoflagellates, which were grouped separately. Species
<2 um were classified as picoplankton.

Measurements of primary production. Primary production was measured by the
C incorporation metod after Gargas (1975). '*C-bicarbonate with 4 uCi per 30 ml
sample was used. Duplicate samples, as well as a blank (dark) sample, were incubated
during 3 to 4 h inside the mesocosms at mid depth. Following incubation, samples were
filtered through cellulosenitrate membrane filters (0.2 um pore size). Filters were fumed
with HCI and fixed with Lumagel scintillation cocktail. Radioactivity was measured by

a liquid scintillation counter (Tricarb counter, Packard).
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Statistical analyses. To test light and temperature effects, we used general
regression models (best subsets, R?) using STATISTICA 6 with temperature as the
categorical factor and light as the continuous factor. If not stated otherwise, statistics were
based on maximal phytoplankton biomass to exclude the effect of pseudoreplication by
interdependent measurements over time.

Timing of the phytoplankton bloom was defined by cardinal points: beginning of
the bloom (BB), the day when the community biomass was at a maximum (MB) and end
of the bloom (EB). Species-specific biomass was transformed according to standard
normal variation. BB and EB were the days corresponding to the first and third quartiles,
respectively, of the maximal biomass.

We compared the taxonomic phytoplankton composition in the mesocosms by
conducting analysis of similarities (ANOSIM) and multidimensional scaling (MDS) using

PRIMER 5, based on the Bray-Curtis dissimilarity coefficient.
RESULTS

Time of the bloom

The phytoplankton bloom started about 1 wk earlier under warmer conditions
(Table 2-1). We found a significant effect of warming on BB (p < 0.001, r = 0.92), MB
(p <0.001, r=0.79) and EB (p < 0.05, r = 0.81). The MB at the lower temperature level
(AT = 0°C) was achieved at DOY 65 for 48 and 32% of Iy and at DOY 62 for the highest
light intensity (64% of Ip). In the warmer treatments (AT = 6°C), MB was achieved at
DOY 58, 60 and 62 depending on the light conditions (p < 0.001, r = 0.79 for interaction
between temperature and light intensity, see also Table 2-1). The bloom duration was
similar among all treatments and did not depend on temperature or light (p > 0.05,

average duration time: 27 £ 2 d).

Phytoplankton growth and cell size
Growth dynamics of the phytoplankton in our experiment were typical for the
spring bloom with an exponential increase, a short peak and decline of biomass until the
clear water phase was achieved (Fig. 2-2, see also Reynolds 2006). Small species like
picoplankton and nanoflagellates predominated at the beginning and the end of the
experiment. During the bloom period there was a shift towards dominance by diatoms

with smaller species at the beginning and a subsequent succession towards larger ones.
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Table 2-1. Date of the spring phytoplankton bloom (day of year). AT: elevation of
temperature; Iy: percentage of sea surface irradiance tested; BB: beginning of the bloom,;

MB: day of maximal biomass; EB: end of the bloom.

AT | 1, | BB | mMB | EB
v B8 &
o BB
4% G5 & e
2% e 1
o an B BT
o B ® T

Primary production started to increase earlier in warmer conditions, but it did not
achieve higher maximal values in warmer mesocosms than in the colder ones (Fig. 2-3).
There was no significant difference in maximal primary production between the
2 temperature conditions (p > 0.05). However, the primary production/biomass ratio (P/B)
was slightly higher under warmer conditions relative to colder conditions (warmer:
P/B = 0.28 d”' + 0.09; colder: P/B = 0.19 d' + 0.05; p = 0.048). We found that light had
a positive, though insignificant (p > 0.05), effect on primary production during the bloom
in the warmer mesocosms. After the bloom, primary production decreased rapidly in the
warmer mesocosms, whereas a more gradual decline in the colder mesocosms was
observed (Fig. 2-3). These changes in primary production corresponded to changes in

microdiatom biomass (Fig. 2-4).

Table 2-2. Mean cell size (pg C cell') of phytoplankton under the different light and
temperature conditions. AT: elevation of temperature; Ip: percentage of sea surface
irradiance tested. Values represent the mean size of phytoplankton cells for each

mesocosm during the bloom time period.

lo
AT 32% 48% 64%
. 35 34 38
0°C 41 46 38
. 21 7 27
6°C 25 23 41
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At elevated temperatures (AT = 6°C), lower total biomass (p < 0.001, r = —0.83)
and higher picophytoplankton biomass (p < 0.001, r = 0.25) were observed (Fig. 2-2),
suggesting a shift to smaller cell sizes with warming. Indeed, the mean cell size was

smaller under warmer conditions (p = 0.01, r = 0.69; Table 2-2).
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Figure 2-2. Total biomass of phytoplankton under the different light and temperature
conditions. (A) 32% of sea surface irradiance (Iy); (B) 48% of Iy; (C) 64% of Iy. Open and

filled symbols correspond to different temperature regimes (AT = 0 or 6°C, respectively).
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Figure 2-3. Primary production (PP) under (A) control conditions and (B) elevated
temperature with different light scenarios (32, 48 and 64% of sea surface irradiance) in

the 12 mesocosms.
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Phytoplankton community structure
Twenty phytoplankton species were counted using inverted microscopy and flow
cytometry. Additionally, the smallest fraction (picoplankton, <2 pm) was distinguished
without species identification. Picophytoplankton were present in all treatments, but
varied in abundance between colder and warmer mesocosms (Table 2-3). Phytoplankton
biomass was dominated by diatoms. Diatoms differed in size (microdiatoms, >20 pum,;
nanodiatoms, 2 to 20 um) and function (planktonic and bentho-pelagic diatoms, the latter

were an indicator of algal growth on mesocosm walls).

Table 2-3. Functional groups of phytoplankton. m-diat: microdiatoms; n-diat:
nanodiatoms; b-diat: benthic diatoms; n-flag: nanoflagellates; dino: dinoflagellates; pico:
picoplankton. Rare species (only single cells) are marked with + and — for presence and

absence, respectively.

mean maximal abundance % of maximal total
phytoplankton groups (cell mI™ £ SD) biomass (x SD)

AT =0°C AT =6°C AT =0°C AT =6°C
m-diat
Ceratulina pelagica 64 + + no
Chaetoceros curvisetus 478 + 199 60 + 50 2+1 +
Coscinodiscus sp. + + + +
Proboscia alata 57 +13 34 +10 + 1+1
Pseudonitzschia sp. 2420 + 733 3373+ 1309 1+0 2+
Rhizosolenia setigera 3+1 6+£5 21+£2 20+8
Thalassionema
nitzschioides 225+ 69 330+ 34 1+1 3+2
Thalassiosira
nordenskioeldi 74 +15 145+ 74 1+0 3+2
Thalassiosira rotula 464 + 170 17+8 39+6 3+1
n-diat
Chaetoceros minimum 4454 + 1278 2889 + 1107 2+1 1+£1
Skeletonema costatum* 32366 + 4418 46877 + 11911 19+5 55+8
b-diat
Nitzschia acicularis 65+ 48 77 +33 + +
n-flag
Dinobryon balticum 904 + 199 84 + 28 no no
Rhodomonas sp. 244 + 218 79 + 41 3+3 1+1
Teleaulax amphioxeia 531+ 111 592 + 151 6+4 4+4
Tetraselmis sp. 3+3 21+14 no no
dino
Ceratium tripos + + no +
Gymnodinium ostenfeldi 21+13 9+2 + +
Gyrodinium fusiforme + + no no
Heterocapsa rotundata 1662 + 523 1837 + 732 4+2 3+3
pico
Picoplankton from flow
cytometry counting 45390 £ 10152 159960 + 60116 + 4+4
(not identified)

