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Shese laws, taken in the largest sense, being Geawth with Re -
production; Inkeritance whick io almoot implied by reproduction; Vari-
abilily from the indirect and direct aclion of the external conditions of life,
and. from wse and disuse; a Ralio of Inerease so Kigh as to lead to a
Otruggle for Life, and as a conseguence lo Matural Selection; entailing
Divergence of Character and the Gxlinelion of less-improved forma.
Thus, fram the war of nalue, from famine and death, the most exalled of.-
Raving been ariginally breathed intor a fo forma ar inta ane; and. tha,
whilsl this planet Kas gone cyeling on according lo the fixed lawd of gravily,
fromsasimple abeginning endless forms most beautiful and most wonder -

Charles Darwin, 1859
The origin of species - Chapter XIV
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Abstract.

Abstract

English abstract

The Baltic Sea is the largest semi-enclosed brackes in the world and consists of sev-
eral consecutive deep basins. Due to fresh wapert,iphysical processes and topographic
structures pronounced hydrographic stratificatipessist. These stratifications are created
from water masses of incompatible densities dudfferent temperatures and salinities. In
the Bornholm Sea, a central basin of the southalticBSea, a permanent density gradient
is found in a depth of approximately 60 m (halog)ithat demarcates less from more sa-
line waters below. During summer another discoritynlayer is found in the upper 20-
30 m (thermocline). This thermocline separateswhem surface water from the cooler
winter water.

In this thesis the utilisation of the hydrograplagers by the dominant zooplankton spe-
cies of the Bornholm Basin was investigated. AltofesB32 multinet samples from differ-
ent sites and depths were analysed for zooplarddorposition and the relation to ambient
environmental parameters by means of multivariag¢hods, weighted depth centroids and
individual analyses of the vertical distributiohwlas found that certain species and devel-
opmental stages are bound to distinct layers anthjya migrate between them during the
season. The aquatic layers put different demandt@mphysiology of the individual spe-
cies and can therefore be conceived as habitatstna@ing the vertical distribution. A
total of five different utilisation modes of the t@a column were identified. These utilisa-
tion modes are closely correlated to hydrographicdlimes and represent characteristic
zooplankton assemblages. Differences between tieatibn modes are partially subjected
to seasonal variability. Potential effects of tlegregation of the zooplankton community
on the trophic system of the Bornholm Sea are dsat on the basis of the identified utili-
sation modes. Correlations between the heterogsneatitat utilisation, climatic changes
and an observed regime shift since the 1980s vestated. Furthermore, to facilitate the
analysis of such data, a software tool was compheatl imports, creates and displays the
various data formats and also performs initial alaltons.

When assessing the vertical distribution of plankiising nets the depth integration is a
limiting factor intrinsic to the method, making eepise assessment of zooplankton species
in different horizons more difficult. To solve thisoblem a new concept for optigatsitu

detection of minute plankton species is introducdedentral aspect in the development of
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such a high magnification photographic detectiosteay was the design of suitable illumi-
nation devices, as the amount of light, i.e. thmihous flux, has to be increased exponen-
tially with increasing magnification. The technicsblutions presented create a suitable
image illumination using high resolution digitalncaras while allowing for simultaneous
estimation of the photographed water volume. Thestacted prototype was able to ac-
quire images of plankton and particles in the watedt stores them together with their si-
multaneously measured ambient environmental paemethis system thus allows for a

more efficient data acquisition as compared tacagthes.

Deutsche Zusammenfassung

Die Ostsee ist das grof3te brackige Binnenmeer di# End besteht aus einer Abfolge
mehrerer tiefer Becken. Aus SiuRRwassereintrag, palsthen Prozessen und topographi-
schen Strukturen resultieren ausgepragte hydrogeph Schichtungen. Diese Schichtun-
gen rahren von Wassermassen her, welche sich iKatabination der Parameter Tempe-
ratur und Salzgehalt unterscheiden und in der Fofgerschiedliche Dichten aufweisen.
Im Bornholmbecken, einem zentralen Becken der dliieli Ostsee, findet sich in etwa
60 m Tiefe eine kontinuierliche Dichtesprungschigtalokline), die geringer saline Was-
sermassen von hoher salinen, und dadurch schwedaamter abgrenzt. In den obersten
20-30 m findet sich eine weitere, saisonal ausdet®l Sprungschicht (Thermokline), die
warmes Sommerwasser an der Oberflache vom kiuhWiaterwasser tber der Halokli-
nen trennt.

In dieser Arbeit wurde die Nutzung der hydrographén Schichten durch die dominanten
Zooplanktonvertreter des Bornholmbeckens untersihitHilfe multivariater Methoden,
gewichteten Dichteschwerpunkten der Tiefenvertgilund individueller Analyse der Ver-
tikalverteilung wurden insgesamt 832 Multinetzpnobeon unterschiedlichen Stationen
und Tiefen bezuglich ihrer Zooplanktonzusammensegjzuntersucht und in Relation zu
den jeweiligen Umgebungsparametern gesetzt. DdbHiessich heraus, dass Arten und
Entwicklungsstadien jeweils an einzelne hydrogragie Schichten gebunden sind und
teilweise saisonal zwischen diesen wechseln. Deséchten stellen unterschiedliche An-
forderungen an die Physiologie der Plankter undnkanals Habitate aufgefasst werden,
welche die Vertikalverteilung von Arten beeinflussénsgesamt wurden flinf verschiede
Nutzungsmodi der Wassersaule identifiziert. DiesgzMngsmuster sind eng an hydrogra-

phische Bereiche gekoppelt und zeigen charaktseisti Zusammensetzungen der Zoo-
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planktongemeinschaft. Die Unterscheidung zwischen dlutzungsmustern ergibt sich

teilweise aus der saisonalen Veranderungen deragdyaiphie. Anhand der identifizierten

Nutzungsmodi werden madgliche Auswirkungen der Sepang der Zooplanktongemein-

schaft auf das trophische System des Bornholmbec#mkutiert. Mogliche Zusammen-

hange zwischen der heterogenen Habitatnutzung,ak$ioh bedingten Anderungen der
Hydrographie und einem beobachteten Regime ShifBsginn der 1980er Jahre werden
aufgezeigt. Fur die Datenverarbeitung wurde einvktwerkzeug erstellt, welches die
fur die verwendeten Analysen bendtigten Datenfoenliast, erzeugt, darstellt und grund-
legende Berechnungen durchfuhrt.

Fir die Untersuchung vertikaler Verteilungsmustan Yooplanktern stellt die methodisch

bedingte Tiefenintegration von Planktonnetzen eilimaitierenden Faktor dar, der die Ge-

nauigkeit der Zuordnung einzelner Zooplankter zterschiedlichen Horizonten verrin-

gert. Um diesem Problem zu begegnen, wurden im Rahdmeser Arbeit Konzepte zur

optischenin-situ Detektion von kleinen Planktern vorgestellt. Da &eleuchtungsstarke

mit zunehmender Vergré3erung ansteigen muss, wazegitraler Aspekt die Entwicklung

von geeigneten Belichtungsinstrumenten. Die hiemgestellten Optionen ermaoglichen

eine ausreichende Belichtung fur die Bilderfassumt gleichzeitiger Volumenabschét-

zung durch hochauflésende Digitalkameras. DiesezKpte sind in einem Prototyp umge-
setzt worden. Dieser soll es ermdglichen, photdgsap erfasste Organismen und Partikel
in Bezug zu gleichzeitig gemessenen physikaliscemgebungsparametern zu setzen.

Damit wird eine sinnvolle Erganzung zu Netzfangebaen.
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Introduction.

1. Introduction

1.1. Vertical distribution of zooplankton

1.1.1.Biological oceanography

The presence of discontinuity layers is a ubiqut@amd recurrent feature in the world
oceans. Of eminent biological importance are inhgeneities in temperature, salinity and
oxygen. These environmental parameters have a yrdfampact on the physiological
conditions of zooplankton communities. Differenaeszooplankton distribution often co-
incide with different water masses characterisedhage three physical parameters (e.g.
Fager & McGowan 1963, Owen 1989, Geller et al. 1@ mmich & McGowan 1995).
In contrast to changes in oxygen levels, alterationtemperature or salinity influence the
density of a body of water. Surface layers, hehtedolar radiation, become lower in den-
sity and stratify over cooler and denser water rigy@ thermocline marks the transition
zone between layers of different temperatures hadstratification becomes more stable
when the thermal gradient increases (e.g. LalligsBns 1997). Removal or addition of
fresh water changes the salinity and in turn atgodensity of seawater (e.g. Brown et al.
1998). As evaporation and freezing remove fresherydhe increasing concentration of
dissolved salt in the remaining water volume insesaits density. Conversely, precipita-
tion, melting and river run-off decrease the safidnd cause lower densities. An area in
which salinity changes rapidly with depth is terntedocline and separates waters of dif-
ferent densities vertically (e.g. Lalli & Parsor@39¥). Stable clines generally separate wa-
ter masses of different temperature and salinitploations and can form stacked vol-
umes of diverse ecological conditions on scalem foentimetres to several hundreds of
metres. Such clines often restrict mixing of adfdayers and impact vertical processes of
physical and biological exchange (Brainerd & Grd@95) and interrupt exchange proc-
esses between the euphotic zone and the mesopg@agi¢éiumboldt Current: Escribano et
al. 2004; California Current: Alldredge et al. 19&bemmich & McGowan 1995; Black
Sea: Vinogradov 1993). Also in estuaries strongtidications can reduce vertical ex-
change (Denman & Gargett 1988) and impact bothamyrmand secondary production in of
yet not completely understood ways (Owen 1989, @swt al. 1998). When water masses

with a higher density are layered over ones of lodensity, the stratification becomes
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unstable and the above layer sinks down or adnviissthe underlying one. In this case
inherent species may be dislocated or face charagimgonmental conditions.

As many zooplankton species are poikilothermal lazne a limited osmoregulatory capa-
bility, their distribution patterns are determineylthe physiological tolerance for ambient
parameters. In addition to physiological demandst¢S Hattori 1997), the availability of
food resources (Hattori & Saito 1997) and ontogenmigrations (Renz & Hirche 2006)
are often important factors for habitat selectibime influence of small scale turbulence on
feeding strategies (Maar et al. 2006), histo-ggugatraits (Ojaveer et al. 1998, Renz &
Hirche 2006) and predator avoidance (Bollens & Fd#89, Titelman & Fiksen 2004)
further affect vertical distribution (Ohman 1988)dacan constrain distribution to fringed
layers (Gallager et al. 2004). Species adapteddd waters show submergence towards
greater depth at lower latitudes because of highéiace temperatures (Jespersen 1940).
As light attenuation restricts primary productiana shallow layer, expelled species need
to adapt to alternative food resources to preveéatvation. Small scale zooplankton
patchiness and aggregation are effects of the ptngdiemical structure of the water col-
umn and important features of the environment ahklivorous predators that impact both
bottom-up and top-down processes (Owen 1989). dghtrdynamic relationships in pe-
lagic systems depend on temporal as well as spatelap, the understanding of mecha-
nisms that lead to different vertical distributiossessential (Banse 1964). However, re-
garding zooplankton ecology, variability in the teal plane is probably more important
than in the horizontal plane (e.g. Dagg 1977, Lamgh& Harrison 1989). The match-
mismatch theory (Cushing 1975, Cushing 1990) andtraoccessors dealing with food
requirement of fish larvae just consider temposgpets and neglect heterogeneities in

vertical distribution.

1.1.2.The Baltic Sea

The semi-enclosed Baltic Sea (Figure 1.1) is chiersed by a strong fresh water influ-
ence. It covers an area of approximately 412.5694md is the largest brackish water sys-
tem of the world (Fonselius 1970). Freshwater spgm river run-off and precipitation
from the riparian states dilute the surface lagnogmus 1952, Fonselius 1970). Water
exchange with the North Sea takes place via thaeexdion of Skagerrak and Kattegatt, the
only gateway for saline waters to enter this maiggea. Dense saline waters are captured

in the troughs and replaced during inflow eventenfithe North Sea with highly saline and
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Figure 1.1: The Baltic Sea.

oxygenised waters (Matthdus & Schinke 1994). Siéparate several consecutive deep
basins and constrain the exchange of high salineravan the deep (Matthdus 1995). They
also restrict propagation of haline waters fromNeth Sea towards the innermost basins.
Inflow events are related to atmospheric circutatiatterns and often separated by long
stagnation periods (Matthdus & Franck 1992, Mash&uSchinke 1994, Matthdus 1995,
Lehmann et al. 2002). During these periods conustioelow the halocline deteriorate due
to decomposition processes of organic matter aad e hypoxic or anoxic conditions in
the deep, and only a narrow zone of oxygenatedrwateains below the halocline (Fon-
selius 1970). The decrease in salinity from thegBkak towards the eastern end is ac-
companied by distinct floral and faunal alteratigBsnsdorff 2006). In addition to a halo-
cline, a seasonal thermocline establishes in s persists until fall. It separates the
warm surface layer from the intermediate winterewand forms a three-storeyed eco-
system of water masses with different thermal aalthé combinations (Figure 1.2). The

steep vertical gradients between the differentriayeake the Baltic Sea a unique study site
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Figure 1.2: Schematic overview of the seasonal hyalgraphic situations in the Baltic Sea. During
summer the seasonal thermocline compresses the dombusly present winter water to a narrow

layer between the thermo- and halocline. Due to ithigher density the deep haline waters are re-
stricted to troughs defined by local topography. Tl local topography that different layers interact

with is independent from the time scale.

to investigate the relationship between hydrogragiuctures and the zonation of zoo-
plankton. From a geological view the Baltic is aigg sea, with biotic colonisation closely
related to events after the last glacial periodifinp1981, Andrén et al. 2000, Andrén et
al. 2002, Bonsdorff 2006). Consequently, few endespiecies are found in this brackish
environment (Ackefors 1969) and the characterikiig diversity of brackish systems
(Remane & Schlieper 1971) results in unoccupiedogical niches (Elmgren 1984). The
zooplankton community in the Baltic Sea consistd@hwater, brackish and marine spe-
cies (e.g. Ackefors 1969, Remane & Schlieper 19#knroth & Ackefors 1979, Ojaveer
et al. 1998). Both horizontal and vertical disttibn of zooplankton species is influenced
by temperature and salinity gradients (Ackefors9 3$ernroth & Ackefors 1979, Hansen
et al. 2004) which also affect population dynan{istasalo et al. 1995a, Viitasalo et al.
1995b, Vuorinen et al. 1998, Ojaveer et al. 199pDer et al. 2000, Mollmann et al.
2000). While stenoecious species are expectedhtabina distinct layer with certain hy-
drographic characteristics, euryoecious species nesigle in different strata. Zooplankton
investigations by Ackefors (1969) and Hernroth &kafors (1979) give a general over-
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view on the vertical distribution of different speg in the central Baltic Sea, but their low
spatial and temporal sampling resolution is noficgeht to determine the main residence
layers and life strategies. As several zooplanldpecies live at the lower limit of their
physiological tolerances, small hydrographic changgn alter the structure of the pelagic
community significantly (Hernroth & Ackefors 1979)ime series analyses have shown
that zooplankton species are strongly affected gigoelic inflow events from the North
Sea. The decreasing frequency of inflows sinceli®&0’s is responsible for observed
shifts in the ecosystem structure due to changdeeihydrographic regime (e.g. Ojaveer et
al. 1998, Mollmann et al. 2000, Mélimann et al. 200

1.1.3.Trophodynamic interactions

In the Baltic Sea a few key-species dominate tloplamkton community. These are major
contributors structuring the ecosystem and hengeiarfor the successful recruitment of
higher trophic levels (Alheit et al. 2005). The coercially important fish species sprat
(Sprattus sprattud..), herring Clupea harengud..) and cod Gadus morhud..) are at
least in early life stages planktivorous (e.g. LBE880). The vertical distribution of their
larvae and juveniles is subjected to hydrographtt environmental parameters and there-
fore their feeding sites are located at differegpttls (Voss et al. 2002, Voss et al. 2003).
As many zooplankton species have potentially alamole in the food web, inhomogene-
ous aggregation patterns would result in diffepmely fields among the layers. The feeding
behaviour of fish is often triggered by parametush as size, visibility, pigmentation,
encounter rate or detectionable hydrodynamic ctessted by the prey (e.g. Flinkman et al.
1993, Viitasalo et al. 2001 and references therdém}he case of different vertical zoo-
plankton distributions an inhomogeneous acceshisorésource needs also to be consid-
ered. To investigate vertical distribution pattereguires a parallel evaluation of the abun-
dance of dominant zooplankton species in diffegths. Distinguishable groups and
alterations between layers may impact eminent ttres of the food web in terms of re-
gime shift scenarios. Thus, a hydrographic segregaif different types of prey would
create functional groups of accessibility.

