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It is not necessary in any empirical science to keep an elaborate logicomathematical system
always apparent, any more than it is necessary to keep a vacuum cleaner conspicuously in the
middle of a room at all times. When a lot of irrelevant litter has accumulated the machine must be

brought out, used, and then put away. (G. Evelyn Hutchinson, 1957)
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1 Summary

Marine ecosystems provide various kinds of services for human societies, which have to be
soundly protected and managed in light of climate fluctuations and changes and increasing
human pressure. Profound knowledge of key ecosystem species serves as a basis in ecosystem
based management and the advantage of providing detailed information on causal processes
and species-environment relationships. Despite the mediating role of zooplankton in
trophodynamics, their strong contribution to large-scale community shifts globally observed, and
their suitability to identify climate changes and effects, zooplankton is still underappreciated as
an indicator for the management of marine ecosystems. In addition, complex time series analysis
of single-species dynamics including demographic processes, biotic and abiotic drivers and
various types of functional relationships are relatively sparse in zooplankton ecology. The
present thesis was therefore designed to study the copepod long-term dynamics the Central
Baltic Sea (CBS) using different theoretical perspectives.

The long-term developments of the three major copepods Acartia spp., Temora longicornis, and
Pseudocalanus acuspes in the CBS were assessed within the context of the habitat
characteristics and their environmental niches. The CBS features a strong vertical and horizontal
gradient in temperature and salinity; species are therefore likely to differ stronger in their
physiological adaptations (i.e. their fundamental niches) as well as species interactions, which
may have implications on the long-term community structure. The comparison of the long-term
trends of the three study species and their main drivers, both seasonally and spatially, indicated
that effects of climate depended strongly on species-specific habitat utilization. Direct effects of
climate changes were more pronounced at the upper water layers, shifting the potential thermal
niche of Acartia spp. and T. longicornis further into the optimal part of their fundamental niche.
Acartia spp. displayed furthermore significant differences in their spatial distribution, which is
probably caused by multiple indirect climate effects. Predation was additionally important as it
reduced the size of the realized niche, particularly of P. acuspes experiencing the largest vertical
overlap with predators.

After the main drivers of the long-term overall population dynamics were identified their
contribution to the seasonal life stage abundances of P. acuspes in combination with internal
density effects were further assessed to improve the understanding of the life cycle dynamics of
P. acuspes. Within a discrete stage-structured population modelling approach, Generalized
Additive Models (GAM) and their threshold formulation (TGAM) were applied to test for changes
between bottom-up and top-down trophic regulation under contrasting predation regimes. The
integrative analysis revealed a complex interplay of linear density and predation effects and non-
linear hydro-climate effects, the latter being stage- and season-specific. In general, younger

stages (nauplii, copepodite I-1ll) were more affected by temperature and the BSI, while older
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stages (copepodite V-V, females) were influenced by salinity, except in winter. Predation had a
significant, negative effect on older stages throughout the year and controlled the bottom-up
effects (i.e. density and salinity) mainly in summer and autumn on the copepodites IV-V. Based
on the findings of this analysis, the major peak in abundances observed for all stages across the
seasons in the 1970s/1980s can be better understood as our results suggests a multiplicative
effect of various biotic and abiotic conditions.

Based on the empirically derived relationships a single life cycle model was developed to
simulate past long-term dynamics by retrospectively changing environmental conditions and
project future dynamics under different environmental scenarios.

Results from the simulation indicate that copepodite IV-V in winter and females in spring are the
most sensitive stages to direct and indirect effects of salinity and predation. The potential futures
of P. acuspes were investigated by conducting stochastic projections of the population’s
response to one climate and a number of fisheries management and eutrophication scenarios.
The results show that under a potential climate-induced freshening of the Baltic Sea, salinity may
more strongly control the biomass of P. acuspes independently of the predation level. The
projected salinity drop to levels historically unreported caused a collapse of P. acuspes
population size in all scenarios. The model output further indicates that density-dependence
plays a role but cannot compensate for this collapse.

To detect regime shifts in marine systems such as the one observed in the Baltic Sea in advance
for short-term management efforts, a set of early-warning indicator methods based on the Baltic
key species Acartia spp. and P. acuspes were evaluated. Specifically, the practical use of
temporal and spatial indicators of critical slowing down, trend analysis and the shiftogram were
compared. This comparison revealed different strengths and disadvantages of the various
methods, with the shiftogram in combination with the alertogram seeming most promising.
However, limitations are given here in the type of transition (e.g. gradual change or a sudden
shift), which can influence the degree of detecting the transition sufficiently in advance.
Therefore, a multiple approach is eventually suggested to provide a sound scientific basis for
evaluating early-warning signals in the management process.