* undefined real chain length
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The diatom Skeletonema costatum was the most abundant species under all
conditions (Table 2-3). It played a major role in forming the bloom, achieving 55 + 8% of
maximal total biomass in the warmer mesocosms and 19 + 5% of maximal total biomass
in the colder mesocosms. In the cold mesocosms, Thalassiosira rotula and Chaetoceros
curvisetus were also highly abundant species, as opposed to in the warmer mesocosms
(Table 2-3). We counted 30 times more T. rotula and 10 times more C. curvisetus in
colder mesocosms than in warmer mesocosms. In the colder treatments (AT = 0°C),
T. rotula (39 + 6% of maximal total biomass) formed the bloom together with S. costatum
and Rhizosolenia setigera, whereas under warmer conditions (AT = 6°C) T. rotula played
only marginal role in forming the bloom (3 £ 1% of maximal total biomass).

Bloom-forming species (Skeletonema costatum, Rhizosolenia setigera,
Thalassiosira rotula) showed highly significant (R. setigera and T. rotula, p < 0.001;
S. costatum, p < 0.01) responses to warming (Table 2-4). The biomass of other diatoms
also varied significantly between the 2 temperature levels, except for the pinnate diatoms
Pseudonitzschia sp., Thalassionema nitzschioides and the rare bentho-pelagic diatom
Nitzschia acicularis, which did not show any effect. The most important (in terms of
biomass) and most abundant dinoflagellates, Gymnodinium ostenfeldi and Heterocapsa
rotundata, showed a significant response to warming as well as to changes in the light
regime (Table 2-4). Coscinodiscus sp. showed a similar pattern, but it was a rare species.
Dinobryon balticum, Tetraselmis sp. and Gyrodinium fusiforme were absent during the
bloom time period and they were excluded from Table 2-4.

We calculated the percentage of total biomass for each functional group across the
bloom period and found clear responses to warming (Table 2-3, Fig. 2-4). After the
bloom, the proportion of diatoms declined rapidly in warmer conditions, whereas in

colder tanks, this decrease was much slower (Fig. 2-4).
Table 2-4 (next page). Species-specific response to light intensity and temperature

changes (general regression model, best subsets, R). See Table 2-3 for full species

names. * p <0.05; ** <0.001.
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Coefficient SE t p df R? F
C. pelagica
light 4.516 4.086 1.11 0.30 «
temperature 1.792 0.534 3.36 0.01 2 0.58 62
C. curvisetus
light -53.891 204.126 -0.26 0.80 ) 0.80  17.8%*
temperature 159.065 26.667 596 <0.001
Coscinodiscus sp.
light 0.141 0.056 2.53 0.03 o
temperature 0.053 0.007 735 <0.001 2 0.87 302
P. alata
light 17.078 7.711 2.21 0.05 -
temperature -1.672 1.007 -1.66 0.13 2 0.84 302
Pseudonitzschia sp.
light -6050.781 2812.708 -2.15 0.06 ) 0.46 33
temperature  -633.583 367.451 -1.72 0.12 ’ '
R. setigera
light 19.844 19.356 1.03 0.33 o
temperature 10.127 2.529 4.00 <0.001 2 0.84 302
T. nitzschioides
light -159.219 235.983 -0.67 0.52 ) 011 0.6
temperature -25.017 30.829 -0.81 0.44 ’ '
T. nordenskioeldi
light 24.219 104.391 0.23 0.82 ) 027 17
temperature -24.667 13.638 -1.81 0.10
T. rotula
light  505.406 224.804 2.25 0.05 ) 088  31.8%
temperature 224.590 29.368 7.65  <0.001
C. minimum
light  -273.438 2938.728 -0.09 0.93 ) 0.48 41
temperature ~ 1105.333 383.914 2.88 0.02 ’ '
S. costatum
light 31088.281 18607.006 1.67 0.13 ) 0.67 9.3
temperature  -9641.250 2430.809 -3.97 <0.01
N. acicularis
light 17.813 30.271 0.59 0.57
temperature -0.850 3.955 -0.21 0.83 2 0.04 02
Rhodomonas sp.
light  -653.906 293.489 -2.23 0.05 ) 0.57 5.0%
temperature 99.867 38.341 2.60 0.03
T. amphioxeia
light  487.766 227.660 2.14 0.06 «
temperature 153.987 29.741 5.18 <0.01 2 0.78 157
C. tripos
light 0.078 0.035 2.22 0.05
temperature -0.008 0.005 -1.81 0.10 2 0.48 41
G. ostenfeldi
light 19.063 5.592 3.41 0.01 o
temperature 3.967 0.731 543  <0.001 2 0.82 206
H. rotundata
light 2791.250 1007.949 2.77 0.02 ) 0.65 g 0%
temperature 388.900 131.678 2.95 0.02
Picoplankton
light 72881.466  114894.982  0.63 0.54 ) 035 25
temperature  -31936.328  15009.818 -2.13 0.06 ' )
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Figure 2-4. Relative phytoplankton biomass (% of total) for the different functional
groups (mean of 2 replicates). (A) AT = 6°C and 64% of Iy; (B) AT = 6°C and 48% of Iy;
(C) AT = 6°C and 32% of Iy; (D) AT = 0°C and 64% of Iy; (E) AT = 0°C and 48% of Iy;
(F) AT = 0°C and 32% of Iy. m-diat: microdiatoms; n-diat: nanodiatoms; b-diat: benthic

diatoms; n-flag: nanoflagellates; dino: dinoflagellates; pico: picoplankton.
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Light versus temperature effects
The effect of light and temperature on the taxonomic composition of
phytoplankton biomass was analyzed by calculating the dissimilarity (Bray-Curtis
dissimilarity coefficient) between the different mesocosms and using a subsequent MDS
plot. The MDS plot showed a clear separation of mesocosms according to the temperature
regimes (462 permutations, global R = 1, p = 0.002), while the different light regimes did
not lead to separation (Fig. 2-5).

Stress: 0.01

AT=0°C

T - AT =6°C
,’ LM, T
f ! L HM
' LH LL LM - Hl-i_|

Hi
N

Figure 2-5. Multidimensional scaling plot of variation in assemblages of phytoplankton
among treatments. HH: high temperature and highest light intensity (AT = 6°C and 64%
of Ip), HM: high temperature and middle light intensity (AT = 6°C and 48% of I,), HL:
high temperature and the lowest light intensity (AT = 6°C and 32% of Ip), LH: low
temperature and the highest light intensity (AT = 0°C and 64% of I;), LM: low
temperature and the middle light intensity (AT = 0°C and 48% of 1), LL: low temperature
and the lowest light intensity (AT = 0°C and 32% of ).