15
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1.2. Investigative approaches

1.2.1.Numerical ecology

As most traditional investigations regarding thetiecal distribution of zooplankton focus
on the distribution pattern of single species (Eager & McGowan 1963) the knowledge
about the influence of physical parameters on thansunity scale is limited. Unequal
catch-efficiencies for different species by varimet types (e.g. Colton et al. 1980, Nich-
ols & Thompson 1991) further bias abundance esiimat While fine mesh sizes cause
retention by impact pressure, coarser mesh sizesot@atch smaller but yet important
individuals adequately. Gelatinous zooplankton atier fragile taxa are often completely
destroyed after contact with net gauze. To anatlgeeinfluence of stratification on the
vertical distribution of zooplankton with numeriggproaches requires a pool of stratified,
small scale zooplankton data assigned to hydrograpkasurements. Numerical methods
can integrate all available information in a singtealysis. While physical readings repre-
sent punctual measurements, zooplankton samplagetitby net catches integrate over a
distinct range in the water column (e.g. Wiebe &Bald 2003 and references therein). To
find the parameters that explain most of the olekmariances one is mainly faced with
these problems. The assignment of two parameterasuned on different scales, with each
other requires the conversion of one parameters,Tthata with higher resolution are nor-
mally integrated to avoid initial extrapolation @s. Simplification can be achieved by
using means and indices, representing complex ctesiistics as single values or matrices.
However, one has to take into consideration thfarination content is rejected and artifi-
cial dependencies may be created. Multivariate @ggres have proven to be powerful
tools to extract meaningful results from highly iebie data. They consider variables
equally important at the start of the analysis iiiguish responses on given parameters
(Manly 1994), but are susceptible for a violatidnmtial assumptions. Absence of factors
like multivariate normality or independence of tmomore variables to a given parameter
reduces the power of a model. Such artificial depecies can evolve from the integration
of values over a certain range and require theusiar of variables from complex analy-
ses. Thus, relationships can be resolved by thablas included, but anticipate investiga-
tions on the full range of available data. Moretgsficated methods and tools are capable
to consider and partially compensate these faaseNheless, it is desirable to substitute
integrative measurements by ones on single spesinfembsequently the need for new
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methods has been discussed for decades (e.g. B&&4eBergeron et al. 1988, Kils 1989,
Tang et al. 1998, Tiselius 1998).

1.2.2.Optical methods for remote sensing of zooplankton

Since the 1950s several optical systems have beearlaped that provide a number of ad-
vantages over net-based systems (e.g. Foote ZD&fYy the use of digital in-situ imaging
techniques in combination with sensors for envirental parameters may allow achieving
the goal of small-scale investigations over largazontal and vertical distances. The im-
age forming system takes pictures of randomly ithisted species and objects in waters
with a relative movement, passing the observatiea af the camera. Sensors record the
ambient environmental parameters and store theamwiay that they can be assigned prop-
erly to the images. To ensure taxonomic identiftcgtthe submersible optical systems
need to manage several problems. High magnificatrahshort distances result in a small
depth of field and high proportions of out-of-foagjects (e.g. Strickler 1977). Moreover,
object blurring is a function of camera-object digte and water clarity (e.g. Pollio et al.
1979). Furthermore, short shutter times are reduiveavoid motion blurring (Mustard et
al. 2003). To quantify abundances various appraatia@e been developed to gauge the
volume that is imaged per frame.

Through-flow chambers constrain the volume phykidalthe camera’s depth-of-field and
provide easily manageable and reproducible illuthdma although fine-scale patterns and
fragile species are affected by the concentratioggss for the chamber (e.g. Wieland et
al. 1992). The volumes of images taken within dagerdistance of the device are often
calculated using software packages and adjustéuetdepth of field by the sharpness of
imaged particles (e.g. Davis et al. 1996). Theshrtiglues include a variety of uncertain-
ties. The use of highly collimated light over shaigtances reduces scatter and high back-
ground noise from stray light. It also allows qufyinig the recorded volume optically.
High quality shadow images can be captured by uémegscan cameras that image a line
light across a flow-through channel (Samson e2@01). Based on measured flow values,
the line data are assembled by software to a ddt&D shadow image of the object. To
display surface or internal structures of smallamigms, a dark field illumination is re-
quired, which is even sufficient for transparexiatéKils 1989). Several systems (e.g. Ben-
field et al. 2000, Gorsky et al. 2000, Lunven e8)03) profile plankton and marine snow

in volumes between 500 to 6500 ml, but cannot inmagriute species sufficiently for taxo-
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nomic identification. These systems use camerasathmat 90° relative to the illuminated
scene. With decreasing volumes and higher maghdits, the required light flux for dark
field illumination increases to sufficiently captusmall-scale features. While the recording
of various physical parameters can be achievely faasily, the sufficient imaging of size
classes on scales of a few millimetres with a higpth of field is close to the feasible bor-
der of optical laws.

In this thesis a new approach of an in-situ imagipstem for zooplankton is presented. It
allows gauging the volume that is imaged per fréop@an optical system. The in-situ im-
aging system projects a light-frame of known thess into the water column which is
photographed by a digital camera mounted perpeladido the projected light-frame.
With the dimensions of the camera picture the va@wan be calculated, while only ob-

jects within the light-frame are illuminated.
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2. Thesis objective

This thesis was conducted within the frame of tleenGan GLOBEC (Global Ocean Eco-
system Dynamics) projectwhich investigates trophodynamic interactionsaeen zoo-
plankton and fish in relation to reproductive sisscander the impact of physical forcing.
The aim of this thesis was to evaluate the strigueffect of the physico-chemical envi-
ronment on the zooplankton community. A stratifeedplankton distribution would result
in different prey fields for higher trophic levadepending on the hydrograph.central
hypothesis on the way to clarifying the questiors wadetermine whether the vertical zoo-
plankton assemblages are different in the hydrdgcagtrata of the Baltic Sea. Samples
from different depths had to be distinguishablevhyiations in the abundance of the spe-
cies present. Therefore, data from stratified zaokton samples were evaluated by using
three approaches to distinguish compositional peteEach approach is summarised in a
scientific paper.

1. A Multivariate Discriminant Function Analysis (MDEAFisher 1936) was per-
formed for one station in the deepest part of tbenBolm Sea to address the ques-
tion of whether two or more groups of samples vgiven measurements can be
distinguished based on these variables. Furthertherefluences of hydrographic
changes were investigated.

2. As an example for the role of the continuously preéshalocline, different life
strategies of three zooplankton species that seirvinder these diverse hydro-
graphic conditions were analysed. Weighted means weged to investigate varia-
tions in the depth centroid of different zooplamk&iocks and allowed to compare
seasonal changes.

3. A third analysis was performed at basin scale @aBbrnholm Sea. MDFA and
traditional methods were used to investigate th#icad distribution of individual

taxa and developmental stages in relation to tliednyaphy.

In preparation for the different analyses a sofemaackage was developed as an interface

between native data and a range of different dateessing tools. It allowed semi-

L ywww.globec-germany.de
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automated calculation of several of the requirddety indices and matrices, as well as
charting algorithms. It also aids to create thaunegl output formats for additional investi-
gations and processing steps with other softwackguges.

As net samples cannot resolve small scale distoibsitacross clines two new and non-
invasive approaches for in-situ zooplankton imagsygtems have been developed. The
approaches allow the quantification of the voluimat is observed per image by a combi-
nation of illuminating and optical components. hirstthesis the concepts are presented that

enable a more precise locating of species in ogldb the environmental parameters.

1. The first approach projects a frame of light irfte wvater column at which a cam-
era is directed at a 90° angle. The respectivenithating device is mounted
autonomously from the camera and uses a unidiredtjarojection. This approach
is introduced by a pending patent application amechnical paper. Additionally, a
utility model application and a second technicglgradescribe improvements in re-
flector techniques that can be used for this method

2. The second illumination approach creates a framglof as a circular device, sur-
rounding the observation volume. The advantagbeasréduction of casting shad-
ows by particles in the water column. High powegHti Emitting Diodes (LEDS)
were used as a light source. As in the previousagmh the camera points at the
created light frame at an angle of 90°. The apgraaantroduced with a pending
patent application, depicting the underlying thasgh

In the synopsis chapter the results are summaaisddliscussed. It emphasises the impor-
tance of considering ambient environmental pararadtethe evaluation of trophodynamic
interactions and furthermore, gives an outlook @ivhadditional remote sensing systems

can improve the investigation of zooplankton ecglog
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3. Material and methods

3.1. Study area

The study sites for the zooplankton investigatisiese located in the Bornholm Sea. It is
one of the largest basins in the central Baltic eégure 3.1) with a maximum depth of
approximately 100 m. At the western end it is boedeby the Arkona Sea and the isle of
Bornholm. At the eastern side the Stupsk Sill mahkesentrance to the Stolp Channel and
the transition to the Gdansk Deep. The northernsauthern ridges are flanked by the land
masses of Sweden and Poland, respectively. Infidwsaline waters from the North Sea
enter the Bornholm Sea from the north-western aldag the deepest connections after
traversing the Arkona Sea. The volume of the Boimh®ea below the halocline, defined
by the deepest point of the sill, is approxima@&lym deep, separating the deepest part of
the Bornholm Sea from the Gdansk Deep via the Stblannel. Haline waters above this
level flow over the sill into the next basin andul in a lowering of the halocline down to
the level of the sill. Arriving inflows that do ndill the trough of the Bornholm Basin
normally stop at Stupsk Sill. For a complete introtion to the hydrographic events of
2002/2003 refer to Feistel et al. 2003a, Feistal.2003b and Feistel et al. 2004.
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Figure 3.1: The central Baltic Sea. Sampling sites the Bornholm Sea are marked as black dots.
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3.2. Sampling

Zooplankton was sampled at nine stations in thenBalm Sea (Figure 3.1, Table 3.1) be-
tween March 2002 and May 2003 with an almost mgntiolverage (Table 3.2). Vertical
sampling was performed with a multinet (Hydro-Bi¢Gel; 50 pm mesh size, 0.25°m
opening, 0.2 mStowing speed) in stacked 10 m intervals from botto surface regard-
less of daytime. Samples were preserved immediaiebard with a borax-buffered 4%
formalin-seawater solution. In addition to zooplamksampling, vertical profiles of tem-

perature, salinity and oxygen were determined bp Casts.

Table 3.1: Positions of the nine focus stations whe zooplankton sampling was performed.

Station name | Latitude (°N) | Longitude (°E) | Bottom depth
[dec.] [dec.] [m]
BB0003 55.625 15.000 75
BB0006 55.625 15.750 70
BB0012 55.625 16.500 65
BB0021 55.292 15.283 85
BB0023 55.292 15.750 95
BB0026 55.292 16.500 65
BB0035 54.958 15.750 85
BB0041 54.792 15.250 70
BB0045 54.625 15.750 60

Table 3.2: Schedule of the zooplankton sampling cgmaigns in the Bornholm Sea obtained during
GLOBEC-Germany with the research vessels Alexandevon Humboldt (AvH), Alkor (AL) and
Heincke (HE).

Cruise Cruise start Cruise end
[dd.mm.yyyy]| [dd.mm.yyyy]

AvH 44/02/08| 12.03.2002 22.03.2002
AL 200 02.04.2002 30.04.2002
HE 168 05.05.2002 24.05.2002
AvH 44/02/03| 15.05.2002 30.05.2002
AL 205 11.06.2002 23.06.2002
AL 207/208 22.07.2002 07.08.2002
HE 174 12.08.2002 21.08.2002
AL 210 03.09.2002 13.09.2002
AvH 44/02/11| 30.09.2002 10.10.2002
HE 181 11.11.2002 29.11.2002
HE 182 13.01.2003 24.01.2003
AvH 44/03/01| 10.02.2003 21.02.2003
AL 217 03.03.2003 22.03.2003
AL 219 17.04.2003 28.04.2003
AL 220 15.05.2003 03.06.2003
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3.3. Data processing

3.3.1.Enumeration

Multinet sub-samples were analysed by the Sea késhénstitute, Gdynia, Poland, for
abundance and composition of zooplankton speciéslanelopmental stages. At least 500
individuals were counted and analyses were contimundil at least 150 individuals of each
of the dominant copepod speci@sartia spp., Temora longicornisand Pseudocalanus

acuspesvere found.

3.3.2.Multivariate discriminant function analysis

To investigate whether the zooplankton composisibaws distinct differences in relation
to different depths and hydrographic conditions altMariate Discriminant Function
Analysis (MDFA) was performed on the multinet dafae MDFA allows one to investi-
gate whether two or more naturally existing catexgocan be separated by measured pa-
rameters, although these factors do not differrle@hen investigated individually (Fisher
1936). It computes a new variable, the discrimirsnare, from the discriminant function
as sum of the weighted measurements (Equation I8.1he application performed in this
thesis the abundances of the zooplankton speciemch sampling depth represent the
measured variables. Each sample needs to be a membeactly one category. As the
aim was to investigate the relationship betweenvéracal zooplankton abundance and the
ambient hydrography, the categories were determiyetthe parameters salinity and tem-
perature. Three major categories (deep haline watgermediate winter water and warm
summer surface water) were distinguished. Two nocategories were included to account
for different types of inflow water. In the prepaoa for the analysis every sample was
algorithmically defined to belong to one of thesg¢egories. The MDFA model calculated
the probability of a sample to belong to one of gieen categories, based on the species
composition. This expectation is then compared Witha priori defined classification to
determine discrimination success. A computerisedehwas applied to calculate the dis-

criminant classification scof@S for each case in each category according to emuatil.

n
DS, =k, +ZWCS* X Equation 3.1

s=1
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The subscript denotes tha-priori defined hydrographic categony,the number of vari-
ables and the index of each taxon or stagegis the respective abundancesoThe coeffi-
cients for the weighing of a variables, the category constaks and probabilities are cal-
culated through stepwise regressions (for a compmlescription of the method refer to
Jennrich 1977a, Jennrich 1977b). The automaticaiyputedDS; shows the probability
of a sample to belong to the predefined categoRrom the ratio between observed cate-
gories and predicted ones the significance of tbedehcan be calculated. Variables have
to be on continuous scale with no complete collimgdetween two sets, due to the calcu-
lation of covariance matrices. For the hypothesssstnormality is required, but not for the
method itself (Hair et al. 1998). If normality caat be achieved, alternative measures, like
Wilk’'s Lambda, are available to interpret the sfgaince of the MDFA model (e.g. Rao
1951). The variables that best discriminate betwencategories and describe relation-

ships between them can be determined by a subgeQaeranical Analysis (Manly 1994).