The present study has shown that the multiple internal and external factors strongly interact. To
obtain a deeper understanding of the long-term population dynamics we need more complex,
integrated analysis approaches. Simulations and future projections based on these detailed
knowledge of key zooplankton species can eventually serve as a tool for modern ecosystem-

based management of the Baltic Sea.



2 Zusammenfassung

Eines der drangendsten und wichtigsten Probleme weltweit ist die Sicherstellung mariner
Ressourcen. Fir ein ganzheitliches, Okosystem-basiertes Management stellt eine wichtige
Grundlage die genaue Kenntnis der Schliisselarten des Okosystems. Diese Arten kénnen
Aufschluss geben Uber kausale Prozesse wie auch uUber Interaktionen mit der Umwelt. Obwohl
Zooplankton im Energiefluss des Nahrungsnetzes eine vermitteinde Rolle innnehat, bei den
weltweit beobachteten Strukturverdnderungen mariner Gemeinschaften stark beteiligt und gut
geeignet ist, Klimaveranderungen und -effekte zu identifizieren, wurde das Zooplankton als
Indikator im Management mariner Okosysteme bisher wenig genutzt. Auch innerhalb der
Zooplanktondkologie sind komplexere Zeitserien-Analysen eher die Ausnahme. Die vorliegende
Studie versucht daher die Langzeitdynamiken der Haupt-Copepodenarten in der zentralen
Ostsee auf Basis verschiedener theoretischer Konzepte der Populationsékologie zu
untersuchen.

Zum einen wurde die langzeitliche Entwicklung der 3 dominanten Copepodenarten Acartia spp.,
Temora longicornis, and Pseudocalanus acuspes in den 3 Becken der zentralen Ostsee im
Rahmen ihrer Umweltnischen und der Habitateigenschaften untersucht. Die Ostsee weist starke
vertikale und horizontale Temperatur- und Salzgradienten auf; vorkommende Arten werden
daher groRere Unterschiede in ihrer physiologischen Anpassung (sog. fundamentale Nische) wie
auch in ihren Interaktionen zu anderen Arten aufweisen. Der saisonale und rdumliche Vergleich
der Langzeittrends zeigt, dass Klimaeffekte stark von der Arten-spezifischen Habitatausnutzung
abhangen. Direkte Effekte waren am starksten in den oberene Wassertiefen zu beobachten,
wobei hier die potenzielle thermale Nische von Acartia spp. und T. longicornis weiter in den
Bereich der fundamantalen Nische gerlckt wurde. Acartia spp. wies auch signifikante
Unterschiede in ihrer rdumlichen Verteilung auf, welche durch mehrere indirekte Klimaeffekte
vermutlich hervorgerufen wurden. Ein weiterer Faktor war Fral3druck, der sich allerdings auf die
realisierte Nische auswirkte und diese verkleinerte; insbesondere bei P. acupses, welches die
groéRte raumliche Uberschneidung mit den Pradatoren aufweist.

Nachdem die Hauptfaktoren der langzeitlichen Populationsdynamik von P. acuspes identifiziert
waren, wurden ihr Einfluss auf die jahreszeitlichen Abundanzen einzelner Lebensstadien in
Kombination mit internen Dichteffekten untersucht. Im Rahmen eines diskreten, Stadien-
strukturierten Populationsmodell-Ansatzes wurden Generalized Additive Models (GAM) und sog.
threshold-GAMs (TGAM) angewendet um den Wechsel zwischen einer trophischen "bottom-up"
und "top-down" Regulierung unter gegensatzlichen Pradations-Regimes zu untersuchen. Der
integrative Ansatz weist auf ein komplexes Zusammenspiel linearer Dichte- und
Pradationseffekte mit nicht-linearen, stadien-spezifischen Effekten des Hydro-Klimas hin.

Wahrend jungeren Stadien (Nauplien, Copepodite I-1ll) mehr vom Klimaindex und der
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Temperatur beeinflusst sind, sind die alteren Stadien (Copepodite V-V, Weibchen), mit
Ausnahme vom Winter, starker Salz-abhangig sind. Pradation hatte das gesamte Jahr Uber
einen starken, negativen Effekt auf die alteren Stadien und kontrollierte "bottom-up"-Effekte
(Salinitédt und Dichteeffekte) vor allem im Sommer und Herbst. Anhand der Analyseergebnisse
lassen sich die stadien-Ubergreifend hohen Abundanzen in den 70er und 80er Jahren als
Resultat multiplikativer Effekte durch verschiedene biotische und abiotische Bedingungen
verstehen.