In order to test the potential impact of mesozooplankton grazing on the
phytoplankton community, we compared species-specific abundance of copepods at the
beginning and end of the experiment. ANOSIM based on the Bray-Curtis dissimilarity
coefficient showed no separation at the beginning of the experiment (462 permutations,
global R = 0.232, p = 0.091; Fig. 2-6A) and clear separation according to temperature
regime at the end of the experiment (462 permutations, global R =1, p = 0.02; Fig. 2-6B).
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Figure 2-6. Multidimensional scaling plot of variation in assemblages of zooplankton
among treatments at (A) the beginning and (B) the end of the experiment. See Fig. 2-5 for

temperature — light intensity abbreviations.

DISCUSSION

Direct and indirect effects of temperature and light intensity on
phytoplankton

It has been frequently reported that warming should lead to an -earlier
phytoplankton spring bloom. In most cases, an earlier ice break or an earlier stabilization
of the water column was connected with an earlier spring bloom (Edwards and
Richardson 2004, Elliott et al. 2006, Hashioka and Yamanaka 2007). These findings
suggest that the potentially accelerating factors of both temperature and light could be
responsible for the earlier spring bloom.

Monitoring data from the coastal shallow waters of the western Baltic Sea have
indicated a shift of the spring phytoplankton bloom of 1 to 2 wk earlier after warm
winters (Gobel et al. 2009), which is in agreement with our findings. In contrast,
Wiltshire and Manly (2004) reported a retardation of the spring bloom by warming for the
shallow German Bight of the North Sea. A later analysis with more years added to the
time series found strong interannual variability but no trend related to warming (Wiltshire
et al. 2008).

Other authors have suggested that temperature has little direct effect on algal
growth, whereas light limitation could be more important as the decisive factor for
photosynthesis (Sommer et al. 1986, Moore et al. 1995, Sommer and Lengfellner 2008).
A previous study using the same mesocosm system and natural Baltic Sea plankton as

inoculums suggests that light should have a stronger effect than the temperature on the
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timing of the spring bloom (Sommer and Lengfellner 2008). However, this study did not
utilize a factorial combination of the factors light and temperature. Sommer and
Lengfellner (2008) performed 3 experiments with 4 temperature levels each, but were
able to test only one light level during each experiment. Given the usual interannual
differences in natural plankton communities, this means that the factors light and
inoculum (phytoplankton and zooplankton) were potentially confounded. Therefore, the
parallel responses to temperature found between the different experiments were
considered robust, but the conclusions related to light were only tentative.

In the present study, with a factorial combination of light and temperature within
the same experiment, phytoplankton community responses to light limitation were related
to temperature conditions. Light had a stronger impact on the timing of the phytoplankton
maximum in the warmer mesocosms (Table 2-1). Surprisingly, however, we observed
only a weak response of phytoplankton to the different light conditions in our experiment.
Moreover, most of the phytoplankton species, especially bloom-forming Skeletonema
costatum, Rhizosolenia setigera and Thalassiosira rotula, were rather insensitive to the
different light treatments (Table 2-4). Admittedly, the range of the irradiance we tested
was rather narrow (32 to 64% of Ij), but a ratio of >2:1 between the highest and the
lowest light treatment is already quite broad, if we consider interannual differences at the
time scale of bloom formation. However, on a day-to-day time scale, much bigger
maximum to minimum ratios can be expected.

ANOSIM showed a very clear separation of phytoplankton community
composition according to temperature, but no separation according to light (Fig. 2-5). We
hypothesize that grazing could have had a stronger impact on phytoplankton community
composition than light limitation. For mesozooplankton, we found little change in total
abundance of copepods (8 + 2 ind. I"" at the beginning of our experiment, 7 + 2 ind. I"" at
the end), but remarkable changes in species composition related to warming (Fig. 2-6).
Typical overwintering species like Oithona sp. and Pseudocalanus sp. were replaced in
warmer mesocosms by active grazers like Temora sp., Centropages sp. and Acartia sp.
(data not shown), which are typically found later in the season in Kiel Bight (Behrends
1996). Because all prominent species in our experiment feed on the same phytoplankton
size spectrum (>500 to 1000 um’ colony volume, Sommer and Sommer 2006), potentially

enhanced grazing rates with warming might lead to a reduction of the preferred
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phytoplankton species. A very strong temperature dependence of various activity
parameters of Kiel Bight winter zooplankton has been shown by Isla et al. (2008).

Zooplankton food demand and grazing rates respond directly to temperature
changes (Schalau et al. 2008). Both the lower total phytoplankton biomass and the shift
towards smaller sizes at higher temperature can be interpreted as footprints of more
intensive grazing by copepods and ciliates in the warmer mesocosms (Keller et al. 1999).
Similarly, the more rapid decrease of biomass at the end of the bloom in warmer tanks
could be also caused by a grazing effect (daily phytoplankton biomass decrease:
—0.32 + 0.07 d"' at AT = 0°C and —0.42 + 0.01 d"' at AT = 6°C). This decline was
particularly apparent for diatoms, which are the preferred food for herbivorous
mesozooplankton (Sommer et al. 1986, Granéli and Turner 2002), but also for winter and
early spring ciliates (Aberle et al. 2007). In contrast, there is a feeding preference for
nanophytoplankton by summer ciliates (Sommer et al. 2005). We cannot rule out the
feeding competition between ciliates and copepods in our experiment. However, higher
abundance of picoplankton in warmer mesocosms might suggest that ciliates reduced the
abundance of heterotrophic nanoflagellates and thus their feeding impact on picoplankton
and bacteria.

Considering only the abiotic factors acting on phytoplankton, one would have
hypothesized that the phytoplankton spring succession should be less dependent on
temperature than light intensity, because of the relative insensitivity of light-limited
production to temperature (Tilzer et al. 1986). However, the comprehensive analysis of
phytoplankton species composition showed that the majority of the species present in the
community was responsive to temperature changes. The effects of temperature on
biomass, size structure and species composition are consistent with the assumption of an
indirect temperature effect, acting via enhanced grazing. Enhanced zooplankton grazing
at higher temperatures appeared to reverse the importance hierarchy of the factors light
and temperature. While it is obvious that the stepwise and prominent light increase at the
onset of stratification plays the dominant role in the initiation of the spring bloom in deep
waters (Thackeray et al. 2008), the light differences used in our experiment did not play

as big a role as was previously suspected (Sommer and Lengfellner 2008).
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Changes in phytoplankton community structure and their implication to
higher trophic levels

The spring phytoplankton bloom in Kiel Bay, Baltic Sea, is usually dominated by
diatoms, in many years exemplified by a high abundance of Skeletonema costatum
(Tilstone et al. 2000). The same community composition was observed in our experiment,
where S. costatum was the most abundant species in all treatments and played a major
role in forming the phytoplankton bloom in all mesocosms (Table 2-3). In an analysis of
a long-term data set of the phytoplankton community in Kiel Bight, Wasmund et al.
(2008) presented changes in phytoplankton biomass and species composition similar to
those we observed in our mesocosm experiment. Thus, the community structure in the
present study was typical and representative of the spring phytoplankton bloom in this
region of the Baltic Sea.