3.3.3.Weighted mean depth

As an index of the vertical orientation of the sliamg stocks the weighted mean depths
(WMD) were calculated from abundances and deptbrin&tion of the stacked samples.
The WMD indicates the depth centroid of a stoclaangle value. The method itself can
be conceived as a weight function, frequently ugsestatistics and numerics. Elements of
higher importance receive a higher loading in thlewation and consequently achieve a
more prominent influence on the final result. Inrie of species distribution a depth layer
with a higher abundance attracts the calculatedhdegntroid towards its mid range ac-

cording to equation 3.2.

> (m.d)
fWMD(i’ ) :k:o'l‘li

Zm

Equation 3.2

Applied on the multinet data is the mid-depth of one net's range covered ima,h the
index of a species or stagehe station (haulk the index of the net on ti® station,| the
total number of nets on a station amdgives the number of individuals per cubic meter.
The representation of a stock as depth centroidimegjcareful interpretation as specimens
can also be present above and below this poirihdrtase of a homogeneous depth distri-

bution between bottom and surface the range isdfidlfe bottom depth and not necessar-
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ily an ultimate measure of the absolute resideager! If all weights are equal and differ-
ent from zero the output of the WMD is identicakhe calculation of the arithmetic mean.
However, the WMD still remains a valuable tool hwestigate vertical abundance varia-
tions and is most reasonable to use when the sagngépth interval is smaller than the
scale on which changes are expected. The WMD wstsulsed for zooplankton investiga-
tions by Bollens & Frost (1989).

3.3.4.Conversion of volumetric to area abundance

To investigate horizontal distribution patterns andletermine the total abundance, multi-
net data were converted to abundances per square (8®M. With respect to the range
covered by a single net in a haul (normally 10 h® volumetric data were transformed

using equation 3.3.

fSQM(i’j) =Z(mk nJ Equation 3.3

Applied to the multinet data,is the index of the species or stagthe station (haulk the
index of the net on th#" station,| the total number of nets on a statiomthe number of

individuals per cubic meter, amdrepresents the depth range of ifienet.

3.4. Software development

3.4.1.0cean Sneaker’s Tool

During the investigations various data file formhatl to be analysed and processed. The
number of different specifications reflects theioas research topics as well as the number
of different analytic tools used in the GLOBEC Gamy studies. To facilitate access and
comparison of different file formats a common gath with all-purpose import filters was
designed. It allows displaying these data in aietispreadsheet format. Conversion algo-
rithms to unify or standardise different geograpfioicnats were developed. They create a
geo-referenced output used by several softwareggaskfor mapping purposes. Additional
algorithms were implemented to cover specific psstey tasks for marine data. Semi-
automatic calculation of weighted mean depths amldmetric conversions is possible.

Also basic statistical investigations and multiaéei data ordination can be performed and
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visualised. These modules were combined and nowatgpeinder the name Ocean
Sneaker’s Tool (OST). Although a wide range of wafe packages can convert, trans-
form, rearrange and perform data, OST focuses euifsp problems relevant to marine
biologists. Intermediate steps are kept co-resi@eat can be accessed. OST was com-
pletely written in the Integrated Development Eamiment (IDE) Delphi 7 Studio from
Borland. The TChaf charting components from Steelaere additionally installed in
the IDE. The project is freely accessfhiegether with the source code and allows users to

modify the program for their own purposes.

3.5. Technical developments

3.5.1.Light management

Using in situ imaging of tiny objects| p o 1 0 i

like zooplankton species, for taxonom

AAAA
X
/

identification one is faced with severd @ 1

problems. At first it requires high mag

nifications, whereas available light dé T

creases approximately by the factor fo @

1

] ] ) Figure 3.2: Items (i) in the object plane are pro-
provided by the used light source is ¢ jected by lens systems (I) onto the photosensitive

. . area (p) in o’. At higher magnifications a smaller
important factor. As a second point tt gisplay window is imaged in o'. Therefore, less

. photons from the object excite the sensor and an
distance between the camera lens and image appears darker at higher magnifications.

AAAA

when magnification is doubled (Figur

3.2). Consequently, the luminous flu

imaged volume needs to be short,

particles and dissolved matter can detract imagdityuHigh magnifications at short dis-
tances also result in a small depth-of-field (DOPpints that lie in the object plane are
correctly imaged as a point on a photosensitive@eWith greater distance from the ob-
ject plane the so called circles of confusion gejér. The DOF is defined as the range
within the circles of confusion that remains snealbugh that a point in the object plane

appears to the human eye as a single point (FR)@de In digital imaging it is desirable to

2 \wwww.borland.com
3 www.steema.com
4 www.awi.de/Software/OSTcase sensitive URL)
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keep the diameter small enough

to reduce the number of pixels
excited simultaneously by the
same point. Thus taxonomic
features, important for the
identification of species, can
only be obtained within a nar-

row depth of field at high

magnifications. High f-values

Circles of
conlusion

[Depth of field |

(small  aperture  opening)

Figure 3.3: Circles of confusion on the photosensie area (0')  enlarge the DOF by minimis-
for a point a) at the near end (g of the depth of field, b) in ) )
the object plane (0) and c) at the rear end @ of the depth of INg the circles of confusion,
field. d) The use of a diaphragm improves the imaggquality,
enlarges the depth of field but less light reachebe photosen-

sitive area (Figure 3.3d). To quantify the

volume scanned per frame requires the knowledgheofwidth, height and depth of the

but reduce the utilised light

observed volume. While the first two are physicaéfined by the size of the photosensi-
tive sensor, the principal axis is infinite and adeé¢o be constrained. As the depth of field
is narrow, illumination is only necessary withinstihange. The approach introduced here is
based on an illumination technique that projecligilat frame of high luminous flux into
the water. The camera aims with an angle of 9@Riatlight frame, whose depth is in the
range of the DOF (Figure 3.4). Particles withirsthiame are illuminated, while not di-
rectly illuminated ones are nearly invisible. Thtige required clipping along the principal
axis is obtained for the depth axis. Consequettily,development of illumination devices
with a high light flux and precise targeting is iggtal precondition for in situ imaging of
small planktonic species.

For this, two different approaches were develog&dthpter 4.3). The first was designed as
a combination of a linear light source and threlendyical lenses of different focal lengths
(Patent T1, Paper T2). It creates a light framesttaimed in one dimension that is used for
depth limitation. In the other directions the ligdggam fans out and intensity decreases with
distance from the source. To improve efficiency tfeg use of rod like high voltage dis-
charge lamps a special reflector was designed (Fad?aper T4). Although it resulted in
an intense light beam the system was prone tosbastows from objects due to the unidi-
rectional illumination. As a further advancementto$é device a second one was designed

to illuminate a scene from all sides simultaneouklyvas manufactured as a circular de-
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Cireular
LOKI

Circular
LOKI

Figure 3.4: a) Schematic overview of the LOKI apptation. b) View from the front through the

circular LOKI illumination and into the lens of the camera. ¢) The prototype during an initial test

in the North Sea, showing the different componentsrom left to right the circular illumination

device, the camera housing and the main housing, &xng the embedded PC can be seen.
vice, surrounding the observation volume (Paper W&)h high efficiency Light Emitting
Diodes (LED) and cylindrical Fresnel-lenses a hoemagpus illumination was achieved
without casting shadows. As the observed volummatiser small, low abundant species
have a higher probability to remain undetected.sTthe developed system was named

Light-frame On-sight Key species Illlumination (LOKI

3.5.2.System specifications

Based on the circular illumination device a propetyvas designed, where a camera looks
over a short distance into the light frame. Witlhemuency of 15 frames per second a digi-
tal camera with four million pixels (JAI PulfiXTM4000) takes images of objects within
the light frame with shutter times below 1 ms. Thenination device creates a light frame
with an extension in the depth of field range andperated in flash mode. In towed opera-

tion mode a relative water movement replaces thternveand entrained objects between two
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frames. Thus, objects or species
appear just once and allow quanti-
fying the abundance of different
objects. The minimum object size
for detection can be manually ad-
justed and reduces required data
storage space. Every Area-Of-

Interest (AOI) can be assigned to

sensor readings of the ambient

Figure 3.5: Initial test of the prototype at Helgoand
Roads in Summer 2006. Photo by courtesy of Carsten
Wanke, Helgoland.

environmental parameters within a
time frame of one second. Initial
problems with the transmission of HF (high frequgngignals between camera housing
and the main underwater unit were due to interastiwith ambient sea water. Additional
insulation techniques were used to avoid interiegenTo date the initial laboratory phase
is completed and field tests are in progress (Eigub). The work for the evaluation of the
hydrodynamic design has been completed. The caimeennected via CameraLifilkn-
terface with a PCI-X frame grabber board (Maftéielios® XCL) that processes the data
stream of approximately 60 MB'slmage frames are pre-processed in real timedruth
derwater unit and only parts that contain objeotsstored as AOI. AOI extraction is exe-
cuted by an Int&l Dual Xeoff board (clock rate 3.8 GHz, 2 GB central memoriyjtt
communicates with several microcontroller subutiys an internal Ethernet network.
These subunits gather environmental informatiomfrarious sensors, perform prelimi-
nary calculations and assist in the communicatidth the surface. The communication
between surface and the underwater unit is achidwedan internet protocol signal
(TCP/IP) modulated onto the power supply. This émlhe use on ships with hawsers
bearing just two-conductor cables for connectiormAlti frequency modem allows com-
munication between the underwater unit and theasarbver more than 8 km of copper
coax cable with a maximum speed of 1.5 MBit. The okthe TCP/IP also allows remote
operation and data acquisition via the inter- oirdranet. Thus the gear can be operated
on unmanned stations, while configuration and @atsess is accomplished by a remote

operator.
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4. Publications and manuscripts

The following chapter lists nine papers, manussyipatents and utility application written
for this dissertation. Every document is introdueeith a short overview on the actual
status, authorship, contribution of each authortaedcontent. The documents are grouped
in the three chapters, zooplankton (Z), softwajea(®l technical development (T). As sev-
eral copyright statements prohibit the use of dosuts in the layout of the respective
journal or publishing boards, the latest versionsrgo submission were included in this
thesis. Differences in the used style sheets assw@t of the guidelines of the respective
journal or authority.

The zooplankton section incorporates three padr<8), dealing with the vertical distri-
bution of dominant zooplankton species in the BolmhBasin (central Baltic Sea) and
possible implications for the ecosystem. The sakwsection gives an overview on the
software tool developed during the data analysisaftast access to different data formats
and simplified data processing. The software secincludes one document (S1). The
technical section includes five documents (T1-Tbpw the construction and design of
optical remote zooplankton sensing systems. AsI'Bland T5 have been submitted to the

German Patent Office these papers are in German.
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4.1. Zooplankton of the Bornholm Sea

Z1: Vertical zonation of the zooplankton communityin the central Baltic Sea in
relation to hydrographic stratification as revealedby Multivariate Discriminant

Function- and Canonical Analysis

Authors:  Jan Schulz, Christian Mdllmann, Hans-Jiirgeche

Status: Published in Journal of Marine Systems 18dl016/j.jmarsys.2006.09.004)
The paper describes the vertical community assegalgatterns of dominant zooplankton
Species at one station in the Bornholm Basin. Bamseof multivariate discriminant func-
tion analysis and canonical analysis three maintdabof different hydrographic parame-
ters are demonstrated. These habitats were heteroggly inhabited by examined species
and indicate a distinct relation between hydrogyagd vertical appearance of zooplank-
ton species. The initial idea for the design ofdhalysis was proposed by the first author.

The manuscript was improved by the co-authors.
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Vertical zonation of the zooplankton community in he Central
Baltic Sea in relation to hydrographic stratification as revealed
by Multivariate Discriminant Function- and Canonical Analysis

Jan Schulz Christian Méllmann Hans-Jiirgen HircHe

* Alfred-Wegener-Institute for Polar and Marine Rarsh, Germany

" Institute for Hydrobiology and Fisheries Sciendajversity of Hamburg, Germany

Abstract

The vertical zonation of zooplankton in a deep @@ altic Sea Basin was studied in rela-
tion to hydrography based on vertically resolveohgling. The study period covered dif-
ferent seasonal hydrographic conditions as weithfew events of water masses from the
North Sea, important for the physical conditiontluiE marginal sea. By means of multi-
variate discriminant function and canonical analyge show a distinct vertical zonation of
the zooplankton community in the water column. €hneain habitats, which reflect the
hydrographic situation, were identified with disirdifferences in zooplankton composi-
tion: 1) The summer surface layer, bound by thentloeline at its lower rim. Species in-
habiting this layer are only seasonally abundantoozed to adjust to the cooler winter
water. 2) The intermediate winter water, bound gy halocline from below and the ther-
mocline or surface as the upper boundary. Speaiedlidg in this layer face a reduced
volume and are cut off from the high primary praitut when their habitat is limited from
above by the summer thermocline. 3) The layer betmtee permanent halocline and the
sea floor. The taxonomic composition in this lagleows no significant effect in relation to
the observed inflows. The consequences of thistmonéor trophodynamic interrelation-
ships and advection processes are discussed.

Keywords: Baltic Sea, stratification, vertical zonation,optankton, Multivariate Discriminant Function
Analysis, Canonical Analysis, zooplankton, commyaitalysis
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1. Introduction

In stratified waters different water masses arerggpted along their contact surfaces by
changes in their physical parameters (clines). &loéises are often characterised by steep
gradients of temperature (thermocline) and salifitslocline) and can put strong con-
straints on the distribution and dispersal of zaogton species (e.g. Fager and McGowan,
1963; Banse, 1964; Ackefors, 1969; Hernroth andefais, 1979; Owen, 1989; Gallager
et al., 2004) may cause inhomogeneous biomassbdistn in the water column and af-
fect energy transfer within the food web (Roemnackd McGowan, 1995; Viitasalo et al.,
1995; Vuorinen et al., 1998; Ojaveer et al., 199 ipner et al., 2000; Mollmann et al.,
2000).