Basierend auf den empirisch ermittelten Beziehungen wurde ein Lebenszyklus Modell entwickelt
um vergangene und zukinftige Langzeit-Dynamiken unter verschiedenen Umweltbedingungen
zu simulieren. Anhand dieser Simulationsergebnisse lassen sich die Weibchen im Frihjahr und
die Copepodite V-V im Winter als besonders empfindlich hinsichtlich direkter und indirekter
Salz- und Pradationseffekte einstufen. Die mdglichen Zukunftsentwicklungen fur P. acuspes
wurden untersucht indem stochastische Projektionen der Populationsdynamiken unter einem
Klima und mehreren Fischerei-Management / Eutrophierungs Szenarien vorgenommen wurden.
Die Ergebnisse zeigen hier deutlich, dass unter einer potenziellen Klima-induzierten AussufRung
der Ostsee der Salzgehalt eine starkere kontrollierende Wirkung auf P. acuspes haben kdnnte,
unabhangig vom Fral3druck. Der projezierte Salzgehaltabfall flhrt in allen Szenarien zu einem
Zusammenfall des Gesamtbestandes. Die Modellergebnisse zeigen zusatzlich auf, dass
Dichteabhangigkeiten eine Rolle spielen, nicht jedoch den Kollaps kompensieren kénnen.

Um sog. "regime shifts" in marinen System wie den in der Ostsee flir entsprechende kurzfristige
Managementmalinahmen rechtzeitig erkennen zu kdénnen, wurden verschiedene Frihwarn-
Indikatoren mittels Zeitserien der Ostsee-Schlisselarten Acartia spp. und P.acuspes evaluiert.
Es wurden die praktische Verwendung folgender Methoden verglichen: zeitliche und raumliche
Indikatoren des "critical slowing down", die Trendanalyse und das shiftogram. Dieser Vergleich
deckt die verschiedenen Starken und Nachteile auf, wobei das shiftgram in Kombination mit dem
alertogram am vielversprechendsten scheint. Jedoch gibt es auch hier Limitationen, die bedingt
sind durch die Art des Ubergangs (graduell oder abrupt), welcher einen Einfluss auf die
Erkennungsstarke dieser Ubergangsphase hat. Um eine solide wissenschaftliche Basis der
Beurteilung solcher Frihwarnsignale im Managementprozess geben zu kdnnen, wird ein Ansatz
beflrwortet, der auf mehreren Indikatoren basiert.

Die vorliegende Studie hat gezeigt, dass die zahlreichen internen und externen Faktoren sich
gegenseitig bedingen. Um ein tieferes Verstandnis der Populationsdynamik zu bekommen, sind
komplexere Analyse-Ansatze daher erforderlich. Anhand dieser detailierten Kenntnisse von
Zooplankton-Schlisselarten lassen sich sehr gut Simulationen und Zukunftsprojektionen
durchfiihren, welche einen wichtigen Beitrag fiir das Management mariner Okosysteme wie der

Ostsee leisten konnen.



3 Outline of publications

The following overview outlines the four publications included in this thesis and the contribution
of each author to the respective manuscript. The overall objectives of this research study were
included in the BONUS+ project: Assessment and Modelling of Baltic Ecosystem Response
(AMBER).

Manuscript 1

Habitat heterogeneity influences climate impact on long-term changes in community

structure

Saskia A. Otto, Juha Flinkman, Georgs Kornilovs, and Christian Méllmann
SAOQ designed the research, performed the statistical analysis and wrote the manuscript.
JF and GK provided the zooplankton data. CM helped with the writing and the design and
conduct of the analysis. The manuscript will shortly be submitted to PloS ONE, a peer-

reviewed journal.

Manuscript 2

Life cyce dynamics of a key copepod over long time scales: A complex interplay of

internal and external drivers

Saskia A. Otto, Marcos Llope, Georgs Kornilovs, and Christian Méllmann
SAO developed the concept of the study, performed the statistical analysis and wrote the
manuscript. ML helped with the statistical analysis. GK provided the zooplankton data.
CM helped with the writing and the design of the analysis. The manuscript will shortly be
submitted to Proceedings of the Royal Society B-Biological Sciences, a peer-reviewed

journal.

Manuscript 3
A novel approach to modelling life cycle dynamics of a key marine species under past
and future environmental changes
Saskia A. Otto, Thorsten Blenckner, Georgs Kornilovs, Marcos Llope, Barbel Miller-Karulis,
Susa Niiranen, Maciej T. Tomczak, and Christian Méllmann
SAO conceived the modelling; SAO and CM designed the research and analysed the
data. ML provided analytical support. GK, BMK, SN, and MTT provided data and model
output. SAO, CM and TB wrote the paper.
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Manuscript 4
Early detection of ecosystem regime shifts: a multiple method evaluation for management
application
Martin Lindegren, Vasilis Dakos, Joachim P. Groger, Anna Gardmark, Georgs Kornilovs, Saskia
Otto, and Christian Méllmann
ML, VD, AG, and CM designed the research. ML, VD, JG, and SO performed the
analysis. SO and GK provided data. All authors took part in the writing. The manuscript
has been submitted to PloS ONE, a peer- reviewed journal.