Diatom blooms are usually composed of a few co-dominant species (Smayda and
Reynolds 2003), as was found in the present study. We found conspicuous, temperature
related changes in phytoplankton composition affecting both rare and dominant species
like Thalassiosira rotula and Chaetoceros curvisetus (Table 2-3). The abundance of these
species was strongly reduced in the warmer mesocosms, and there was a concomitant
decrease in the number of co-dominant species forming the bloom.

Some authors hypothesize a shift to smaller species with an increase in
temperature (Hashioka and Yamanaka 2007). In the present study, we also observed
higher biomass of picophytoplankton (Table 2-3) and smaller mean cell sizes in warmer
conditions (Table 2-2). As mentioned above, the shift to smaller cell sizes with warming
might be caused by enhanced grazing on larger phytoplankton species. On the other hand,
physiological and metabolic changes related to warming are also possible and might
change the outcome of coexistence and competition between different phytoplankton
species (Brown et al. 2004).

The observed changes in phytoplankton species composition and the shift to
smaller cell sizes with warming could have important consequences for the pelagic food
web. Phytoplankton species that are impacted negatively by climate change are reduced,
thus permitting increases for other, better adapted organisms. The result of such species
shifts is a change in the quality of food available for higher trophic levels, as
picophytoplankton and small nanophytoplankton (<500 pm® cell volume) species are

inedible for copepods (Sommer and Sommer 2006). In such a case, the path of carbon
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flow between primary producers and mesozooplankton may become longer through
heterotrophic flagellates and ciliates, which can reduce productivity of higher trophic
levels, as described by Berglund et al. (2007).

The changes in phytoplankton community structure were mostly caused by
temperature. Results of the present study indicate that indirect temperature effects, e.g.
enhanced grazing pressure with warming, might strongly modify the size range and
composition of the phytoplankton community. Understanding the interactions between
direct and indirect effects of warming and the relationships between different species

might be essential to predict the consequences of climate change.

ACKNOWLEDGEMENTS

This project was founded by the priority program 1162 “AQUASHIFT” of the Geman
Research Fundation (DFG). The authors thank T. Hansen and H. Tomanetz for technical
support. C. Meyer and S. Biiddicker are acknowledged for help by the sampling and
A. Biermann for nutrient data. A. Lewandowska thanks also K. Lengfellner and
P. Breithaupt for introduction to the practical work. Jeremy Testa is acknowledged for

comments and improving the language.

-48 -



Chapter 3

CHAPTER 3
Temperature induced changes of mesozooplankton
affect phytoplankton community structure

ABSTRACT

In order to analyse the combined effects of climate warming and grazing by
mesozooplankton on phytoplankton diversity (expressed by richness and evenness), we
analysed the results from four mesocosm experiments with Baltic Sea late winter
plankton. All experiments contained warming and control treatments, in one of the
experiments the factor warming was crossed with the factor grazer density, in one other
experiment it was crossed with factor light. We show that warming might lead to a shift
in mesozooplankton community composition, which in turn affects phytoplankton
diversity. However, the shift in mesozooplankton species composition occurred only in
one of the experiments. In general in our study phytoplankton richness and evenness both
increased with increasing copepod biomass. The effects of copepods on phytoplankton
diversity, however, differed between copepod species. The biomass of Acartia sp.,
Oithona sp., and Temora sp. increased phytoplankton richness and Pseudocalanus sp. and
Centropages sp. had no significant effect. The positive effect of copepods on
phytoplankton evenness was strongly driven by Pseudocalanus sp. and Centropages sp.
biomass and slightly reduced by the biomass of Temora sp.. Our study implies that effects
on phytoplankton diversity depend on consumer biomass and identity. Thus temperature
induced changes in copepod community composition might affect phytoplankton

diversity and in turn change the whole food web dynamic.
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INTRODUCTION

The first generation of studies on climate change ecology focused on single
trophic levels with a predominance of primary producers. More recently, a number of
experimental and field studies were performed to examine the impact of increased
temperature on trophic cascades and ecosystem functioning (Petchey et al. 1999, McKee
et al. 2002, Finke and Denno 2005). Most of the studies predict a shift in community
composition (Finke and Denno 2005) and changes in ecosystem productivity and
biodiversity with warming (Petchey et al. 1999, McKee et al. 2002), but it is still poorly
understood, how the consumer-producer interactions will be affected.

Some authors suggest that the strength of top-down effects in aquatic ecosystems
might increase relative to bottom-up control in the future, because warming is suspected
to cause an increase of heterotrophic activity (Wiltshire et al. 2008, Barton et al. 2009). In
accordance with these predictions O'Connor et al. (2009) found an increasing grazing
pressure of mesozooplankton in mesocosms with elevated temperature. The indirect
effects of warming via enhanced grazing activity on biomass or phenology of primary
producers were reported (Wiltshire et al. 2008, O’Connor et al. 2009, Sommer et al.
2010), however species specific impact of consumers on producers diversity received less
attention.

Mesozooplankton grazing might not only reduce the total biomass of primary
producers, but also reorganize their community structure with possible secondary impacts
on the ecosystem stability (Griffin et al. 2009). Primary producer community structure in
turn might determine the strength of top-down and bottom-up effects, because consumers
might strongly control edible producers (top-down effect), whereas nutrient limitation
more affects inedible plants (bottom-up effect, Thebault and Loreau 2003). Herbivores
are suspected to reduce the dominance effect of primary producers in marine ecosystems
and tend to reduce a number of species (Hillebrand et al. 2007). This response, however,
is strongly related to the producers’ community composition and depends on their
edibility or inedibility, initial species dominance and environmental factors other than
grazing (e. g. nutrient availability).

In this study, we link the zooplankton taxonomic composition with the response of
phytoplankton diversity to warming, particularly number of species (richness) and
evenness (an opposite of dominance). We hypothesize that 1) temperature increase alters

mesozooplankton species composition by promoting omnivorous species with a strong
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tendency towards herbivory, which is suggested by field data for the Baltic Sea
(Mollmann et al. 2008) and previous analysis of mesocosms (Lewandowska and Sommer
2010), 2) mesozooplankton species composition affects phytoplankton community
structure (richness and evenness) in marine environments. To test our hypotheses we
performed mesocosm experiments with natural late winter plankton from the Baltic Sea.
The copepods dominating Baltic Sea mesozooplankton early in the year (Acartia sp.,
Centropages sp., Oithona sp., Pseudocalanus sp., Temora sp.) are omnivores able to feed
both on ciliates and diatoms, thus being able to switch between two adjacent trophic
levels (Stibor et al. 2004). In previous analyses of the experiments conducted in our
mesocosm system, copepods were treated as an aggregate, assuming that because of their
behavioural flexibility in the feeding mode, all species would have roughly the same
biomass effect on phytoplankton and heterotrophic protists (Sommer and Lewandowska
2010). This tacitly implies that switching between suspension feeding (the more
herbivorous feeding mode) and raptorial feeding (the more carnivorous feeding mode,
Tiselius and Jonsson 1990) would more depend on food conditions than on intrinsic
species properties. In this study, however, we show that different copepods have different
effects on phytoplankton diversity and that a shift in copepods species composition with
warming reorganizes phytoplankton community, which in turn can lead to changes in

food web dynamic.