Steep vertical gradients make the deep basinso€éntral Baltic Sea a unique study site
to investigate the interrelationship between hydapgic structures and the zonation of
zooplankton in the water column. A permanent halecis present in approximately 60 m
depth and separates deep waters with a salinijtefi more than 12 captured in the deep
troughs from less saline waters of approximatelfr@nselius, 1970). The upper layer is
brackish, freshened by riverine input and precijgita The deep saline waters are replaced
during inflow events from the North Sea with higisigline and oxygenised waters (Mat-
thaus and Schinke, 1994). In stagnant periods ¢héitons below the halocline deterio-
rate due to the decomposition processes of orgaaiter resulting in hypoxic or anoxic
conditions at depth and only a narrow depth zonexygenated water and narrow the
oxygenised space (Fonselius, 1970). During sprimj ummer a strong thermocline is
established that separates the warm surface leyrrdn intermediate winter-water layer.
The zooplankton community in the Baltic Sea cossiétfreshwater, brackish and marine
species (e.g. Ackefors, 1969; Remane and Schli@g&r,; Hernroth and Ackefors, 1979;
Ojaveer et al., 1998). While stenoecious specieseapected to inhabit a distinct layer,
euryoecious may access several strata. Consequéatlyertical utilisation of different
water masses depends on the ecophysiological malerand the availability of food re-
sources. To investigate the physical processesriflagnce trophic interactions between
zooplankton and higher trophic levels in the cdnBaltic Sea is one of the aims of
GLOBEC-Germany. As trophodynamic relationships eéfagic systems depend on spatial
overlap, the understanding of heterogeneities m \brtical distribution is important
(Banse, 1964)

The working hypothesis of this paper is that if #o@plankton distribution is affected by
the stratified environment distribution patternssiioe diverse in accordance to hydrogra-
phy. As most common investigation methods focuslistribution patterns of single spe-
cies (e.g. Fager and McGowan, 1963) it is diffidoltidentify the influence of physical
parameters on community assemblages. One paramefiten biased and heterodyned by
a set of further variables and requires mathematioproaches to extract meaningful re-
sults from highly variable data. One way to idgntbmpositional differences of stratified
samples and the parameters that lead to the ppskgarimination between samples is the
use of multivariate discriminant function analy$dDFA). The method addresses the
problem how well it is possible to separates twanare groups of samples, given meas-
urements for these on several variables, by aidig@nt function calculated from the
weighted variables (Manly, 1994). We used this métto investigate the relationship be-
tween abundant zooplankton species and hydrognapimne Bornholm Basin. Samples are
grouped in relation to the prevailing environmer@ahditions in the respective sampling
depth. The abundance of the different zooplankfmetigs in each sample represents the
measured variables. The advantage of this approadation to similarity-matrix-based
community analysis is the possibility of tagosteriorianalysis of the separating parame-
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ters and the quality of the classification. To knowledge this work is the first application
of a discriminant function analysis in the fieldzawfoplankton ecology.

2. Material and methods
2.1. Sampling

Data were based on the analysis of samples callextel5 cruises between March 2002
and May 2003 with an almost monthly coverage. Samplere taken at a station located in
the deepest part of the Bornholm Basin (95 m depbt292°N / 15.750°E; Fig. 1). Zoo-
plankton was collected using a multinet (Hydrobigil, 0.25 nf mouth opening, 5Qm
mesh size) in stacked, 10 m intervals from bottorsurface. As diel vertical migration is
not pronounced in the Central Baltic Sea (e.g. Earet al., 2005; Hansen et al., 2006;
Renz and Hirche, 2006) samples were taken regardiethe time of day. A total of 146
samples were preserved immediately after collectiorborax-buffered 4% formalin-
seawater solution.

2.2. Sample processing

Subsamples of the multinet samples were analysedeieelopmental stages of dominant
zooplankton species until at least 500 individyads sample were counted. Additional
analyses were continued until at least 150 ind&islwf the three dominant copepod spe-
ciesAcartia spp., Temora longicornisand Pseudocalanus acuspegre counted. Data of
the 16 most abundant species belonging to 5 taxa used for the analysis (Table 1). To
account for ontogenetic vertical distribution inpepods (e.g. Hernroth and Ackefors,
1979; Renz and Hirche 2006; Hansen et al., 200p¢madite stages C1 to C3 and C4 to
C6 were separated, resulting in a total number3o¥&iables for the analysis (see 2.4.).
Nauplii were not included in the analyses.

2.3. Hydrography

Profiles of temperature and salinity were obtainsthg a CTD probe (Fig. 2a and 2b).
Measurements were vertically averaged for each 1lfhuttinet interval. The averaged
layer salinity (ALS) and temperature (ALT) valuesr& then assigned to the zooplankton
counts in the respective depth. To establish categyfor the hydrographic environment of
a sample, an algorithm was developed by definingstiolds for ALS and ALT (Fig. 2c).
An ALS below 9 characterises the waters above #hecline. CategorgUMMERdefined
samples above the thermocline, with ALT > 8°C. TAILST was first found in May 2002
when the thermocline had been established (Fig. BBINTERrepresented the samples
between thermo- and halocline as well as the upp#rof the water column during the
unstratified winter situation. All other categoriead an ALS > 9 in commomALINE
defined the stagnant water below the permanentlirao The data include the period of
two inflow events from the North SeBB60denotes the waters of an exceptionally warm
inflow event in September 2002, which stratifietbimpproximately 60 m depth due to a
lesser density than tHe@ALINE water. It was characterised by an ALS > 16 andlah >
9°C. In November 2002 a second inflow entered tomBolm Basin. It replaced the stag-
nant water masses below 90 m. After January 20fuBtlaer inflow event was recorded.
The inflow fulfilled the criteria of a Major Baltimflow (MBI, Matthaus and Frank, 1992)
and renewed the deep waters in the basin compldteé/waters of the latter two inflows,
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which affected the deep parts of the trough, arekethasBB9Q according to the name
chosen by Feistel et al. (2004) for the MBI and badALS > 16 and an ALT < 9°C. For a
complete discussion of the inflow events we raddreistel et al. (2003a, 2003b, 2004).

2.4. Multivariate discriminant function analysis

To determine whether samples from different hydapgic conditions can be discrimi-
nated by their species composition, a multivardageriminant function analysis (MDFA)
was performed for tha priori defined categories. MDFA is used to determineiug-
ables that best discriminate between a set of aliturccurring groups (Fisher, 1936) and
to describe the relationship between them (Mar®@4). For each sample a discriminant
function differentiates a new variable computedhfrthe weighted measurements. Each
sample needs to be a member of only one categdrighvwean be defined priori. Vari-
ables have to be on continuous scale with no camplellinearity between two of them
due to the calculation of covariance matrices. 3ize of eacla priori defined category
should be weighed, if the number of samples insthallest group is lower than the num-
ber of variables or if category sizes differ. Hoe thypothesis tests normality is required,
but not for the method itself (Hair et al., 1998)DFA calculates the probability score of a
sample to belong to one of the five hydrographitegaries SUMMER WINTER
HALINE, BB6Q BB90 based on the species composition. This valuéas tompared
with the a priori defined classification. A complete description loé imethod is given by
Jennrich (1977a, 1977b). The computerised model

DS, =k, +ZH:WCS* X

s=1

was applied to calculate the discriminant clasaifon scoreDS for each case in each cate-
gory. The subscript denotes the five hydrographic categorieshe number of variables
(23 taxonomic groups) arsithe index of each taxon or stage.is the respectivéogio
(1+x) transformed abundance ®to equilibrate variances. The respective coeffigdor
the weighing of a variable.s, the category constaks and probabilities are given in Table
2. The automatically computdalS; shows the probability of a sample to belong tophee
defined categorg. The probability was weighed by the number of saseeacha priori
defined category. The results are summarised lassification matrix (Table 3) and show
the matching of the discriminant membership preatictvith thea priori classification.
Wilk’'s Lambda was computed as a standard statistidenote the significance of the
model's discriminatory power (Rao, 1957) that cancbnverted to a probability value via
F-test.

2.5. Canonical analysis

A canonical analysis was performed to identify hibe 23 variables discriminate between
the five categories. Hereby the number of the ginal functions (roots) is equal to the
minimum number of categories or variables minus eviechever bears the smaller num-
ber. This number can be seen as a function, wheslkribes points in a nhormal space (e.g.
with three points in space two orthogonal functians needed to define a plane the points
lay on).

As each successive function contributes less toteeall discriminatory power, the sig-
nificance was tested with a step-down %@két (Table 4). The first row indicates the sig-
nificance for all roots. Each further line repadttte significance with the preceding ones
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removed and indicates the number of functions terjpmet. The cumulative proportion of
explained variance by each root was computed fitoenBigenvalues. To determine the
discriminative nature of each root, the means ef ¢hnonical variables were calculated
(Table 5). The canonical factor structure coeffitsegive the unique partial contribution of
each taxon and stage within each discriminant fonand were used to interpret the na-
ture of the canonical roots.

2.6. Computational work

Maps and hydrographic charts were performed witkacData View (Schlitzer, 2004).
Statistics were calculated with STATISTICA (StatSdfersion 6.1). Ocean Sneaker’s
Tool (Schulz et al., 2005) was used to transforich @nvert raw data tables and to create
additional charts.

3. Results
3.1. Multivariate discriminant function analysis

The multivariate discriminant function analysis (MB) model distinguished with high
precision between samples derived frEBdMMER WINTERand the deep water samples
of higher salinity HALINE, BB6Q BB90. More than 87% of the samples were correctly
classified to their hydrographic origin by the MDEAable 3). Wilk's Lambda denoted a
high significance of the model and a compositiaiéierence in relation to hydrography.
The calculated F-value also indicates significapce0.0001).

All samples of the categorUMMER were correctly classified. Misclassification in-
creased with each further category. WitMANTER two samples out of 56 showed a
higher probability to belong tBlALINE by the distance from the classification mean. A
high discrimination rate betwedhALINE, BB60andBB90was not obtained (shaded area,
Table 3). Misclassification was not observed betwdee samples from the two inflow
events but with the stagnant haline waters. Thezefee includeBB60 and BB90to the
HALINE category.

3.2. Canonical analysis

The Chf-test showed a significant discriminatory powerydior the first two roots (Table
4). The Eigenvalues of these two roots showed ttemxplain most of the variance in
composition. The first root on its own accountedrfmre than 60% of the explained vari-
ance and more than 93.5% together with the second.

The 2D canonical plot (Fig. 3) displays the digition of the samples spanned by the first
two roots. Samples of the categ@YMMERandWINTERwere well separated from each
other and from waters of high salinity. No cleapaation was obvious between the
HALINE, BB60 and BB90 samples, but samples of the same category sholmeysaa
clustering tendency. The discriminating nature he# tanonical roots was derived from
their means for the individual categories (Tablelbtan be seen that the first root dis-
criminated the samples below the halocline fromldesr saline categori€sSUMMERand
WINTER The second root discriminated the two categatssve the halocline and indi-
cated a temperature driven characteristic. Amoegctitegories of high salinity, the warm
BB60 inflow showed a closer mean to summer. The meaBBS0 was closer to the
WINTERwater.
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3.3. Species distribution in relation to hydrogrgph

The canonical factor structure coefficients (CF®€present the unique variable loadings
in each root. The CFSC loadings for the two sigalifit roots are shown in Fig. 4 and indi-
cate how exclusively a variable contributes witkine roots (Fig. 4). Consequently the
guadrants I-1V of the CFSC loading chart (Fig. dpnesent water masses of different salin-
ity and temperature combinations and their useiftgrent species.

As derived from the mean values quadrant Il reprisseater masses from below the halo-
cline. HereOithona similis PseudocalanuacuspesC4-C6 andDikopleurasp. were found.
The salient loadings of the twOithona similisstages indicate this species to inhabit
mainly the region below the halocline with an atfirto warm waters. The other species of
this quadrant were a less reliable indicator faghkr salinity, and the small values of
Oikopleurasp. on the first root indicate that this speciesmymartially migrate above or
into the halocline.

The species of quadrant | contributed most toSb&IMERsamples. The abundant sum-
mer specieBosmina coregoni maritimd&urytemorasp. andPodon intermediushowed
highest CFSC on the second root, indicating a cieseciation with the water above the
thermocline Evadne nordmanrandPodon leuckarthave an intermediate position. While
Acartia bifilosa C4-C6, Centropages hamatu€1-C3 andTemora longicornisC1-C3
showed highest distances from the saline wakemtellasp. indicated a low contribution
to salinity discriminationPseudocalanus acusp€sl-C3 showed the lowest contribution
of all species to discrimination. The CFSC forbifilosaC1-C3 indicated a preference for
low salinity, but no direct contribution to distimigh betweerSUMMER and WINTER
This suggests that this copepod inhabits eithezré&apssigned to these categories or the
thermocline itself.

The species of quadrant IV contributedWdNTER High abundances @fcartia longire-
mis Bivalvia, Centropages hamatus4-C6 andlremora longicornisC4-C6 indicated sam-
ples of theNINTERcategory.

Fritillaria sp. was the only species in quadrant Ill and slkloaveompletely different dis-
tribution pattern. Apparently it avoids warm wateut is less particular about salinity.

4. Discussion
4.1. Data analysis

Multivariate discriminant function analysis (MDFAQrned out to be a valuable tool for
the investigation of characteristic zooplankton positions in regions of pronounced hy-
drographic structures. The high misclassificatiate mmong the categoriglALINE, BB60
andBB90indicates a similarity in species composition.tAs model cannot discriminate
these categories by the applied parameters wede®B60 and BB90 in the HALINE
category. Possible advection of North Sea speci#s the inflow events (Postel, 1996)
cannot be evaluated with this approach. MDFA comdbinvith canonical analysis is a
powerful method to determine compositional hetenegees in distinct layers. As salinity
and temperature account for more than 93% of themnee, other environmental factors
are heterodyned and of minor importance for a @@rgeparation. The results show a sig-
nificant difference in zooplankton composition beam the three hydrographic categories
SUMMER WINTERand haline waters. The canonical factor structoedficients (CFSC),
representing the loadings in the model, do notesgmt an exclusive inhabitation of a dis-
tinct layer. Rather it is an indicator for the degyiof coupling between a species and a dis-
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tinct water mass. Individual specimens may dwed tertain extent also in adjacent strata,
while the major part of the stock would be expedtete found in the respective stratum.
With a higher CFSC distance from the separating,atkee residence probability in one of
the identified layers is larger, although the @usiy in each quadrant needs attention.
Quadrant | represents the area above the thermodtidividuals who utilise this volume
are only seasonally abundant or able to take adgantf this temporary habitat. Here the
summer specie8osmina coregoni maritimaEurytemora sp. andPodon intermedius
(Hernroth and Ackefors, 1979) show salient loadinfyhile B. coregoni maritimas most
dominant at temperatures above 15°C (Hernroth arcicefars, 1979)Eurytemorasp. is
eurytherm, but limited by too high temperaturesk@&ors, 1969). It is found in quadrant
one as its life cycle starts when surface tempezatdecrease (Eriksson, 1973). It utilises
the space above the thermocline then, while itastgl as resting eggs the residual time
(Ban and Minoda, 1989). The loadings are closéh&b of B. coregoni maritimaand P.
intermediusin spite if seasonal partitioning of the habitdir¢he, 1992). Evadne nord-
manniandPodon leuckartare less tolerant to high temperatures (Ackefit®69; Gieskes,
1971a, 1971b) and disappear from the plankton dfftersummer stratification breaks
down (Hernroth and Ackefors, 1979). The thermoplsfiecieg\cartia bifilosa(Chojnacki

et al., 1984) also inhabits the warm surface layere it can find favourable conditions
for reproduction (Koski and Kuosa, 1999).