4 General Introduction

Population ecology started to evolve at the turn of the 20th century with the application of
experimental and mathematical models to study individual adaptations, population interactions
and community succession (e.g. Forbes 1887, Cowles 1899). In the 1920s, it became a major
field of zoological research with strong focus on mathematical approaches to single-species
population growth (Pearl & Reed 1920) and two-species interactions (Volterra 1926, Lotka 1932,
Gause 1934, Nicholson & Bailey 1935). Since then, contemporary ecological theory has
developed around a core of issues, mainly (1) the number and relative abundances of species in
a community, (2) the niche theory, (3) spatial and temporal population dynamics of single
species and their demography, and (4) multispecies and trophic interactions, (Real & Levin 1991,
Turchin 2003). The development of theoretical frameworks involving ecological thresholds and
regime shifts is rather new but has become increasingly important in the management of
ecosystems (Andersen et al. 2009).

In the past 20 years, the focus of the research has generally shifted towards a more integrated
ecosystem view. The community with its individual species populations cannot be viewed in
isolation from its abiotic environment and vice versa as they are strongly intertwined (Odum
1975). Ecosystems represent this complex and dynamic natural unit of interacting biotic and
abiotic components. Within and between these various components large quantities of energy
and matter flow in a way that is not yet fully understood. In general, these flows are suggested to
be controlled either by primary producers (bottom-up control), by foraging pressure of top-
predators (top-down control), by abundant species in intermediate trophic levels controlling the
flow up- and down the food web (wasp-waist control) or combinations of these depending on the
temporal state of the system (Cury et al. 2003, Bakun 2006). Changes in the abundances of
species altering the ecosystem structure and functioning are often induced by environmental
changes and can appear as a smooth, abrupt or discontinuous shift, the latter leading to an
alternative "stable" state (Scheffer et al. 2001, Scheffer & Carpenter 2003, Collie et al. 2004).
The strength of the environmental effect depends on the community's resilience to perturbations,
which is determined by the species' ability to adapt to the physical environment and the level of
ecological interactions (Holling 1973, Peterson et al. 1998). Fishing can similarly induce such
changes. In various regions of the Northern Hemisphere major reorganizations were
synchronistically observed in the late 1980s and related to large-scale climatic changes,
overexploitation of resources or both, e.g. in the North Pacific and Bering Sea (Hare & Mantua
2000), the northeast U.S. continental shelf (Link et al. 2002), North Sea (Reid et al. 2001), Baltic
Sea (Mélimann et al. 2009), or the Black Sea (Daskalov et al. 2007).
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In view of climatic changes, which are projected to cause further increases in temperature and
the occurrence of hot extremes (IPCC 2007), together with growing human pressures (e.g.
fishery, shipping traffic, input of nutrients and hazardous substances, introduction of invasive
species via the ballast water), ecosystems are severely under pressure. Losses of biodiversity,
demographic changes, and simplifications of the food web, to name only a few examples, could
be the consequences (Loreau et al. 2001, Doney et al. 2012). This will have tremendous
implications for humans as marine ecosystems provide all different kinds of benefits, beside the
more obvious supply of protein sources (Worm et al. 2006). These so-called ecosystem services
can be of regulatory, socio-economic or cultural value (Millenium Ecosystem Assessment 2005).
The importance of the latter for instance has been acknowledged by the New Zealand
government, which enacted a law giving the indigenous Maoris exceptional fishing rights. The
immediate short-term as well as long-term impacts on several ecosystem services (i.e. fishing
industry, recreation, tourism, coastal protection) due to severe ecosystem degradation become
especially apparent under catastrophic events such as the oil spill in Guimaras, Philippines, or
the Deepwater Horizon oil spill in the Gulf of Mexico (NRC 2012).