METHODS

Experimental setup and laboratory techniques. Eight (experiments 2006 and
2007) or twelve (experiments 2008 and 2009) mesocosms (1400 L volume, 1 m depth)
were set up in temperature regulated climate rooms. Mesocosms were filled with the
natural late winter plankton community (containing phytoplankton, bacteria and protozoa)
from the Kiel Fjord, Baltic Sea. Mesozooplankton was added from net catches at
appropriate concentrations for each experiment (Tab.3-1). Temperature and light
conditions simulated natural daily and seasonal patterns. There were two temperature
scenarios (replicated twice) tested in the experiment 2008 and 2009: a baseline
corresponding to the decadal mean (1993-2002) of sea surface temperature in Kiel Fjord
starting from 15™ February (AT = 0°C) and a warming scenario where the temperature
was elevated 6°C above the baseline (AT = 6°C) according to the most drastic warming

scenario predicted by the Intergovernmental Panel on Climate Change (IPCC 2007). In
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the experiments 2006 and 2007 four temperature regimes: AT = 0°C, AT = 2°C, AT =4°C
and AT = 6°C were tested.

Table 3-1. Experimental design of mesocosm experiments. Tested temperature (AT),

light (% Iy) regimes and initial copepod densities (ICD).

IcD Bloom forming species
Experiment AT (°C) % 10 (ind.L"Y) (%phytoplankton References
’ biomass)
2009 0,6 48  15,4,10 diatoms (93 + 6% SD) ;gTOmer & Lewandowska,
2008 0,6 32,4864 8  diatoms (97 + 6% SD) ;Z‘i’g”dOWSka & Sommer,
2007 2,4 2 4. Di ha (42 + 38% SD
00 0,2,4,6 3 > .Ictyoc a| 38% SD) Sommer & Lengfellner, 2008

2006 0,2,4,6 64 8.5 diatoms (95 + 2% SD)

Phytoplankton was sampled three times per week and counted using the inverted
microscope (Utermohl 1958) and flow cytometry techniques (FACScalibur, Becton
Dickinson, Sommer and Lengfellner 2008)). Phytoplankton biomass was defined as
carbon content calculated from cell volumes (Menden-Deuer and Lessard 2000) after
approximation of cell volumes to geometric standards (Hillebrand et al. 1999).
Zooplankton was sampled once a week with a net (12 cm diameter, 64 pum mesh size),
fixed with Lugol’s iodine and counted with a binocular microscope. Copepods were
specified to the genus level, Temora sp. and accidental Eurytemora sp., similarly
Pseudocalanus sp. and rare Paracalanus sp. were paired together, because their early
copepodid stages are difficult to distinguish. Copepod biomass was estimated as a carbon
content using species and stage specific conversion factors (Lengfellner 2008).

Diversity parameters and statistics. The impact of warming on copepod biomass
at the sampling date closest to the maximum phytoplankton bloom was calculated using
General Linear Model (best subsets, R?) for the experiments 2009 and 2008 with
temperature as a categorical factor and initial copepod density (experiment 2009) or light
intensity (experiment 2008) as continuous predictors. For the experiments 2007 and 2006
simple regression analyses were used, because temperature with four treatments was the

only factor tested during both experiments. All statistics were made using Statistica 6.0.
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Phytoplankton richness (S) was calculated as the total number of species,
phytoplankton evenness (J) was calculated according to the equation:
where H" is the Shannon diversity index (Shannon and Weaver 1949), which we based on
biomass proportions and S is the phytoplankton richness.

To test effects of warming on phytoplankton diversity (richness and evenness) in
the experiments 2008 and 2009 we used General Linear Models (best subsets, R?) in
Statistica 6.0 with temperature as categorical factor and light (experiment 2008) or initial
copepod density (experiment 2009) as continuous factors. Simple regression (best
subsets, R?) with temperature as independent variable was used to analyse phytoplankton
diversity response in experiments 2006 and 2007.

To calculate the effect size of copepod biomass on phytoplankton richness and evenness
at the time of the phytoplankton biomass maximum for each experiment we used Fisher
z-transformed correlation coefficients. To test the impact of copepods on phytoplankton
diversity across all studies, we calculated an overall effect size, whereby effect sizes for
each experiment were weighted by the inverse of variance. 95% confidence intervals
were used to test for significant differences from zero. This same procedure was repeated

for biomass and relative biomass of each copepod genus separately.

RESULTS

Zooplankton response to warming

Temperature did not affect the total biomass of adult copepods and copepodites at
the sampling date closest to the phytoplankton biomass maximum (P > 0.05 for the
experiments 2007 — 2009, see also Appendix Table A3) except for a decrease of copepod
biomass with warming reported for the experiment 2006 (regression analysis, b = -2.25,
N =38, r?=0.54, P = 0.04) . The copepod composition varied between the experimental
years (Fig.1). Warming led to a faster zooplankton development and had a positive
impact on the total biomass of nauplii in the experiment 2009 (GLM, F = 14.02, r*=0.76,
P = 0.002), whereas no response to temperature was observed in the experiments
2006 — 2008 (P > 0.05 for each study). Total microzooplankton biomass was not affected
by temperature except for a slight decrease with warming reported for the experiment

2007 (N. Aberle, unpublished data).
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Figure 3-1. Relative biomass of copepods in the experiments: 2006 (A), 2007 (B), 2008
(C), 2009 (D) closest to the maximal phytoplankton biomass.

During the experiment 2008 we observed a shift in the copepod composition from
a dominance of Oithona sp. to a dominance of Temora sp. and Centropages sp. in the
warmer treatments (Fig.3-2A, see also Appendix Figure A2 for more details). No
compositional shift was noticed under ambient temperatures (Fig.3-2B). There was also
a slight change in copepod community composition during the experiment 2007 at
AT = 6°C. However, this change from a dominance of Pseudocalanus sp. and Oithona sp.
to a dominance of Centropages sp. took place only after the phytoplankton bloom
(Lengfellner 2008). As a contrast we could not find a similar response to warming during
the experiment 2009, where the copepod community was dominated by Acartia sp. (57 %
+ 13 SD mean total copepod biomass) during the whole experimental period, neither
during the experiment 2006, where the copepod community was dominated by

Pseudocalanus sp..
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Figure 3-2. Genus specific copepod biomass and the time course of phytoplankton

evenness in the experiment 2008. Means of 6 replicates for the warming scenario (A) and

ambient temperature (B). Vertical dashed line represent the time of maximal

phytoplankton biomass.