Quadrant Il includes species dwelling mainly betbw halocline. Althougi®ithona simi-

lis is described as a euryhaline, eurythermal and wonmiis species (Fransz et al., 1991) it
is the most important indicator of haline water s&ss In the Bornholm Basin it is trapped
below the halocline and exposed to hydrographiditmms in the trough (Hansen et al.,
2004). Pseudocalanusicuspesas the second marine species (Renz and Hircheg) 200
shows lower CFSC loadings, while the C1-C3 copdpedare found in quadrant I. This
may relate to different ontogenetic distributiorfstiee copepodites as described by Renz
and Hirche, 2006 and Hansen et al., 2006.

Fritillaria sp. is the only species represented in quadrhrit I tolerant to a wide range
of salinities, but restricted to cool water (Ackef01969). This allows it to obtain a unique
distribution pattern of both categories below thertmocline.

Quadrant IV represents tMINTERwater masses between halocline and thermocline as
long as the latter persists. The mesoth@®mora longicornisHernroth and Ackefors,
1979) and oligothernAcartia longiremis(Ackefors, 1969) were found her@entropages
hamatusandBivalvia larvae are known to utilise the warm surface lagest minor extent
but show surface avoidance (Ackefors, 1969; Henaoid Ackefors, 1979). This results in
higher abundances out of t8&JMMERvolume and shifts loadings to tNéINTER cate-
gory. The detached CFSC valuesSyinchaetasp. indicate a different life strategy. This
oligotherm species is found early in the seasorvalamd below the developing thermo-
cline and outlasts the high temperatures as restigg (Hernroth and Ackefors, 1979).
CFSC close to the separating planes may indicatgaal distribution in both habitats or
an utilisation of the cline itself, whichever tlagis separates. This is likely fér. bifilosa
C1-C3 and even reported fBseudocalanuspp. copepodites (Hansen et al., 2006). It is,
to a minor extent, biased by the sampling intenaald the use of the mean temperature
(ALT) and salinity (ALS) for every 10 m layer. Ca@wently samples are included that
contain overlapping hydrographic categories whikea priori definition is determined by
the higher proportion of the respective temperature salinity. Assuming homogeneous
species dispersal in each category the samplesinoptoportional compositions from
both sides. Hence the respective lower share mpgiatithe weighting of the variables in
the model. Although this may weaken the strengtthefMDFA model, clear discrimina-
tions were found.nstead of MDFA it would also be possible to apyone-way

39



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

ANOVA'’s on each of the variables, but this is rathimme consuming and would not take
advantage of the multivariate nature of the datauf£t al., 2006).

As normality is not assured in ecological data,R&¥ilLambda should be used instead of
the p-value of the F-test to interpret the explanapower of the MDFA model. In combi-
nation with the classification success of more t8a%o it indicates a distinct vertical zona-
tion of the zooplankton community. This impliestthize different water masses are char-
acterised by the specific species compositionsgh&sanalysis bases on the compositional
patterns in distinct layers it is less sensitivéht® effects of station, depth, or variations in
the horizontal distribution. However, the vertieahation might be a secondary effect, not
directly driven by the principal parameters tempeeand salinity.

4 .2. Effect of zonation

While the species identified to dwell in the deelagrers are mainly found in the central
part of the Bornholm Basin, species in shallowgeta are also abundant in the marginal
parts (Ackefors, 1969; Hernroth and Ackefors, 197%)ese findings help to explain dif-
ferences in the horizontal distribution. For example propose thAWINTERSspecies are
expelled from shallow areas when the thermoclirees the seafloor and displace their
habitat downward. Similar mechanisms applyH&LINE species, when the level of the
halocline is deeper than the bottom depth.

During stagnation periods following inflow evengpecies are trapped below the halocline
in the trough of the basin. Here they are facetl wéteriorating conditions by degradation
processes (Fonselius, 1970), which narrow the gizthis habitat for sensitive species
(Hansen et al., 2004; Renz and Hirche, 2006; Harseh, 2006). During inflow events
this water is renewed and enables species toiseutilis water mass down to the seafloor
(Leppékoski, 1971, 1975). Furthermore, individuedsx be washed out with a shoaling
halocline and carried over the sill to the nextilha€onsequently, advection below the
halocline depends on the trough and sill struatdithe Baltic Sea and is mainly driven by
the inflows. In the upper layers, local circulatipatterns derived from wind shear and
river run-off are the major controls of advectidtrquss and Bruegge, 1991).

Although theWINTERzone is present year round, its volume is redwdeeh the seasonal
SUMMERZzone is formed by the thermocline. High solar atidn causes a steep thermo-
cline with high primary production in the uppermtaster and is reduced in the deep (Han-
sen et al., 2006). Calm weather conditions redwsp dnixing and cause a shallow ther-
mocline, respective a thinner layer with higher pematures. As species abundance in dis-
tinct layers correlates with their ecophysiologicatjuirements (Ojaveer et al., 1998;
Vuorinen et al., 1998), climatic variances may ietpgheir horizontal distribution.
Stenoecious species adapted to cooler waters asutte species belonging to tIMNTER
class in this study, are separated from the sudadeng as the thermocline above persists
and cannot take advantage of the favourable feedamglitions above the thermocline
(Hansen et al., 2006). Species with broader ecaoplogical ranges cope with these envi-
ronmental changes and occupy this layer.

4.3. Importance of zonation for predator-prey i@ietions

We found a pronounced zonation of zooplankton & @entral Baltic Sea indicating the
existence of depth-specific prey fields. Thus,gpatial overlap of predator and prey popu-
lations determines prey access and hence predegbrTdhis specific prey composition
explains partly the predator’s diet and, thus detees differences in predation pressure on
zooplankton species. It addresses a fundament@@ctiuéxamined for decades by fish
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ecologists (e.g. Cushing, 1975; Last, 1980; Legget Deblois, 1994; Arrhenius, 1996), as
the predators show distinct age-specific depthepeefces (e.g. Wieland and Zuzarte, 1991;
Rudstam et al., 1994; Bagge et al., 1994; Wieldrad. £1994). Our results explain some of
the most important predator-prey interactions mdhistem. HerringQlupea harengus..)
and sprat $prattus sprattud..) are the dominant planktivorous in the BaltieaS(MolI-
mann and Koster, 2002). Diet analyses indicatelibtt clupeid fish species feed in spring
mainly on older stages ¢fseudocalanus acusp@slolimann et al., 2004). According to
our analysis, this species inhabits the deep haliaters coinciding to the water masses
where also herring and sprat feed in spring (Kéatel Schnack, 1994). In summer, older
stages offemora longicornicontribute most to the diet of sprat (M6limanrakt 2004).
According to our analysis these are found in theteviwater, which is the main foraging
arena of sprat during this season (Kdoster and $&hi894). A consequence of these very
specific interactions is the strong predation pressf the large sprat stock & acuspes
andT. longicornissince the 1990s (Mdllmann and Kdster, 2002).

A further example for the importance of the veitmanation of zooplankton for predator-
prey interactions is the interaction between thealastages of sprat and ca@gdus mor-
hual.) in the Baltic. Eggs of both fish species goavened in the deeper layers of the Cen-
tral Baltic basins. While sprat larvae migratehe surface for feeding cod remains in the
haline water (Voss et al., 2006). Our results iatiche reasons for their different feeding
behaviour. While sprat larvae take advantag@asrtia sp., the deeper living cod larvae
prey onP. acuspegVoss et al. 2003).

Depth-dependent feeding can also explain the spgu#y composition of gelatinous zoo-
plankton. For example, the medusarelia auritaappears in summer mainly in the upper
20 m and feeds to a large extendBancoregoni maritimgBarz and Hirche, 2005). This
cladoceran is identified in our analysis as occupérthe warm water above the thermo-
cline.

Consequently, the potential prey fields are infeeshby hydrography and spatial congru-
ence, as well as by the local topography and phly$eatures that need be considered in
the design of ecological models. Furthermore, diimghange scenarios and altered mean
layer thickness may drive cascading effects bytislgifenvironmental parameters (Owen,
1989) and impacts energy transfer between layers.

5. Summary

The vertical zooplankton composition in the Bormhdasin (central Baltic Sea) was stud-
ied and related to the hydrography. The pronourstestification leads to at least three
different habitats, detected by using multivaridiscriminant function analysis. These
habitats are heterogeneously inhabited by diffemplankton communities. With ca-
nonical analysis it was possible to assign mostispeclearly with the main habitats. As
the vertical zonation leads to inhomogeneous \@rtiistribution the vertical match of
predator and prey must be considered to deternviziéahle prey fields.
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Description of the figures
Figure 1: Sampling site in the Bornholm Basin (CainBaltic Sea).

Figure 2: a) Depth-profiles (m) of salinity andtejmperature (°C) at 55.292°N/15.750°E
between March 2002 and May 2003; c) Algorithmicegatisation of a sample based on
the average layer salinity (ALS) and —temperatel]j in the layer sampled by the mul-
tinet. Reading starts on the left WBAMPLE At each bifurcation a decision leads closer
to the final category. CategoBUMMERIincludes the warm and temporary surface water
above the thermoclindVINTERthe unstratified winter water, as well as the nmiediate
water between the thermo- and halocline as lonthaSUMMERwater prevailsHALINE
includes the waters of higher salinity below théobline. Categorie8B60andBB90refer

to inflow events during the observation period.

Figure 3: Canonical plot of all samples for thestfitwo roots based on multivariate dis-
criminant function analysis of tHeg;o transformed abundances of the 23 taxa and stages.
The categories refer to those algorithmically dedirm Figure 2c.

Figure 4: The canonical factor structure coeffidefCFSC) of the first two roots show the
loadings of the variables. Quadrant | represer@SthMMER 1l the HALINE and IV the
WINTERCcategory. Higher absolute variable values on ofg iadicate a greater impor-
tance in the discrimination on the respective aariables in quadrant Il indicate a dis-
tribution pattern different from the defined categs.
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Tables

Table 1: Zooplankton taxa and stages used forrthlysis.

Appendicularia

Fritillaria sp.
Oikopleurasp.

Bivalvia

Bivalvialarvae

Cladocera

Bosmina coregoni maritima
Evadne nordmanni

Podon intermedius

Podon leuckarti

Copepoda

Acartia bifilosa C1-C3
Acartia bifilosaC4-C6
Acartia longiremisC1-C3
Acartia longiremisC4-C6
Centropages hamatus1-C3
Centropages hamatu34-C6
Eurytemorasp. C1-C3
Eurytemorasp. C4-C6
Oithona similisC1-C3
Oithona similisC4-C6
Pseudocalanuacuspe<C1-C3
Pseudocalanuacuspe<4-C6
Temora longicorni€1-C3
Temora longicorni<4-C6

Rotatoria

Table 2: Coefficients for the set-up of the disenamt function analysis model.

Keratellasp.
Synchaetap.

SUMMER WINTER HALINE BB60 BB90

Probability 0.15068 0.38356 0.30822 0.08904 0.06849
A. bifilosaC1-C3 3.9611 2.9566 1.9103 2.0359 1.9038
A. bifilosaC4-C6 1.9371 0.1114 0.3880 1.1255 1.1201
A. longiremisC1-C3 4.9366 -0.1524 0.4955 1.3707 1.3322
A. longiremisC4-C6 2.3637 6.8350 1.6463 2.8151 0.1784
Bivalvia larvae 1.8459 1.0527 0.7009 1.0885 0.5680
B. coregoni maritima 5.6133 3.8996 2.5759 3.4962 2.1412
C. hamatuC1-C3 4.1528 2.0538 0.3440 1.4848 -0.3700
C. hamatusC4-C6 1.9033 -0.6910 0.8012 0.0063 0.9919
Eurytemorasp. C1-C3 -2.0486 -4.5543 -2.7879 -4.3357 -3.2377
Eurytemorasp. C4-C6 2.4650 1.4438 0.8940 3.8085 1.4834
E. nordmanni -0.0423 -0.1476 -0.5830 -0.4323 0.4634
Fritillaria sp. 1.0929 5.0223 2.4710 2.0925 2.2962
Keratellasp. -6.9410 -4.2724 -2.8239 -4.8141 -3.8527
Oikopleurasp. -1.3094 -2.4064 -0.9327 6.7379 0.9643
O. similisC1-C3 2.1711 -0.3004 1.6350 0.8067 3.5874
0. similisC4-C6 -2.4265 -0.5961 1.3053 2.3284 -0.4262
P. intermedius -0.6131 -1.4655 0.1793 0.2463 -0.2201
P. leuckarti 0.1174 -0.9954 -0.6825 -1.6678 0.0216
P. acuspe€1-C3 -0.0966 -0.8936 -0.2557 -0.1286 -1.2668
P. acuspe£4-C6 5.6785 3.6664 2.4787 3.1149 45518
Synchaetap. 0.7686 0.7458 0.5609 0.2043 -0.1208
T. longicornisC1-C3 -2.0670 -1.8969 -0.3590 -0.0810 -0.3368
T. longicornisC4-C6 0.6205 2.3738 1.8201 0.7561 2.3023
Constants -39.9275 -24.6367 -13.8410 -21.8851 8p4.3
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Table 3: Discriminant function analysis. Classifioa matrix of the observed and pre-
dicted categories. Deep and haline waters are dhade

Predicted category
Observed Cum. | gyMMER WINTER HALINE BB60 BB90
percent

SUMMER 100.0000 22 0 0 0 0

WINTER 96.4286 0 54 2 0 0

HALINE 88.8889 0 2 40 1 2

BB60 61.5385 0 0 5 8 0

BB9O 40.0000 0 0 6 0 4

Total 87.6712 22 56 53 9 6
Wilk's Lambda | 0.0351866
F (92, 473) 6.842463
p-Level <0.0001

Table 4: CHi-test for the significance of the roots in the aginal analysis.