Taking effective management decisions to deliver the protection and conservation of these
services requires an integrated systems analysis provided by the Ecosystem Approach to
Management (EAM) framework (Browman & Stergiou 2004, ICES 2005, Farmer et al. 2012).
This framework aims to capture the major interactions within an ecosystem, including multiple
human impacts. One of its main objectives is the identification of the current ecosystem state and
the specification of the "state to be achieved" (ICES 2005). Furthermore, indicators that may
describe the ecosystem state, or impacts of human pressures need to be determined. Useful
indicator species are often keystone species, which by definition have a proportionally large
influence on the community or ecosystem (Power et al. 1996), often maintaining its stability
(Paine 1966). Although often demonstrated for fish or marine mammals with predation as the
major mechanism in the keystone effect, key species are not restricted to higher trophic levels
(Power et al. 1996). Other interactions such as competition, mutualism or parasitism as well
dispersal or habitat modification can be similarly important (Bond 1993). Hence, species of lower
trophic levels such as cyanobacteria or endolithic lichens have been suggested as keystone
species (Power et al. 1996). A key role in the re-organization of marine communities has recently
been also attributed to the zooplankton (Alheit et al. 2005, Hays et al. 2005, Mdllmann et al.
2009). Zooplankton species play a major role within the food web as they mediate the energy
flow between primary producers and secondary and tertiary consumers such as large,
commercially important pelagic and demersal fish populations. Because of their high daily fecal
pellet production, which is an important food source for microorganisms, they have a great
importance in the microbial food web and the biological pump (Richardson 2008, Turner 2002,
2004). Traditionally marine zooplankton is considered as being bottom-up controlled and may

serve as suitable indicators of the effect of climate on the ocean, unbiased by anthropogenic
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effects at the top of food webs (Hays et al. 2005). Their rapid turnover rates and their strong
response to temperature changes suggest them being suitable for investigating climate effects
on ecosystems (Richardson 2008, Mackas & Beaugrand 2010) and hence a multitude of studies
have been published for several areas of the world ocean (e.g. Fromentin & Planque 1996,
Conversi et al. 2001, Beaugrand 2003, Chiba et al. 2006, Turner et al. 2006). Within the EAM
framework, however, zooplankton has been rather underrepresented and focus set more on
species with a direct high economic value such as fish. However, their food web role and
suitability to indicate climatic variability and changes suggest great potential in contributing to
management and conservation issues.

In the marine environment the zooplankton community is dominated in numbers and biomass by
copepods (Miller 2005). With over 10,000 species the taxon Copepoda represents one of the
species richest groups within the Crustacea (Westheide & Rieger 1996). They inhabit all aquatic
environments, from the hyperbenthic and benthopelagic zones to glacial ponds; but their major
habitat is the marine pelagic zone with calanoid copepods being most abundant (Mauchline
1998). Despite their small size (0.5 - 5 mm with few exceptions; Westheide & Rieger 1996) they
can present the food source for large predators such as whale sharks (Nelson & Eckert 2007).
Copepods have a complex life cycle developing through 11 larval stages (6 nauplii and 5
copepodite stages) to the adult stage with one to 12 generations per year in temperate and high
latitude regions (Mauchline 1998). The vital rates of copepods (e.g. growth rate, development
times, fecundity, egg hatching rate, etc.) have been intensively studied and related to internal
traits such as body size, developmental stage, physiological condition, tolerance to temperature,
and feeding activity, which depends for crustaceans on the moulting cycle (Lenz 2000, Kigrboe
2008). Food supply and temperature conditions have been identified as most important external
factors for the growth rate (McLaren 1965, Vidal 1980a,b, Davis 1984, Klein Breteler & Gonzalez
1988, Huntley & Lopez 1992, Hirst & Bunker 2003, Liu & Hopcroft 2008, Dutz et al. 2010). The
empirically established functions of the vital rates are now commonly used in numerical models
such as individual bioenergetic and life-history trait models or population models (see Carlotti et
al. 2000 and references therein).

The investigation of inter-annual dynamics became more and more important in the past two
decades. Large-scale monitoring programs like the North Atlantic CPR survey (Batten et al.
2003) and the CalCOFI program (Ohman & Venrick 2003) provided the necessary long-term
data for this. In these studies long-term variations of zooplankton abundance were related to
climatic and hydrological variables rather than to biological processes, with the focus on large-
scale, low-frequency climatic drivers. For the North Atlantic and its adjacent seas, the North
Atlantic Oscillation (NAO), a decadal mode of variations of atmospheric mass over the North
Atlantic, has been identified as a strong force affecting the marine systems at all trophic levels
(Ottersen & Stenseth 2001, Blenckner & Hillebrand 2002, Beaugrand 2004, Modlimann et al.

2008). Fromentin & Planque (1996) indicated that the abundance of two Calanus species in the
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Eastern North Atlantic is directly correlated with the NAO and responses to this climate pattern
are species specific. Others demonstrated similar relationships for these or other species in
various regions, such as the Gulf of Maine (Conversi et al. 2001, Turner et al. 2006), the North
Sea (Beaugrand 2003), the Baltic Sea (Mdllmann et al. 2008), or the Barent Sea (Stige et al.
2009). Zooplankton species are not directly influenced by supraregional climatic patterns but
respond to local environmental conditions (e.g. water temperature, salinity, stratification, flow),
which, in turn, can be influenced by regional and large-scale hydroclimatic processes (e.g.
changes in slope water circulation, currents such as the Gulf Stream, SST, scalar wind, air
pressure, precipitation, large-scale teleconnecting patterns of climate variability) (Roemmich &
McGowan 1995, Taylor 1995, Stephens et al. 1998, Dippner et al. 2001 Greene & Pershing
2000, Méllmann et al. 2000, Beare et al. 2002, Beaugrand 2003, Molinero et al. 2005, Wiafe et
al. 2008, Gislason et al. 2009).