There were notable differences in the initial copepod community composition
between the experiments. Copepods in the experiments 2006 and 2007 were dominated
by Pseudocalanus sp. and Oithona sp.. In the experiment 2008 we observed an initial
dominance of Oihona sp., whereas in the experiment 2009 the copepods were dominated

by Acartia sp..
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Phytoplankton dominance and species richness

The response of phytoplankton species richness to warming varied between the
studies. A positive response of richness to warming was observed in the experiment 2009
(GLM, F =16.05, df =2, P = 0.001, r?= 0.78), while phytoplankton richness responded
negatively to warming in the experiment 2008 (GLM, F = 4.50, df = 2, P = 0.044,
r* = 0.50), though a previous analysis (experiments 2006 and 2007) showed a negative
response (Lengfellner 2008). Relationships between phytoplankton richness and evenness
were divergent as well. Richness was positively correlated with evenness in the
experiment 2009 (r =0.84, N =12, r*=0.70, P < 0.001), but negatively in the experiment
2007 (r=-0.78, N =8, r?= 0.61, P =0.021) whereas experiments 2006 and 2008 showed
no response (P > 0.05).

Phytoplankton evenness at the bloom maximum responded positively to
temperature and initial copepod density in the 2009 experiment (GLM for the experiment
2009, F = 6.60, df =2, P =0.017, r’= 0.59). No significant response to temperature and
light intensity was observed at the bloom maximum in the experiment 2008 (GLM,
P > 0.05). Phytoplankton evenness slightly increased with warming during the
experiment 2007 at the point of maximal phytoplankton biomass (regression analysis,
b=0.05,N =38, r*=0.53, P = 0.04) and showed no response during the experiment 2006
(regression analysis, P > 0.05).

The initial phytoplankton evenness in the experiment 2009 was already very high
(0.82 £ 0.03 SD) and remained at this high level during the whole experimental period.
A drastic response of the phytoplankton evenness to the temperature changes was
observed in the experiment 2008 during the post bloom phase. Phytoplankton evenness
increased rapidly after the bloom under enhanced temperature and decreased under
ambient conditions (Fig.3-2, see also Appendix Figure A2). Phytoplankton evenness
decreased gradually after the bloom in the experiment 2007 over all temperature

treatments and increased in the experiment 2006 (Lengfellner 2008).
Linking copepod community composition and phytoplankton diversity

Total copepod biomass had a positive, however not significant, effect on
phytoplankton richness when tested across all experiments (overall effect on richness
+ 95% confidence interval: 0.35 + 0.61). The effect size of different copepod species on

phytoplankton richness varied however. The biomass of Temora sp., Acartia sp. and
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Oithona sp. had a significantly positive impact on phytoplankton richness. The positive
effect was found both when absolute and when relative biomass of these species was used
as independent variable. The biomass of Centropages sp. and Pseudocalanus sp. did not
show any significant response and their relative biomass had rather a negative effect on

phytoplankton richness (Fig. 3-3A).
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Figure 3-3. Effect sizes = 95% confidence intervals of the copepod biomass (black
circles) and the relative copepod biomass (open circles) on the phytoplankton species

richness (A) and evenness (B) closest to the phytoplankton biomass peak.

We observed a significant positive effect of total copepod biomass on
phytoplankton evenness (overall effect on evenness + 95% confidence interval: 0.35 +
0.31), which seems to be driven mostly by the biomass of Pseudocalanus sp. as it was the
only species showing significantly positive effect on phytoplankton evenness. As a
contrast the relative biomass of Temora sp. negatively affected phytoplankton evenness

(Fig. 3-3B).

DISCUSSION

We observed a shift in copepods species composition under elevated temperature
in the experiment 2008 (Fig.3-2A). However, the causes of the reported shift are not clear
and no response of copepods composition to warming at the phytoplankton biomass
maximum was found in the experiment 2009 or previous studies (Sommer and
Lengfellner 2008). One possible explanation of the observed shift might be availability of
ciliates as preferred food for the dominant Oithona sp. (Lonsdale et al. 2000). If the
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mesozooplankton grazing activity increased with warming, as it has been noticed in other
studies (Isla et al. 2008, O'Connor et al. 2009), Oithona sp. would reduce the abundance
of ciliates very fast under elevated temperature and slower under ambient conditions.
Preliminary analysis of protozoa in the experiment 2008 confirm the rapid decline of
ciliates in the warm treatments (N. Aberle, unpublished data). The lack of ciliates might
promote more herbivorous species like Temora sp., which would benefit from the higher
diatoms to ciliates ratio and dominate the mesozooplankton community under elevated
temperature.

Temora sp. and Centropages sp. are usually regarded as summer species in the
Baltic Sea (Mollmann et al. 2000) while our experiments were conducted during the
winter-spring transition. Thus another explanation of the mesozooplankton community
shift with warming in the experiment 2008 might be a higher temperature optimum for
Temora sp. and Centropages sp. than for the typical overwintering species in the Baltic
Sea like Oithona sp. and Pseudocalanus sp. Similar phenological shifts in the
zooplankton species composition were already reported for the North Sea and the Baltic
Sea (Alheit et al. 2005). However, a shift in mesozooplankton community composition
with warming was not observed in the experiments 2006, 2007 and 2009 except for an
increased number of Centropages sp. reported at the end of the experiment 2007 in the
warmest treatments (AT = 6°C, Lengfellner 2008, Sommer and Lengfellner 2008)
suggesting that availability of the preferred food might be a major factor affecting the
mesozooplankton community composition and dominance structure.

The effects of herbivores on autotroph diversity depend on their relative effects on
dominant and subdominant species (Hillebrand et al. 2007). Copepods might feed on
numerous coexisting phytoplankton species thereby reducing their number. Thus, the
abundance of rare species might fall below the detection limit and reduce apparent
richness. Such a mechanism was observed in the experiments 2006 — 2008, where
warming, linked with enhanced grazing activity of copepods, decreased phytoplankton
richness. However, if copepods feed on the dominant phytoplankton species, they might
have a positive effect on phytoplankton richness, because their impact on the dominant
competitor is disproportionately greater and species below the limit of detectability might
be released from competition and become detectable. We assume, that the positive effect
of Acartia sp. on apparent richness might be explained this way. A positive impact of

warming and enhanced copepod density on phytoplankton richness was observed in the
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experiment 2009, in which Acartia sp. strongly dominated mesozooplankton community
at the peak time and over whole experimental period. Copepods like Oithona sp., which
prefer feeding on ciliates (Lonsdale 2000), have only a weak direct impact on
phytoplankton richness because they foremost actively reduce ciliate abundance. They
can, however, have an indirect positive effect on phytoplankton richness by preventing
phytoplankton species from ciliate induced exclusion.