Root Eigenvalue L\;Vril?aza Chi? DF ‘ Cum%  p-Level
1 4487715 0.035187 438.4688 92| 0.609233 < 0.0001
2 2.403534 0.193094 215.4397 66| 0.935530 < 0.0001
3 0.336036 0.657202 549890 42| 0.981144 0.086285
4 0.138893 0.878046 17.0374 20| 1.000000 0.650542

Table 5: Means of the canonical variables in eack r

Category | Root1 Root 2 Root 3 Root 4
SUMMER 3.96521  2.00518 -0.276406  0.07415
WINTER 0.73207 -1.83085 0.064898 -0.05956
HALINE -2.06359  0.56459 -0.238311 0.35689
BB60 -0.93581  1.61962 1.660217 -0.23316
BB90 -2.32034  1.19518 -0.841222 -1.13251

49



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

Z2: Living below the halocline - Strategies of deepving species in the highly

stratified and brackish Bornholm Sea (central Balttc Sea)

Authors:  Jan Schulz, Hans-Jurgen Hirche
Status: Submitted to Journal of Plankton Research

Fritillaria borealis, Oikopleura dioicaandOithona similiswere identified to reside in the
area below the halocline at least temporarily. Bage these three species strategies of
deep living zooplankton were exemplarily demonsttatData from three stations with
different depths along a west to east transedterBornholm Sea were used. By means of
a weighted mean depth index this paper shows waérdistribution patterns of different
species in relation to the seasonally changingdgrdphy. We discuss strategies required
to be present in this highly stratified and bralksga within particular ecophysiological
ranges. The initial idea of analysis was proposgdhk first author. The manuscript was
improved by the co-author.
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Living below the halocline -
Strategies of deep-living species in the highigitsted brackish
Bornholm Basin (central Baltic Basin)

Jan Schulz, Hans-Jurgen Hirche

Alfred-Wegener-Institute for Polar and Marine Reska

Abstract

The Baltic Basin is the largest brackish water arethe world. Based on data from 16
cruises we show the seasonal and vertical distoibyiatterns of the appendicularigers-
illaria borealis and Oikopleura dioicaand the cyclopoid copepddithona similis in the
highly stratified Bornholm Basin. These species lat least temporarily below the perma-
nent halocline and use different life strategiexape with the brackish environmeft.
borealisis abundant in the upper layers of the water callb@fore the thermocline devel-
ops. With the formation of the thermocline abunaadecreases and the remaining speci-
mens outlast higher temperatures below the hakcistribution and strategy suggest
thatF. borealismight be a glacial relict species in the Balti@S®. dioicais only abun-
dant during summer and occurs exclusively in higlme waters below the haloclin@.
similisis present all year round and dwells also belowhilecline. We argue that the ob-
served strategies are determined by ecophysiollogpeestraints and life history traits. The
three species share an omnivorous feeding behaaralithe capability to utilise small size
spectra of food. As phytoplankton concentrationagligible below the halocline, we sug-
gest that these species feed on organic mateahaterotrophic organisms that accumu-
late in the density gradient of the halocline. Bfiere the deep haline waters represent a
habitat providing shelter from predation and foogdy for adapted species that allows
them to gather sufficient resources and to mairgaulations.

Keywords: Stratification, Fritillaria borealis, Oikopleura dioica Oithona similis halocline, submergence,
glacial relict species
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Introduction

The distribution patterns of zooplankton specieshim water column often coincide with
discriminable conditions of temperature, salinitydaoxygen (e.g. Fager & McGowan
1963, Owen 1989, Geller et al. 1992, Roemmich & @n 1995). The physical layer-
ing can limit species dispersal and constrain amea to fringed layers (Gallager et al.
2004). Especially in regions with strong fresh watdluence the reduced vertical ex-
change between different water masses (Denman &eBat988) impacts both primary
and secondary production in as yet not completatjetstood ways (Owen 1989, Cowles
et al. 1998). Several aspects are discussed homlardaon preferences for different layers
are affected by hydrography. Ecophysiological dessaiaito & Hattori 1997), the avail-
ability of food resources (Hattori & Saito 1997)dapredator avoidance (Bollens & Frost
1989, Titelman & Fiksen 2004) are significant fastéor habitat selection. Ontogenetic
migrations (Renz & Hirche 2006), histo-geographaits (Ojaveer et al. 1998, Renz &
Hirche 2006) and the impact of turbulence on fegdMaar et al. 2006) further impact the
optimum depth (Ohman 1988).

The Baltic Sea is the largest brackish water ardha world and is characterised by strong
thermal and saline stratifications (Fonselius 190@)ring summer a thermocline forms a
steep temperature gradient in the upper 20 to 38 @ermanent halocline separates the
low saline surface water from a denser layer withér salinity in approximately 60 m
depth (Fonselius 1970, Hernroth & Ackefors 197®al®wer areas lack these high saline
bottom waters and sills constrain water exchande/den the deep basins. Degradation
processes result in low oxygen concentrations betmvhalocline, while ventilation de-
pends on inflows from the North Sea (Vallin & Nisgl 2000), which communicates with
the Baltic Sea via the Belt Sea and the Danish &¢Brogmus 1952). From a geological
view the Baltic is a young sea (Andrén et al. 209@drén et al. 2002), with biotic immi-
gration closely related to the events after thed&ial period. Consequently few endemic
species are present in this brackish environmeckdfors 1969) and many species live at
the lower range of their osmotic tolerance limie(hroth & Ackefors 1979). This results
in the typical low diversity of brackish systemse(Rane & Schlieper 1971) and unoccu-
pied ecological niches (EImgren 1984). Newly insgrspecies have the possibility to es-
tablish in this evolutionary proving ground and &exjuently observed with varying suc-
cess (cf. Postel 1996). Although the role of therrio- and halocline is not completely
understood in this system, the physical layeringastes the water column into different
habitats and impacts vertical zooplankton commuaggemblages (Schulz et al. 2006).
Thus habitat selection is constrained by the playgiarameters and assemblage patterns in
certain depths impact the interactions with differerophic levels. Successful species ei-
ther require a euryoecious capacity or are forcedetvelop a suitable niche and survival
strategy.

In the Bornholm Basin, one of the target areasldBEC-Germany, the appendicularians
Fritillaria borealis Oikopleura dioica and the cyclopoid copepo@ithona similisare
members of the zooplankton community below thediale (Hansen et al. 2004, Schulz et
al. 2006). Little is known about their life strateg, although these species represent an
important contribution to the total biomass at aertimes of the year (Hernroth & Acke-
fors 1979, Hansen et al. 2004). While the seasabahdance oDikopleura dioicacon-
tributes with only 0.02% to the community compasitiFritillaria borealis shows a pro-
portion of approximately 8.2% ar@ithona similisof 4.6% (Schulz, in preparation). Inves-
tigations by Ackefors (1969) and Hernroth & Ackef@d979) give a general overview on
the vertical distribution of different zooplanktspecies in the Baltic Sea, but low vertical
and temporal sampling resolution does not allovemheining the main residence layers
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and life cycles. They are good examples for suégkessmigration and allow studying the
effect of hydrography on the vertical distributiothe overall knowledge of appendicu-
larian vertical distribution, as well as their dietquite limited (Fenaux 1968, Bone 1998,
Calbet 2001) and little information is available tbe Baltic. AlthoughO. similisis widely
distributed its vertical abundance pattern and molthe food web is not fully understood
(Turner 2004). Recent investigations have showh@haimilisdwells mainly in the halo-
cline (Hansen et al. 2004).

This study contributes to the understanding ofthlecline as an environmental character-
istic of the Bornholm Basin that impacts verticaoplankton community assemblages.
Based on three stations with different depths amadcé differently developed stratifica-
tions we present a high resolution data set oldagiuging 16 cruises. The behaviour of the
three marine species in relation to the changingsiphl parameters temperature, salinity
and oxygen was investigated. We discuss the stestégw they cope with the challenging
conditions of this highly stratified basin and tin@olynamic implications for the food web.

Material and Methods
Hydrography

Data are based on 16 cruises between March 200RMap®003 with an almost monthly
coverage. On seven stations in the Bornholm Baaitical profiles of temperature, salinity
and oxygen were obtained by using a CTD probe (BigThe stations were located on a
west to east transect, representing a sectiondhrthe Basin, the communicating water
masses from the North Sea successively pass (F§paj}ial and seasonal charts were cre-
ated with Surfer (Golden Software Inc., Surfer \@rs8) and krigging as gridding method.
Temperature was visualised as greyscale backgratithda contour plot overlay rendered
from salinity data. The 1 mi‘loxygen isopleth was additionally included. Bathyrice
maps were generated with Ocean Data View (Schl#@éd).

Zooplankton data

Zooplankton sampling was performed with a multi(8 um mesh size, 0.25’rmouth
opening, HydroBios, Kiel) on three of the severtistes (Fig. 1). Samples were taken from
bottom to surface in stacked 10 m intervals. Theetlag between sampling the three sta-
tions on each cruise was normally less than twe dagble 1). Samples were taken re-
gardless of day time and preserved immediately rabioad% formalin-seawater solution.
Subsamples of at least 500 individuals were enuweerand the number of individuals
extrapolated to individuals per cubic meter (f)rin each depth stratum. Data exftil-
laria borealis Oikopleuradioica and Oithona similiswere used for the analysis. As an
index of the vertical orientation of the standirigcks the weighted mean depths (WMD)
were calculated according to Bollens & Frost (198®)th respect to the covered depth
range of a single net in a haul the abundancevdata also used to compute the number of
individuals per square meter (SQM, f)m

>m.dy

fWMD(i'j):k:O'Fli

Zm
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fon@D=2mn)

whered is the mid-depth of one net’s range covered i deuil,i the index of the species
or stagej the stationk the index of the net on th8 station,| the total number of nets on a
station,m the number of individuals per cubic meter anthe depth range of thd" net.
For semi-automated processing the formulas weredcced algorithms, implemented into
Ocean Sneaker’s Tool (Schulz 2005) and thereafed for the conversions. Charts were
created with Sigma Plot (Version 6, SPSS Inc.). WWdD results were plotted onto the
hydrographic charts.

Results
Hydrography

In March and April 2002 the water column was sejgar®y the permanent halocline into
two layers (Fig. 2a). The continuously present aiintater of the upper 60 m was charac-
terised by a salinity <8 and temperatures less #i@n After May 2002 the increasing sur-
face temperature formed a thermocline in the Bdmi®asin between 10 and 20 m depth.
It resulted in a three-storeyed water column acaomga with a reduced thickness of the
winter water. In July 2002 the warm surface wateeshed down to 30 m depth (Fig. 2b).
Highest surface temperatures >20°C were observAdgust and calm weather conditions
allowed the adjustment of a steep thermocline & m2depth. Towards the end of summer
surface temperatures decreased to approximately itb&arly October, while the surface
layer showed a thickness of 30 m, before the thelime disappeared after October. In
2003 the formation of a thermocline was again oleskin May.

In August 2002 the first signatures of an excegllgnwarm inflow event of North Sea
waters were observed at station BB0021. In Septerd®@2 the intrusion water propa-
gated eastward from the Arkona Basin at the noehtern end of the Bornholm Basin. In
September/October 2002 the warm water masses \seréoand on station BB0023 (Fig.
2c). They stratified into approximately 60 m degtle to a lesser density caused by higher
temperatures than the resident haline water beluvase referenced hereafter as BB60.
These waters caused unusually high temperaturesl@fC in the halocline at 60 m and
compressed the layer of the winter water from beldlhe BB60 water flew out into the
Gdansk Deep via Slupsk Sill until December 2002Niwvember 2002 a second inflow
entered the Bornholm Basin and replaced the stagmater masses below 90 m (approx.
9.5°C and a salinity of 15 at BB0023, Fig. 2d). §éevaters are named hereafter BB9O,
according to Feistel et al. (2004). After Janua@@2 a further inflow, that fulfilled the
criteria of a Major Baltic Inflow (MBI, Matthdus dnFrank 1992), renewed the waters
below the halocline completely. The MBI was chagdsed by high salinity, low tempera-
tures and high oxygen concentrations (Fig. 2eyvds followed by further inflow events
enhancing the effect of the MBI. Prior to Januad@2 the temperature of the water above
the halocline was cooler than below. Due to mixahgng the transition zones the inflow
events caused a weaker salinity slope. While tmepé&eature development at station
BB0026 followed that of the deeper stations it seadwnly temporarily higher salinities at
the bottom. For a complete discussion of the infem@nts we refer to Feistel et al. (2003a,
2003b, 2004).
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Seasonal distribution

In 2002Fritillaria borealis was most abundant between April and May with up4b n m

2 10° (Fig. 3a). After the formation of a thermoclineNfay 2002 the population decreased
rapidly by more than two orders of magnitude tasealbelow 1.7 n m10° in June. While
abundance remained on a comparably low level atOBBCand BB0023 no individuals
were observed on station BB0026 between July anetiber. With the appearance of the
BB60 waters after August 2002 abundance increagedessively from west to east. In
January 2003 abundances partially exceeded thoséaafh 2002. The population peak
was again observed in April, with values of up #98 n n¥ 10°, which is one order of
magnitude higher than in the previous year.

Oikopleuradioica was recorded between July and November 2002 wihighest abun-
dances after the BB60 event (Fig. 3b). In Octol@2values of 0.6 and 0.9 n?mM.0’®
were found on BB0023 and BB0021 respectively and® 18mi* 10° in the following
month on BB0021. During winteD. dioicawas completely absent. Small numbers were
only recorded in April 2003 at the deepest staB&9023.0. dioica was never observed
at the shallow station BB0026.

All stages ofOithona similis were permanently present at the stations BB0O02l an
BB0023 (Fig. 3c-e). Copepodite abundance increfrsed April 2002 onwards and lowest
abundances were recorded during winter. Abundaatterps of adult stages followed that
of the younger, while female abundance was gewenajher than male abundance. On the
shallower station BB0021 copepodite and female dances were in general lower than
on BB0023. In opposite to the stations BB0021 BBA023 all stages dD. similiswere
seldom observed at the easternmost station BBOM2s were only found in April 2002,
while females and copepodite stages appeared ihakat May 2002 and together with the
inflow events.

Vertical distribution

During winterFritillaria borealis dwelled in the cool waters above the haloclina salin-

ity <7.5 (Fig. 4a-c). With the onset of thermalasification the individuals invaded the
deeper waters below the halocline on all stati@&tween June and October individuals
were located in salinities >9. With the BB60 wat#rs main distribution was still in the
haline water, buE. borealisavoided the warm core of the inflow. It remainezlolv the
halocline until the surface water cooled down ag#invas not observed at the shallow
station BB0026 during summer (Fig. 4c). With thelew of the surface after November
2002 individuals were found in shallower depths agdin observed on the shallow station
BB0026. From January 2003 onwards the stock maximasfound above the halocline,
as well as in the upper part of the haline watetsgre cool temperatures were available
after the MBI’s.

Oikopleura dioicawas always located in salinities >11 (Fig. 4at)October 2002 the
distribution centre oD. dioicawas closer to the warm core of the BB60 inflow wakean
that of F. borealis The shallowest distribution centre was in 55 mtldeThe vertical ori-
entation show®. dioicato deeply invade the oxygen depletion zone (F&. Although
salinities >11 were at least temporarily observadstation BB0026 no individuals were
found here (Fig. 4c).

All stages ofOithona similiswere centred between a salinity of 12.5 and 1drpad the
inflow events at the deeper stations BB0021 and@®BQ(Fig. 5a-b). Between March and
May 2002 distributions down to 80 m depth were olesg The stock maximum was lo-
cated closely to the 1 mif loxygen isocline. With the first BB60 inflow wateirs August
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2002 adults on BB0021 dwelled mainly in the uppestipart of the haline layer and out of

the exceptional warm water in this depth (Fig. »akecreasing strengths of the salinity
gradient coincided with a broader WMD range betwiéendifferent stages. With steeper
salinity gradients all stages were observed clobelpw these gradients and inter-stage
variation was low. The depth centre was found t&Hd€ m above those from March to

May 2002 with higher salinity and oxygen concemndrag. Males were often located deeper
than females and except for April 2002 no malesewsrserved on BB0026 (Fig. 5c). In

contrast to the deeper stations the vertical cateart on BB0026 was found to be above
the halocline in May 2002 and after the major mflon January 2003. In November fe-

males and copepodites were mainly distributed enupper part of the haline waters on
station BB0026 with a salinity of 9.5.