Despite the accumulation of studies on zooplankton time series, complex analysis of single-
species dynamics including both, biotic and abiotic drivers on decadal time scales and their
implications for the ecosystem are relatively sparse. Most of these studies are based on linear
correlation analysis and hence disregard any other shape of relationship. In addition, different life
stages may have different environmental niches and vary in their adaptive ability to local climate
conditions. Stage-specific differences in thermal tolerance have been demonstrated for instance
among eggs, larvae, and pupal of the moth species Manduca sexta (Kingsolver et al. 2011) or
juveniles and adults of the diamondback watersnake (Nerodia rhombifer) (Winne & Keck 2005).
Yet, stage-specific long-term developments have so far been limited in zooplankton time series
analyses.

In the Central Baltic Sea (CBS), i.e. the central basins of the Baltic Sea and our study area (see
Fig. 4-1), the study of copepod dynamics is especially challenging as most species live here at
their physiological limits. The Baltic Sea in Northern Europe is worldwide one of the greatest
brackish water systems, extending over 13 degrees of latitude and thus featuring a strong
temperature gradient across the different basins. Due to its semi-enclosed nature with a narrow
connection to the North Sea, the Baltic Sea experiences a net positive freshwater balance. In the
deep areas of the Central Baltic Sea, this leads to a permanent stratification with a highly saline
deepwater (values > 12) being separated from low salinity surface waters (values < 9). Vertical
mixing of the water masses is hence restricted by a halocline at about 60-100 m depth. The
exchange of deepwater in these areas can only occur by strong pulses of salt water inflow.
These so-called “major Baltic inflows” (MBI) (Wyrtki 1954, Fonselius 1969), can change the
oceanological regime of the whole water column and improve the living conditions of for example
benthic animals by the distribution of oxygenated water. Lack or decreased frequencies of MBls
result in decreased salinity levels due to the shallowing of the halocline and have been generally
attributed to changed atmospheric forcing conditions. During the summer months a thermocline

develops at a depth of 20-30 m leading to an enhanced vertical habitat differentiation.
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The main dominating zooplankton species in this region are the euryhaline calanoid copepods
Temora longicornis, species of the genus Acartia (i.e. Acartia bifilosa, A. longicornis, A. clausi),
and Pseudocalanus acuspes. The latter has been formerly identified as P. elongatus or P.
elongatus minutus but is now recognized as P. acuspes singly (Frost 1989, Bucklin et al. 2003,
Grabbert et al. 2010, Holmborn et al. 2011). Another important but less abundant calanoid
copepod is Centropages hamatus. In summer, cladocerans can become additionally abundant
with biomass values comparable to P. acuspes (Mdllmann et al. 2000). The pelagic food web in
the CBS in terms of species diversity and trophic structure is rather simple. The upper trophic
level is represented by the two planktivore clupeids sprat (Sprattus sprattus) and herring (Clupea
harengus) and the piscivore species cod (Gadus morhua). Other top predators such as harbour
porpoise (Phocoena phocoena) or the grey seal (Halichoerus grypus) have been abundant until
the early 20th century but play now a subordinate role in the CBS (HELCOM 2009). The
interactions between the different trophic levels and compartments depend strongly on the
temporal horizontal and vertical overlap. For instance, sprat and herring, the main predators of
copepods, inhabit the open sea only during certain seasons and life phases (Mdllmann & Késter
2002, ICES 2011). Similar to other marine systems, the community in the CBS underwent a
great structural re-organization during the late 1980s/early 1990s by shifting from a cod-
dominated to a sprat-dominated system (Casini et al. 2009, Mdllmann et al. 2009). On the
phytoplankton level, diatom blooms appeared less often while dinoflagellates gained in
importance (Wasmund et al. 1998, Wasmund & Uhlig 2003). On the zooplankton level,
particularly Acartia spp. and T. longicornis showed an increase whereas P. acuspes displayed an

overall decrease (Méllimann et al. 2000, 2003). This shift appeared rather discontinuously and
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was initiated by climate-induced changes in the hydrography. Fisheries-induced feedback loops
further stabilized this shift (Molimann et al. 2009). In this complex interplay of physical forcing
and trophic bottom-up and top-down processes, a key role in the food web dynamics has been

suggested for Acartia spp. as well as P. acuspes.