A positive response of phytoplankton evenness to increasing copepod biomass
observed in our study (Fig. 3-3B) occurs if the dominant phytoplankton species belongs
to feeding spectrum of copepods. In such a case the copepods feed mostly on the
dominant phytoplankton species reducing their dominance. If the bloom is dominated by
inedible phytoplankton (too small or too big species, toxic algae), we would suspect
rather a decrease of the phytoplankton evenness with increasing grazing pressure, because
copepods would probably feed mostly on the rare edible species increasing phytoplankton
dominance. The negative effect of the relative biomass of Temora sp. on phytoplankton
evenness in our studies might suggest that this copepod had a broader feeding spectrum
than other copepod species present in the community and was able to feed on the rare
phytoplankton species. It was already reported that Temora longicornis is able to feed on
very large algae, which are not available for other copepods (Jansen 2008).

Observed effects on the phytoplankton dominance structure can be also
confounded with effects on phytoplankton biomass production (Hillebrand et al. 2008).
Phytoplankton evenness response could vary between species with different growth rates,
especially if they compete for the resources (Polley et al. 2003). This was, however, not
the main effect during a build-up phase of phytoplankton bloom in our nutrient rich
system. A negative correlation between the phytoplankton evenness and biomass in our
studies (Tab.3-2) might be explained as an effect of enhanced consumer activity with
warming. It is known that warming and enhanced grazing pressure reduce phytoplankton
biomass (Lewandowska and Sommer 2010, Sommer and Lewandowska 2010). If
copepods reduce mostly the biomass of dominant species, it is obvious that phytoplankton
evenness increases with decreasing producer biomass. Observed positive temperature
effects on phytoplankton evenness at the peak time in the experiments 2009 and 2007
might be also driven by the significant negative correlation between phytoplankton

evenness and biomass (Tab. 3-2). This confirms our assumption that copepods, which
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graze at higher rates in warmer conditions (O’Connor 2009), reduced mostly the biomass

of dominant phytoplankton species in the experiments 2009 and 2007.

Table 3-2. Results of Pearson’s correlations between phytoplankton biomass and

evenness in the mesocosm experiments.

Experiment R N r2 P
2009 -0.75 12 0.56 0.005
2008 -0.52 12 0.27 0.085
2007 -0.87 8 0.76 0.005
2006 -0.10 8 0.01 0.808

In conclusion our results show that strong top-down control of producers under
warmer conditions affects not only the magnitude of phytoplankton biomass, but via
selective feeding reorganizes the phytoplankton community structure as it changes
producer evenness and richness. Whereas some copepod species might control
phytoplankton richness (e.g. Acartia sp., Oithona sp.), others (e.g. Pseudocalanus sp.)
appear to be responsible for effects on phytoplankton evenness (Fig. 3-3). Therefore it is
highly important to look at the species composition of producers and consumers, which is
ignored by most of the recent studies about zooplankton response to warming as they are
often restricted to one species. Our results reveal that the zooplankton community
composition might be crucial to understand the effect of warming on aquatic ecosystems.
Obviously bottom-up processes are also important and nutrient availability might strongly
affect producer functions. There is a need of complex ecosystem studies where

community interactions could be fully represented.
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GENERAL DISCUSSION

Temperature as an ecological factor for phytoplankton

Overall, the results of the spring bloom experiments conducted within the
framework of the DFG-priority program “AQUASHIFT” have provided a balanced
picture of the role of temperature as a steering factor for the timing, magnitude and
composition of the spring bloom. Indeed, temperature has been shown to be a major
factor, which affects spring phytoplankton bloom. Although light intensity and nutrient
content have indisputable strong impact on aquatic photosynthesis and algae growth, both
light and nutrient availability for phytoplankton in the water column depend on thermal
stratification. In deep water bodies, the onset of stratification might act as a light switch,
relatively suddenly increasing the light exposure of phytoplankton by an order of
magnitude (Sverdrup 1953). This is different in shallow water bodies, like the Kiel Bight
of the Baltic Sea, to which our experiments have been tied. Here, temporal variability of
the light supply at the start of the spring bloom is primarily dictated by surface irradiance.
Short-term and interannual variation of surface irradiance at weekly scales rarely exceeds
a factor of 2. Light intensity, nutrient availability and seasonal thermal stratification are
coupled in the water column and all together determine the spring phytoplankton bloom.
Thus, the impact of warming on phytoplankton succession should be analysed respecting
light conditions and nutrient content.

I showed in this study (chapter 2) that changes in light intensity, varying within
the natural limits typical for shallow water bodies, had only a weak impact on primary
producers, whereas temperature stronger affected phytoplankton, changing their biomass,
species composition and community structure. Light, however, affected the response of
phytoplankton productivity (PP) to warming (chapter 1). In agreement with Tilzer et al.
(1996), I was able to show that temperature had stronger impact on primary productivity
under higher light intensity than under light limited conditions. In my studies I did not
consider nutrient limitations, because nutrient concentrations in each experiment were
high enough to guarantee non-limited growth during most of the ascent phase of the
phytoplankton bloom and the processes after the bloom, when nutrient limitation might
have been important, were not the main topic of my thesis.

Thackeray et al. (2008), who studied spring phytoplankton bloom phenology in

freshwater ecosystems, suggested that light, nutrients and temperature, all are important
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for phytoplankton succession, but different factors might alter the growth of different
species and their significance changes with bloom development. Similar studies for
marine ecosystems could help to understand phytoplankton bloom dynamic in response to
predicted climate warming. The evaluation of light and temperature effects on
phytoplankton discussed in this thesis (chapters 1 and 2) is the first step to compare

different factors affecting spring phytoplankton bloom in marine environment.

Direct and indirect temperature effects

The predicted increase of sea surface temperatures can have a direct and indirect
impact on marine phytoplankton communities. The metaanalysis described in chapter 1
confirmed that temperature directly increases specific primary productivity (PP:B), as
stated in the metabolic theory of ecology (Brown et al. 2004), which predict an increase
of metabolic processes with increasing temperature.

My studies indicate that indirect temperature effects can be even more prominent
for phytoplankton growth than direct temperature impacts. It is known that temperature
stronger affects heterotrophic than autotrophic processes and that consumer activity
increases with warming (O'Connor et al. 2009). Thus, temperature, acting on consumer
pressure, can indirectly affect phytoplankton biomass and community structure.
Moreover, warming can shift consumer community composition, as described in
chapter 3, changing species specific interactions between zooplankton and phytoplankton.
In particular, the observed decline of phytoplankton biomass with warming (chapter 2)
can be attributed to increased grazing pressure under warmer conditions. Besides a
reduction of standing phytoplankton biomass, consumers can change phytoplankton size
structure. A shift towards smaller species with warming was reported by Daufresne et al.
(2009) and observed in my studies (chapter 2). I hypothesise that higher consumption of
large diatoms by copepods in warmer conditions benefited smaller algae species (mainly
nanoflagellates), changing size structure of phytoplankton community. Furthermore,
warming can directly decrease cell volume (Atkinson et al. 2003).