Discussion
Distribution patterns

Inhomogeneous vertical distribution of zooplanki®a response to several parameters and
the interplay between them (Titelman & Fiksen 2004)e observed distribution patterns
of Fritillaria borealis, Oikopleura dioicaandOithona similisindicate that the species use
different strategies to cope with the prevailingltographic conditions. These strategies
are adapted to the stratified situation of theiB&tea. They are conditioned by ecophysi-
ological capabilities, also reflected in the zoagraphic distributions. While all three spe-
cies are found in temperate waters, the zoogeogragtribution ofF. borealisextends to
both Polar regions (Fenaux et al. 1998)borealisis most abundant when surface tem-
peratures are low (Fenaux et al. 1998) and is dern=dl as an indicator for Arctic waters
on the northern hemisphere (Lohman 1895, Grain§&5)L This stenotherm and eury-
haline species prefers temperatures below 10°Cri(BE®59, Ackefors 1969) and salini-
ties of at least 6-7 (Purasjoki 1945, Ackefors 1)96%is physiological window allows it to
inhabit the Bornholm Basin year round. During isiadance maximum in spring it util-
ises the upper layers before the thermocline degelm the Bornholm Basin it is expelled
from the surface layer in the warm season and teesvaters below the halocline as re-
treat to outlast unfavourable conditions.

In contrast taFritillaria borealis, the appearance @ikopleura dioicais exclusively re-
stricted to summer and reflects the zoogeographtalalition from temperate waters to the
warm Indian Ocean, the Red and Mediterranean Saan{ann 1896, Fenaux et al. 1998,
Tomita et al. 2003). This eurytherm species is daahin near shore waters and requires
salinities >11 (Lohmann 1896). It is also foundnarm estuaries, like the Amazon (Loh-
mann 1896) or the North Inlet of South Carolinagt@to & Stancyk 1983). In the Born-
holm Basin the appearance &f. dioica is correlated with increasing temperatures
(Behrends 1996). We found this species during sunoogrfirming these observations,
although the temperatures below the halocline didimcrease. A®©. dioicawas already
present in July 2002, prior to the inflows, thetialiappearance is not likely to originate
from advection with North Sea waters. It remainslesar where these individuals came
from. O. dioicafinds the required salinity only below the haloeliand accepts oxygen
concentrations <1 mi*l During summer it shares the habitat with the riemg F. bore-
alis population.

While the two appendicularian populations showestinkit seasonal abundance peaks all
developmental stages of the cosmopolitan cyclopopkpodOithona similis(Paffenhdfer
1993) were found in high numbers throughout the.yéaue to few pretensions and a eu-
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ryoecious physiological window. similisinhabits this volume below the halocline per-
manently. The egg-carrying strategy@f similisreduces the threat of loosing off-spring to
the sediment (Nielsen & Sabatini 1996) in noxiom®xac zones. This is advantageous
compared to broadcast spanners, where recruitmemt $ediments is a critical stage in
Baltic copepods (Dutz et al. 2004). Hansen et2804) report tha©. similis utilises the
layer between the 2 mf loxygen isopleth and the halocline. We foubdsimilis mainly
close to the halocline on the higher saline sid#,tbe vertical distribution indicates an
oxygen tolerance down to 1 nl.IThis would increase the available space with faable
salinity and oxygen conditions for the populatias, the lower fringe of the inhabitable
volume is deeper. Anyhow, the depth centroids efdifferent stages were located close to
the halocline after the Major Baltic Inflow (MBIBimilar to the ontogenetic vertical dis-
tribution of Pseudocalanus acuspesthe Bornholm Basin (Renz & Hirche 2006) males of
O. similiswere often found deepest.

With the lower salinity in the brackish Baltic Sih@se three marine species are exposed to
osmotic stress. Consequently the observed diswibypatterns are subjected to their
physiological capabilities. With increasing temgeras respiration and general metabolic
demands increase disproportionally and lower thgsiplogical tolerance to dilution (e.qg.
Lehman 1988). Below the halocline the expenditareoEmoregulatory energy is lowest in
brackish waters (Remane & Schlieper 1971, Viitad&®2). Thus the annual submergence
of F. borealiscan be interpreted as an adaptation to the enwieatal conditions of the
Baltic Sea reducing osmotic stress. By thisorealismight be seen as one of the Baltic
glacial relict species (Ojaveer et al. 1998) tletaces the heritage of its histogeographic
origin. A complete avoidance of warm surface waterd presence in the deep layers is
also reported for other members of the glaciattdhuna in the Baltic (Renz & Hirche
2006).

At the shallow station BB0026 abundance of the stigated taxa was generally lower
than at the deeper stations BB0021 and BB0023 |adkeof favourable conditions of the
deep layers at shallow sites restricts horizonistridution. While O. dioica was com-
pletely absent at the shallow site, the appearah€ similiswas coupled to prominent
salinity increases at the bottom. Comparable alretabetween the deep stations and
BB0026 were only found foF. borealisduring winter and spring, as long as it used the
upper part of the water column. Consequently abocelaf deep living species is a func-
tion of the available space between halocline @aflsor and the respective environmental
conditions within this volume. Consequen@y dioicaandO. similis are expelled from
shallow stations, as well & borealisduring the warm seasons (Schulz et al. 2006), al-
though underlying mechanisms differ.

Inflows did not occur for several years prior td20As the investigated species were al-
ready observed before the first inflow they obviguabide sustainable populations in the
Bornholm Basin. Although total abundances did matrease after inflows, advection is
likely as all species were more or less abundarnhenNorth Sea during the respective
events (BSH-MURSYS database). During propagatiomftdw waters mixing processes
along their transition zones alter the primordial/gical parameters (Feistel et al. 2004).
Consequently conditions for entrained species ahavith propagation distance. Advected
species that can cope with the environmental clmditat the arrival or exit point find a
habitat constrained by the characteristic Baltieta. It is a common way by which new
species are injected into the Baltic (cf. Postél@)9 although many species fade away or
cannot abide a population (Purasjoki 1945, Mankowi$€62, Schneider 1987, Postel
1996). While the environmental conditions of therBmIm Basin are within tolerance
ranges of-. borealisandO. similis it seems thaD. dioicafinds sub-optimum conditions,
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concluding from the reduced abundance comparedaioner and more haline waters
(Lohman 1895).

In the Bornholm Basin the BB60 event caused thédsgtemperatures on record in the
depth of the halocline (Mohrholz et al. 2006). bmtrast to the MBI event the salinity re-
mained low and the volume below the halocline widsdelimited by the deep oxygen
minimum zone. The distribution of the three speeaiethe fringes of the inflow core sug-
gests that these waters are less invaded and adt@szontal hydrographic disturbance in
these depths. Although the summer inflow 2002 was@tionally strong, the frequency of
these anomalies increased since 1990 (Mohrholz &086). This may disrupt conven-
tional life history strategies, as these events bertical exchange processes and pivotal
requirements (Rhodes & Odum 1996). The followinfipins ventilated the waters below
the halocline and improved the conditions detetamteaby degradation processes during
periods of stagnation (Fonselius 1970). Thus clalmapace increased for species sensi-
tive for deteriorating salinity and oxygen condiiso(Hansen et al. 2004, Renz & Hirche
2006, Hansen et al. 2006). The raised haloclirevaitl species from below the halocline
to access even shallower areas with the horizgrépleading haline bottom waters.

The time lag of a few days (Table 1) between sampihe three stations might have bi-
ased the observed inter-station response of thelespéo hydrography due to internal
waves (Banse 1964). By this the transpor®@oflioicawith inflow waters over Slupsk Sill
and consequently a temporary appearance on thewhstation BB0026 might have been
missed. This might also apply for the other twocsge Anyhow the major changes be-
tween the sites appear on a longer time scaledhamonthly observations.

Feeding and predation

Fritillaria borealis, Oikopleura dioicaandOithona similisare often associated with chlo-
rophyll peaks in the euphotic zone (Lohmann 18%pdz-Urrutia et al. 2003a, Tomita et
al. 2003). In the deep layers of the Bornholm Basilorophyll concentration was low in
2002 (Beusekom et al. submitted). Consequentlyispdmelow the halocline depend on
alternative resources, like organic matter fromtigal fluxes, ciliates or heterotrophic
flagellates, which were found in these depths gBest al. (Peters et al. 2006). Such re-
sources accumulate in density gradients like tienpeent halocline (e.g. Lande & Wood
1987, Maclntyre et al. 1995, Vallin & Nissling 200énd result in organic-rich layers im-
portant for species that feed on the respective spiectra (Cowles et al. 1998, Maar et al.
2006). As appendicularians, due to low metabolseinees, survive only short starvation
periods (Deibel 1998), the presence of a populatioiicates that their residence layers
provide sufficient food (Gorsky et al. 1990, Gorskyal. 1991). The specialised filter ap-
paratus of. borealisandO. dioicaretains particles down to the submicronic andooddil
fraction (Flood et al. 1992, Gorsky et al. 1999pé&sp-Urrutia et al. 2003b) and thus allows
feeding in deep, detritus-based ecosystems (Gddkgnaux 1998). Grazing on such ma-
terial is probably more important than on autotiopbrganisms (Lopez-Urrutia et al.
2003a) and utilisation of small size spectra redumempetition with other zooplankton
species (Alldredge 1972, Paffenhtfer 1983, Gorskiyehaux 1998). These aspects might
explain whyF. borealis migrates into the haline waters and does not siutlse higher
temperatures in the winter water between the rad-thermocline. Additionally to these
resources its physiological window allowEdborealisto access the surface spring bloom
in April/May 2002 (Beusekom et al. submitted), whicoincided with the high abun-
dances.

Appendicularians affect the vertical flux in two yga they transform sinking matter and
their abandoned houses add organic material oftiontxl value (Alldredge 1972). Al-
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though the houses have a high settling velocitgy tban be utilised by microbial and
planktonic organisms (Paffenhéfer 1983, Steinb&@@51 Gorsky & Fenaux 1998, Maar et
al. 2006).

Oithona similisis also well known to utilise resources of differsize spectra from verti-
cal fluxes (Gonzalez & Smetacek 1994, Nielsen &&biab1996, Castellani et al. 2005b,
Reigstad et al. 2005, Hansen et al. 2006). Thesaiiibn of faecal pellets seems likely in
this depth, but is controversially discussed (Be@igstad et al. 2005, Poulsen & Kigrboe
2006). The low inter-stage WMD variations undeeptgradients and the affinity to the
halocline suggest the utilisation of the densitgdyent by all stages. Low specialisation
(Paffenhofer 1993) together with an omnivorous iiegdbehaviour (Castellani et al.
2005b) and low metabolic rates (Castellani et @052) allow sustainable production even
under extreme conditions (Fransz & Gonzales 199%)and in the Baltic.

As a spin-off the utilisation of the waters belole thalocline also represents a refuge
against predation. The calanoid copepods of thecBaéaAcartia spp., Temora longicor-
nis andCentropages hamatused on a size spectrum that includes appendiemaggs
and juveniles (Sommer et al. 2003), but are moshdant above the halocline (Schulz et
al. 2006). Scyphomedusae are most prominent inupiper layers (Barz & Hirche 2005)
and therefore also excluded as predators. Plamktigoarvae of the dominant fish species
sprat Sprattus sprattug.) and herring Clupea harengug.) are abundant between April
and July and prey close to the surface (Dickmar@b2Dickmann et al. in press). Only the
adult stages feed in mid- and deep waters (Voat 2003). Ad-. borealisis the only spe-
cies that utilises upper layers, the remainingviddials benefit most from their summer
submergence.
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Description of the figures

Figure 1: Sampling site in the Bornholm Basin (CainBaltic Sea) with the three stations
at which zooplankton samples and CTD casts werairadd (white circles). Additional
CTD casts were performed on four further statidoaga transect through the Bornholm
Basin (black dots).

Figure 2: Hydrographic transects through the BoimhBasin covering the sampled sta-
tions. a) April 2002, b) July 2002, c) October 2082 November 2002 and e) February
2003. Temperature is shown by grey scale backgranddsalinity by solid isolines. The 1

ml I oxycline is displayed by the dashed line. In Faby2003 oxygen concentration was
never found to be below 3 nit.|

Figure 3: Seasonal abundance ofFaiillaria borealis, b) Oikopleura dioicaand c-e)
Oithona similisat the stations BB0021, BB0023 and BB0026 in tbenBolm Basin. Note
the logarithmic scaling.

Figure 4. Weighted mean depth distributionFoitillaria borealis and Oikopleuradioica
at three stations a) BB0021, b) BB0023 and c) BB(U@2Zhe Bornholm Basin. Image map
background shows the seasonal temperature develbpmehe respective depth, solid
lines represent isohaline levels and the dashedriticates the 1 mfloxygen concentra-
tion.

Figure 5: Weighted mean depth distribution of caubies, females and males @ithona
similis at three stations a) BB0021, b) BB0023 and c) the Bornholm Basin. Im-
age map background shows the seasonal temperawepdment in the respective depth,
solid lines represent isohaline levels and the e&dine indicates the 1 mif loxygen con-
centration.

64



Publications and manuscripts.

—10 m

—20m

30 m

40 m

50m
)

(J ®
\]?.BOOM BB0023 BB0026 60 m

70 m
80 m

90 m

100 m

14.0°E 15.0°E 16.0°E 17.0°E

Fig. 1




Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 88d methods to detect them.

Temperature [°C]

T 17 T 1T T 1
01 2 3 4 5 6 7 8 910 11 12 13 14 1516 17 18 19 20

T T T T
15.0°E 15.5°E 16.0°E 16.5°E

66



Publications and manuscripts.

10000

a) °
1000 N n
R o A ® A
1004, e 5§ 2 s o ” s
EN n
10 R A & n
| N A B g [ [ ]
A BB0021
0.14 |m BB0023 "
0.01 ® BB0026 b Fritillaria borealis
: alMIgTsTAlsgsToINTIDTI T TRITMIATMI
100
b)
10+ -
1 4
A
0.14
0.014 " . .
0.001 Oikopleura dioicq
: |AIMIJ|JIAISIOINID|JIF'MIA]MI
1000
MCD 100 : n | ] = . . . N - n A
— 1 A [ A
a 10 a = 4 . 2
=
s 1 ° )
8 o1 e, °
_:g 0.01 Oitho’)a similis copepodites
gl'OO TAITMI T T3 TATSTOINTIDT I TETITMTIATMI
= d
< ) N s " AL
104 .t " = " n A a
. [ | A L
& A A A 4
1_ A
°
0.1 ¢ ¢ .
'
0.01 [ Oithona similis females‘
' TAITMI T Ty TATlTSsTOINTDT T TETMIATMI
100
e) A
104 .
- . A A m LN K
15 m A =L L n . 2 A
5 [ ] R A
0.1+
0.01 L] Oithona similis males|
‘ falTMIglTglTAaAlsToINIDIT TEIMIATMI
2002 2003

Fig. 3

67



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 88d methods to detect them.

Temperature [°C]

1T T T T T 1
01234 56 738 91011121314 151617 18 1920 21 22

A Fritillaria borealis
[ Oikopleura dioica

Depth [m]

68



Publications and manuscripts.

Temperature [°C]

1T T T T T 1
0123 456 78 91011121314 1516 17 18 1920 21 22

AO. similis males
D O. similis females
O O. similis copepodites

Depth [m]

69



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

Tables

Table 1: Sampling sites and dates in the BornhadsirB(central Baltic Sea).