Objectives and Modelling Approach

The aim of this thesis was to investigate the long-term dynamics of the major copepod species in
the CBS on different spatial, temporal, and demographic scales and to relate these dynamics to
ecosystem changes. The focus in this thesis was laid on the CBS as consistent and large-scale
sampling programs over the last 5 decades within this region made it a suitable study area for an
inter- and intra-annual analysis.

For this, statistical models were applied on single copepod time series to specifically (i) assess
how hydro-climatic changes affect the long-term development of a zooplankton community in a
heterogeneous environment (manuscript 1), to (ii) investigate stage-specific responses to
internal and external forcing and implications to the overall population dynamics (manuscript 2
and 3), and (iii) assess within the context of future research the potentials of single-species
projections and the practical use of early-detection methods based on copepod time series to
forewarn potential ecosystem shifts, both being relevant in conservation and management issues

(manuscript 3 and 4).

The core of the statistical models applied in this thesis is based on Generalized Additive Model
(GAM) techniques (Hastie & Tibshirani 1990, Wood 2006) and their extensions. In ecology, the
application of linear regression techniques has a long tradition (Venables & Ripley 2002) but the
relationships between biotic and abiotic components are often non-linear (e.g. Ciannelli et al.
2004; Stenseth et al. 2006; Dingsear et al. 2007; Tyler et al. 2008; Llope et al. 2009). To allow for
any curvature in the relationship between two variables, one can include polynomial terms in
linear models. However, this technique still makes assumptions on the actual relationship, shows
often a poor fit and can lead to numerical stability problems (Wood 2006, Zuur et al. 2007). A
more flexible approach is the inclusion of spline functions, which are piecewise polynomials over
usually a finite range. At the points where the polynomial pieces join, so-called "knots", the spline
function is constrained to remain smooth and continuous. At the boundary knots, i.e. the ends of
the range, a further constrain is applied to avoid spurious behaviour such as forcing a linear fitted
line beyond the smallest and largest X value as in natural cubic regression splines. The problem
with spline regression models is that they can be parametrically very expensive and easily lead
to over-fitting (Venables & Dichmont 2004). GAMs address this problem by fitting a large number
of parameters but compensating for this by adding a penalty term, which reflects the degree of
smoothness in the regression, to the log-likelihood and this sum of terms is maximized. The

spline functions in GAMs therefore are called penalized splines or smoothing splines. The
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appropriate degree of smoothness is estimated from data using cross validation. In summary,
GAMs have the advantage to not require an a priori specification of the relationship between the
response variable (Y) and the explanatory variable (X). Each Y; is linked with X; by a smoothing
function instead of a coefficient B as in traditional regression techniques and hence relationships
do not have to be linear.
For the stage-specific analysis and the modelling of the life cycle dynamics of P. acuspes in
manuscript 2 and 3, GAMs and their threshold extension are applied within the discrete time
model framework. In the analysis of population dynamics, three mathematical frameworks are
generally applied (Turchin 2003):

1) continuous time models based on ordinary differential equations (ODE),

2) continuous time models based on delayed differential equations (DDE), and

3) discrete time models based on difference equations
If populations have non-overlapping generations as in the case of P. acuspes, discrete time
models are a useful tool and easier to apply (Turchin 2003). They are widely adopted in fishery
research (e.g. Ricker model, Beverton-Holt model), but in zooplankton ecology numerical models
based on differential equations are more common (see Carlotti et al. 2000 and references
therein). An exception here are discrete population models based on the Leslie matrix (Leslie
1945) or modification of this (Caswell 2001), which explicitly address the population structure
(e.g. Davis 1984, Miller & Tande 1993, Twombly et al. 2007). However, mainly vital rates such as
fecundity or survival, and not abundances as in our approach, are modelled.
In manuscript 4, different methods are applied on the copepod time series data to detect trends
or structural breakpoints, i.e. trend analysis, shiftograms and temporal and spatial indicators for

critical slowing down, and the results compared.
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Abstract

Modeling species abundances and distributions based on the ecological niche concept is
increasingly common in terrestrial ecology, but less adopted in the marine realm. This is
especially true in zooplankton ecology despite its central role as mediator between primary
production and secondary consumers. Here, we investigate how hydro-climatic long-term
changes affect the long-term development of a zooplankton community in a heterogeneous
environment. We use a unique long-term time series from the Central Baltic Sea, which features
distinct habitats due to strong vertical and horizontal gradients in hydrography. Applying statistical
modeling techniques to compare long-term population trends and to identify their main drivers,
we demonstrate that the direct effect of climate changes was more pronounced at the upper
water layers, shifting the potential thermal niche of Acartia spp. and T. longicornis further into the
optimal part of their fundamental niches. Acartia spp. displayed furthermore significant
differences in their spatial distribution, which is probably caused by multiple indirect climate
effects. Predation was additionally important as it reduced the size of the realized niche,
particularly of P. acuspes experiencing the largest vertical overlap with predators. Our study
exemplifies that community structure can be affected by the complexity of the habitat. In
heterogeneous environments, coexisting species have more distinct niche separations and,

hence, are likely to differ in their temporal responses to environmental changes.