In the chapter 3, it was illustrated that higher consumer density increased
phytoplankton diversity (species richness and evenness). However, it should be kept in
mind that all experiments presented in this studies were performed under high nutrient
concentrations and nutrient limitation might reverse the sign of consumer-producer

diversity relationship, as suggested by Worm (Worm et al. 2002). Furthermore, I found
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that phytoplankton diversity depends on consumer identity (chapter 3). Thus, an observed
shift in zooplankton species composition with warming might change phytoplankton
species richness and dominance structure. Compositional shift of copepods, which are the
main consumers of phytoplankton >10 pm, might also affect phytoplankton species
composition due to different feeding behaviour and preferences to feed on diatoms or
ciliates (Stibor et al. 2004). Some shifts in phytoplankton composition related to warming
and copepod density (e.g. reduced biomass of Thalassiosira spp.) were already reported
for experiments described in this thesis (Sommer and Lewandowska 2010, see also
chapter 2).
In conclusion, my work and recent studies on climate warming and aquatic food

webs led me to distinguish direct temperature effects on:

e specific primary productivity (chapter 1) and

e phytoplankton cell size (Atkinson et al. 2003),
followed by the strong indirect temperature effects due to consumer pressure, which in
response to warming led to:

e decline of phytoplankton biomass and cell size (chapter 2)

e increase of phytoplankton diversity (chapter 3)

e changes in phytoplankton dominance and community composition (chapter 2).
It should be also kept in mind that temperature might indirectly act on phytoplankton due
to the other processes like community respiration (Wohlers et al. 2009), aggregation and

sinking (Piontek et al. 2009), which were not discussed in my thesis.

Conceptual model of temperature impacts on plankton biotic
interactions

Based on the results of my work, I developed a conceptual model of temperature
impacts on the biotic relationships in marine pelagic system, which 1 tested
experimentally using indoor mesocosm facility (Fig. 2). I included temperature as the
only abiotic factor in this model for better clarity and because I was not able to test other
factors (e.g. light, nutrients) in appropriate way to show a complete picture of

interactions.
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Figure 2. Conceptual model of temperature impacts on biotic interactions in marine
plankton. Minus represent a negative and plus — positive relationship, PP is volumetric
primary productivity, PP:B is biomass specific primary productivity.

In the proposed model, temperature directly affects species specific primary
productivity (PP:B) , as described in chapter 1. Furthermore, temperature has a positive
impact on grazing activity and development of consumers, as stated in the metabolic
theory of ecology (Brown et al. 2004) and shown empirically by O’Connor et al. (2009)
or Isla et al. (2008).

In accordance with the results shown in chapter 3, consumers have a positive
impact on producer diversity, based on the assumption that the system is not nutrient
limited. Producer diversity, especially species richness, positively affect specific primary
productivity, as discussed in chapter 1. Consumers reduce producer biomass, as shown in
chapter 2 and reported by Sommer and Lewandowska (2010).

In conclusion, the final effect of warming on volumetric primary productivity (PP)
depends on the relative strength between the positive effect of PP:B and negative effect of
producer biomass. This proportion depends on two major relationship pathways:
1) balance between direct and indirect temperature impacts and 2) consumer-producer
interactions, which lead to decline of producer biomass, but on the other hand consumers

increase producer diversity.

Future perspectives

Based on the results of this thesis, several important questions cannot be
answered. Thus I suggest three fields of future research, which may help to better
understand phytoplankton dynamic in response to climate changes:

1. Factorial studies on phytoplankton succession. In the studies discussed here,

the factor temperature and light intensity or temperature and consumer density
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were combined in two experiments accordingly. It led me to make a first step in
the evaluation of different environmental factors, which can drive phytoplankton
succession. However, much more can be done in this field of research, especially
respecting nutrient limitation, as shown by Thackeray et al. (2008). Experiments
with factorial combinations of the factors temperature, nutrient ratios and light
intensity might allow to test more realistic scenarios of climate warming and
better understand the regional differences in phytoplankton community responses
to predicted climate changes. Also indirect temperature effects acting via
community respiration and sinking need more attention in the future for better
understanding carbon transport in the water column and phytoplankton loss
processes, as suggested by Wohlers et al. (2009).

Responses of phytoplankton groups to climate changes. As reviewed by Boyd
et al. (2010) and shown in my studies (chapter 2), different functional groups of
phytoplankton might differently response to climate changes. Furthermore,
different environmental factors might be important for different phytoplankton
groups and determine the competition. As a consequence of climate change, a
reorganisation of phytoplankton community might be suspected, which might lead
to cascading changes across the whole food web. Thus, understanding species
interactions and their main environmental drivers is crucial to predict changes in
phytoplankton bloom dynamics in marine ecosystems with climate warming.

Field data and mesocosm studies. Mesocosm experiments are often criticized for
their artificial nature and limitations in space and time. However, mesocosm
experiments allow to test mechanisms, which cannot be tested in natural
environment, like diversity and nutrient manipulations, temperature gradients etc.
Coupling field data analysis with mesocosm experiments would be a complete
tool, which could successfully connect environmental changes with ecological

patterns and test theoretical approach.
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Appendix

APPENDIX
Chapter 1

Appendix Figure Al. Effect sizes (+ 95% confidence intervals) of increased temperature
on A) maximal primary productivity (PPm.x) and B) biomass normalized primary

productivity (PP:B.x) for each experiment used in metaanalysis.
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Appendix Table Al. Summary results of the effect of increased temperature on the

maximal primary productivity (PPp.) and biomass normalized primary productivity
(PP:Bpmax)-

PP ax PP:Bax
Overall effect 0.04 0.05
Variance <0.01 <0.01
Standard deviation 0.49 0.29
+95% confidence interval 0.43 0.28
-95% confidence interval -0.36 -0.18

Appendix Table A2. Light intensity and initial grazing density impacts on the effect
sizes of increased temperature on PP and PP:B. Regression analysis with (Fac.) and

without factorial (N.Fac.) studies.

Yo a b F r? P
Light intensity (PP) - 2" order polynomial regression
Fac. -1.25 0.04  0.0003 9.489 0.79 0.02

N.Fac. -1.19 0.04 0.0002 3.342 0.77 0.2

Initial copepod density (PP:B) - linear regression
Fac. 0.62 -0.03 - 3.732 038 0.1
N.Fac. 0.80 -0.05 - 2974 050 0.2
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Appendix

Chapter 3

Appendix Figure A2. Genus specific copepod biomass and the time course of
phytoplankton evenness in the experiment 2008 for the warming scenario (A) and

ambient temperature (B). MS 1-12: mesocosm numbers. Vertical dashed line represent

the time of maximal phytoplankton biomass.
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Appendix

Appendix Table A3. Copepod biomass (adults and copepodites) response to warming
and additional factors (light intensity and initial copepod density, respectively) for each

experiment.* p < 0.05; ** p <0.001

Experiment Coefficient SE t p df R’ F
2009 (GLM)
Temperature -1.95 0.89 -2.18 0.06 089  36.78%*
copepod dens. 2.08 0.25 8.29 <0.0001
2008 (GLM)
Temperat_ure -1.23 1.34 -0.92 0.38 ) 0.09 0.50
Light 0.04 0.10 0.39 0.71
2007 (regr.)
Temperature 0.96 0.96 1.01 0.35 1 0.14 1.01
2006 (regr.)
Temperature -2.25 0.84 -2.67 0.04 1 0.54 7.15%
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