Key words: species distribution over time, potential and realized niche, copepods, Acartia spp.,

Temora longicornis, Pseudocalanus acuspes, Generalized Additive Models
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Introduction

Understanding and predicting species distribution in space and time is an increasingly important
issue in ecology, particularly in biodiversity conservation and management as well as climate
change research. Modeling approaches linking the physiological requirements of a species to its
biogeographical distribution have a long history and date back to the early 19th century
(Johnston 1924). Since the first computer-based modeling attempts (Austin 1971) increasing
numbers of techniques have emerged, especially in the last 20 years (Mladenoff et al. 1995,
Zaniewski et al. 2002, Hirzel & Le Lay 2008, Reiss et al. 2011). These so-called Habitat
Suitability Models (HSM), Species Distribution Models (SDM) or Ecological Niche Models (ENM)
are based on the Grinnellian / Hutchinson niche concept and try to quantify the realised
environmental niche (Guisan & Thuiller 2005), i.e. the portion of niche space occupied by a
species in the presence of biotic processes such as competition, predation, and mutualism, but
also dispersal and colonization (Pulliam 2000). Most of these studies have set their focus on the
spatial dimension of species occurrences. However, less well-studied are the long-term
dynamics of the species abundances mediated by temporal habitat dynamics. In general,
Hutchinson's niche concept is rather static and ignores temporal changes in environment and
population responses (Griesemer 1992).

To acknowledge the important role of climatic changes observed in paleobiology, Jackson &
Overpeck (2000) extended the classical niche concept by adding the "potential niche" (PN). In
the real world not all environmental combinations are realised at a particular time, or certain
combinations do not occur within a region due to spatial heterogeneities (e.g. topography or
geology). Consequently, only a subset of the fundamental niche (FN) space, i.e. the n-
dimensional hypervolume in environmental space that permits positive population growth
(Hutchinson 1957) exists, representing the PN for that time. In this context, the realised niche
(RN) can be seen as a subset of the PN, owing to constraints imposed by biotic processes. If
conditions of climate or anthropogenic impacts change, shifts within the environmental
realizations can be induced and consequently the PN of a species” shape, size and/or position in
environmental space changes. Some species may benefit from these changes and increase in
abundance if their PN in a given area, i.e., the size of suitable habitat, enlarges. Other species
may persist but reduce in numbers if the habitat becomes less suitable. If the changes go
beyond the species' environmental tolerance, the population will migrate or undergo local
extinctions as niche characteristics are assumed to not evolve fast enough to adapt to
environmental changes over short periods of time (Jackson & Weng 1999, Hirzel & Le Lay
2008). Species-specific changes within the community will further lead to changes in biotic
interactions, which additionally will contribute to the size of the RN. Hence, with increasing
magnitude of environmental changes, species assemblages can show great reorganizations
(Foley et al. 2003, Hare & Mantua 2000).
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The extent of community reorganizations depends further on habitat complexity. Populations for
instance, are less disrupted by temporal environmental variability in habitats with spatial
heterogeneity as they can provide for instance refugia in which survival of individuals is more
likely (Townsend & Hildrew 1994). Similarly, species diversity is known to increase with habitat
heterogeneity (MacArthur & Wilson 1967, Cottenie 2005), but effects of temporal changes in
habitat heterogeneity have only been recently explored (Munguia et al. 2011). Under climate
change scenarios for example, individual habitats may respond differentially to temperature
increase due to a variable thermal storage capacity of physical or biotic structures. The relative
distribution of habitats in an environment and the kind of species occupying these will also
influence the long-term development of the whole community. In most habitats, plant
communities determine the physical structure of the environment and consequently, have a
considerable influence on the distributions of animal species (reviews in Lawton 1983). In the
marine pelagic environment, conversely, habitat heterogeneity is created by spatial variability in
physical oceanographic parameters such as temperature, salinity and oxygen, but as well
through the occurrence of prey and predator populations.

Here, we investigate how hydro-climatic changes affect the long-term development of a
zooplankton community in a heterogeneous environment. Our premise is that species in spatially
complex habitats strongly differ in their FN and in their species interactions. Consequently they
will show different changes in their RN and hence their temporal development under hydro-
climatic variability, eventually affecting the community structure (Fig. 5-1a). To investigate this,
we use a unique long-term dataset on the zooplankton community of the Central Baltic Sea
(CBS), based on five de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>