Station BB0021 BB0023 BB0026
Latitude [deg, dec] 55.292 55.292 55.292
Longitude [deg, dec] 15.283 15.750 16.500
Bottom depth [m] 90 95 62
Sampling dates
Mar 2002 18. 18. -
Apr 2002 05. 05. 06.
Apr 2002 21. 21. 19.
May 2002 08. 08. 08.
May 2002 25. 26. 26.
Jun 2002 14. 14. 16.
Jul 2002 25. 25. 27.
Aug 2002 16. 16. 14.
Sep 2002 06. 07. 07.
Oct 2002 06. 06. 05.
Nov 2002 16. 16. 14.
Jan 2003 16. 19. 18.
Feb 2003 13. 14. 16.
Mar 2003 12. 13. 11.
Apr 2003 20. 18. 23.
May 2003 - 28. 29.
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Z3: Spatial and temporal segregation of zooplanktorin the Bornholm Sea

Authors: Jan Schulz, Hans-Jurgen Hirche
Status: Manuscript

This manuscript sketches an overview of zooplanigpecies in the Bornholm Sea. The
underlying data represent one of the largest héglolution data sets on record for the re-
spective area, obtained by GLOBEC-Germany. Theoseh<ycles of dominant species
are shown and the spatial distribution was investig on the basin scale. Possible implica-
tions for the trophic interactions with the commaitg important fish species codadus
morhual.), sprat Gprattus sprattus.) and herring Clupea harengus.) are discussed.
The initial idea of analysis was proposed by th&t fiuthor. The manuscript was improved
by the co-author.
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Spatial and temporal segregation of Zooplanktahé@Bornholm
Sea (central Baltic Sea)

Jan Schulz and Hans-Jurgen Hirche

Alfred-Wegener-Institute for Polar and Marine Resha

Abstract

Water bodies of different combinations in tempeamtand salinity structure the water col-
umn into regions of heterogeneous ecological cmrdit The ecophysiological tolerance
of zooplankton species can result in an inhomogemneertical and horizontal utilisation
of these regions. Thus in highly stratified systehesspatial overlap is a key for predator-
prey interactions in addition to the temporal oaprl Between March 2002 and May 2003
the zooplankton composition at nine stations ofBleenholm Sea was investigated. With
an almost monthly coverage a total of 832 vertjcatacked samples were taken with a
multinet in 10 m intervals and correlated with #rabient hydrography. Five tax8ds-
mina coregoni maritimaAcartia spp.,Pseudocalanusp., Temora longicornisSynchaeta
spp.) contributed with more than 10% each to treplmkton community. The successive
appearance of cladocerans was mainly correlatddtivg seasonal increase in temperature
and the development of a thermocliBe.coregoni maritimadominating during the warm
periods, preferred the upper, warm stratified watdumn. Copepods showed distinct dis-
tribution patterns with seasonal and ontogenetidatians. The rotiferSynchaetasp.
dominated the zooplankton during a peak in May.eBasn a multivariate approach and
the evaluation of vertical distribution patterngefimajor strategies for the utilisation of the
water column were identified. Our data implicataettthe characteristic thermal and haline
stratification of the Baltic Sea is a key factor the vertical distribution of zooplankton.
As fish and gelatinous plankton often feed in didtilayers or show feeding migrations,
the inhomogeneous distribution of potential prey msult in a spatial mismatch. Based on
the five patterns we discuss how trophic interasimay be driven by hydrographic and
climate influence.

Keywords: seasonal and vertical distribution, appendicalaropepods, cladocerans, ctenophora, rotatoria,
physical parameters, Bornholm Basin, predator-pryaction, climate
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Introduction

Variability in the vertical plane is probably madreportant in the ecology of zooplankton
than variability in the horizontal plane (e.g. Dat)§77, Longhurst & Harrison 1989).
However, the well-known match-mismatch theory (GughH 975, Cushing 1990) and most
followers-up dealing with the overlap of fish aneyjust consider temporal aspects. The
small scale physico-chemical structure of the watdumn controls both bottom-up and
top-down processes. Clines may act as physiolobealers, which hinder accessibility of
phytoplankton for herbivorous zooplankton, but atsay prevent zooplankton from preda-
tion. Discontinuity zones are known to interruptleange processes between the euphotic
zone and the mesopelagic (e.g. Humboldt Currertrilizmo et al. 2004; California Cur-
rent: Alldredge et al. 1984, Roemmich & McGowan 89Black Sea: Vinogradov 1985).
Thus in highly stratified systems the spatial oarik also important.

The hydrographic conditions of the Baltic Sea draracterised by a summer thermocline
and a permanent halocline (Fonselius 1970), whesitricts the water exchange between
bottom and surface layers (Launiainen et al. 198fj)s sea represents the largest semi-
enclosed, brackish water area of the world (Fonsel©70), where submarine sills sepa-
rate a cascade of several deep basins (Matthaus).188thin the basins decomposition
processes often deplete oxygen and cause an aranécat the seafloor (Fonselius 1970,
Laine et al. 1997). Both horizontal and verticatdbution of marine and limnic zooplank-
ton species is determined by the physical gradigktkefors 1969, Hernroth & Ackefors
1979, Hansen et al. 2004). Small hydrographicahgha can alter the structure of the pe-
lagic community significantly. As several zooplamktspecies live at the edge of their
physiological capabilities (Hernroth & Ackefors )7 recent changes in hydrographic
patterns also affected population dynamics (Vilasd al. 1995, Vuorinen et al. 1998,
Ojaveer et al. 1998, Dippner et al. 2000, Mélimahal. 2000). Therefore the Baltic Sea is
an ideal location to study the influence of hydegdry on community separating proc-
esses. Time series analyses have shown that z&placomposition is strongly affected
by episodic inflow events from the North Sea (€gaveer et al. 1998, Molimann et al.
2000, Molimann et al. 2002) renewing and ventilgtileep waters of higher salinity. These
events are related to atmospheric circulation patand often followed by long stagnation
periods (Matthaus & Franck 1992, Matthaus & Schih®84, Matthdus 1995, Lehmann et
al. 2002). During the last decades the frequenanftdw events decreased and affected
trophic interactions in the water column (Alheitakt 2005). Despite the economically im-
portant fishery for herring, sprat and cod, knowle@bout interactions between hydrogra-
phy, zooplankton and fish is still fragmentary. Hdtigh earlier investigations provided
overviews of the zooplankton distribution in redettito the stratified water column (e.qg.
Ackefors 1969, Hernroth & Ackefors 1979) a low splatemporal and vertical resolution
prevented detailed investigations. In this studypsesent a high resolution zooplankton
data set from the Bornholm Sea (central Baltic Sedlected during the German Global
Ocean Ecosystem Dynamics project (GLOBEC-Germamyy.globec-germany.deThis
data set provides detailed information on the zmagtbn distribution and their depend-
ence on hydrography. Our aim was to identify dddtiseasonal and vertical distribution
patterns of important zooplankton species and vestigate the composition of the zoo-
plankton community in relation to the hydrograplaigers of the Bornholm Sea. Therefore
we performed a multivariate data analysis, inveséig vertical abundances and give a
review of the known appearance under differentrenvnental conditions. Furthermore we
discuss potentially available prey fields in diffiet depths and the impact of hydrography
on trophodynamic relationships between zooplankpmties and their predators.
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Material and methods

Zooplankton samples were taken on 15 cruises fraancM2002 to May 2003 (Table 1)
with almost monthly coverage. Sampling was perfatnre stacked 10 meter intervals
from bottom to surface with a multinet (Hydro-Bidsiel, 50 pm mesh size, 0.25°m
mouth opening, 0.2 mi‘sowing speed) on 9 focus stations in the BornhBlsin (Figure

1, Table 2). Samples were taken regardless ofideydnd preserved with a buffered 4%
formalin-seawater solution. At least 500 individuaf a sub-sample were enumerated and
the number of individuals in the sub-sample extlaea to individuals per cubic metar (
m*) in each depth stratum. A total of 832 samplemfudifferent depth were used for the
analyses. Assignment of night- and day-haul wasdopncomparing start time and sun-
rise/sunset of the referring month. The abundamas used for the investigation of the
vertical zooplankton distribution.

Vertical profiles of salinity, temperature and ogygwere determined by an additional
CTD cast. The CTD measurements were averaged metér steps to assign an averaged
layer temperature (ALT) —salinity (ALS) and —oxygeoncentration (ALO) to each
stacked zooplankton sample.

With respect to the range of a single net in a ttlaeth mi® values were further used to
compute theI nlumber of individuals per square meter?):

f,,00=Xmn

with i as the index of the species or taxotie stationk the index of the net on a statidn,

is the total number of nets on a stationis the number of individuals per cubic meter and
n represents the depth range of kienet. For semi-automated processing these formulas
were coded as algorithms and integrated into O&aaker’'s Tool (Schulz et al. 2005).
For the preparation of maps Ocean Data View (Sxhli2004) was used.

To determine the relative importance of the taxarteamn mZ abundance of each taxon
from the nine stations was calculated. To displaynalance cycles these data were nor-
malised to one and displayed as relative seasdraatsc(Figures 6-8). The proportion of
summech mi? abundances from each cruise was determined foy éeon (Table 3).

To identify whether samples from different deptratst can be discriminated by species
composition in relation to the prevailing hydrogngm Multivariate Discriminant Function
Analysis was performed (MDFA, Fisher 1936). Thed8ninant planktonic species and
taxa were included in this analysis (Table 3). Ptinthe analysi:m m*® multinet abun-
dances wertg (1+x) transformed. Every sample was assigned to a hyajpbgc category
that represents distinguishable conditions of #spective stratum. The categories of high
saline bottom and inflow waters were characterisgcan ALS>9. An ALS>16 showed
that a water mass belonged to one of the deepnafletween November 2002 and March
2003. As these waters affected the Bornholm Seaxdowhe seafloor in more than 90 m
depth the category was namB890in the analysis. Saline waters with 9<ALS<16 were
further discriminated by temperature. An ALT>9°Cicated waters of the summer inflow
that stratified into approximately 60 m depth aretfevnamedBB6Q Haline waters with an
ALT<9 were characteristic for the normal stagnaatirte waters below the halocline and
namedHALINE. Our use of the nant@B90for a category in the Multivariate Discriminant
Function Analysis differs from the name used bystedi(Feistel et al. 2003a). As we were
interested in the impact of ecologically discrinbfeaconditions on the zooplankton com-
munity we included all deep inflows to this grogamples with an ALS<9 indicated wa-
ters above the halocline and were further distisiged by temperature. Values of
ALT>9°C characterised the warm surface layer dusagnmer and defined &JMMER
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Values of ALT<9°C were an indicator for the lowisaland cool winter waters and there-
fore namedWINTERIn the analysis. Each of the 832 samples was assignone of the
categorieSUMMER WINTER HALINE, BB60 or BB9Q With the MDFA model the dif-
ferent multinet samples were investigated for cttarsstic differences between the 23
included variables (species and taxonomic groupsjelation to the five hydrographic
categories. With a subsequent Canonical Analysisrifluence of the 23 variables in the
differentiation was determined and the affinitytioé variables to different physical condi-
tions. The application of the MDFA approach is disd in detail in Schulz et al. (2006).

Results
Hydrography

The hydrographic situation of the central Balti@a®iring the study period was continu-
ously characterised by strong gradients. In A@D2 the halocline was located in 50-60 m
and elevated to 40-50 m in November 2002 (FigureDRying this period a salinity of 7
above the halocline and 15 below the halocline elzserved. In March 2002 the sea sur-
face temperature (SST) in the mixed layer was ~&&T increased from 4°C in the mid-
dle of April to 10°C at the end of May 2002. In M2Q02 a thermocline developed with a
steep gradient in 20 m depth. The temperaturedrstinface layer increased from ~13°C in
June to more than 17°C in July affecting the u@@®m. In August the temperature ex-
ceeded 20°C and affected just the upper 20 m, mdyeeto calm weather conditions
(Feistel, personal communication). Thereafter empktarted and in November the ther-
mocline was resolved.

In late summer a series of inflow events startduckvterminated a long stagnation period
in the Baltic Sea. For a detailed description comdeFeistel et al. (2003a, 2003b, 2004)
and Mohrholz & Schuffenhauer (2004). The summdopwmfbetween August and October
2002 showed a lower density and stratified int@yet at 60 m depth (BB60), where it
caused the highest annual temperature (13.79°@aord in this depths of the Bornholm
Basin (Feistel et al. 2004). The water of the sddoflow was more saline and elevated
the old water, which gradually flew out over thedeof Stupsk Sill into the Gdansk Deep
until December. The oxygen concentration at théoboincreased to more than 2 il In
January 2003 the first Major Baltic Inflow (MBI) afold, saline North Sea water after
seven years took place (Feistel et al. 2004) andetha steep increase of salinity to more
than 18 at the bottom. It completely replaced teepdwaters of the previous events.
Thereafter the water cooled down to around 2.5°@atthe halocline and 4°C below the
halocline and stayed low until May. Consequentymperature was 1.5°C lower in the
mixed layer and 4°C lower in the rest of the wa@umn than during spring of the previ-
ous year (Figure 2).

Oxygen concentration above the halocline was alw#yml I'*. Between April and Octo-
ber 2002, deep waters in the centre of the bashe wiearacterised by oxygen concentra-
tions<1 ml . The MBI ventilated the deeper part of the Bornin®asin; oxygen concen-
trations increased up to 6 mi between the halocline and the bottom and reméhigal
until April 2003.

Zooplankton composition

Copepods were by far the most abundant group (T3blellowed by rotatoria, Cladocer-
ans, appendicularians and Bivalvia. The relevaridhe major groups was characterised
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by one or few species within. The five most abundgecies, with more than 10% each,
wereSynchaetapp. (23.4%)Temora longicornig14.2%),Acartia spp. (13.4%)Bosmina
coregoni maritima(10.8%), andPseudocalanusp. (10.2%). Of minor importance were
Fritillaria borealis Bivalvia larvae,Oithona similis, Centropages hamatasd Evadne
nordmanni(descending order). The stocks@ikopleuradioica, Podonspp.,Eurytemora
sp.,Pleurobrachia pileuspolychaets anHeratellaspp. contributed less than 1%.

Seasonal cycles

The seasonal abundance cycle of the large taxongmigps and their relative contribution
to the zooplankton community is shown in Figurd'Be annual cycles of all taxa investi-
gated are presented in Figures 6-8. While the daminopepods are abundant throughout
the year, other taxa mark their importance withishart period. The total number of or-
ganisms showed a modal distribution with low nursherwinter, a rapid increase in April
and a pronounced maximum at the end of May 200&;hwas higher by a factor of >20
than winter abundance. It consisted to a largeesegf rotifers (59.4%), which hatched
from resting eggs at that time, and copepods (2}.C¥docerans were most prominent
between July and October with a maximum of 69.9%\ugust, mainly represented by
Bosmina coregoni maritimaTlhis species was the most important cladocerahdami-
nated the community during summer. It started ilatthe year and its abundance reflects
the evolution of the temperature in the surfacedayn even more pronounced temporal
appearance was observed feynchaetaspp. The rest of the time the community was
dominated by copepods with more than 90% duringexia002/2003. Other taxa had pro-
nounced peaks in winter/spring and were more & #xsent for long periods during the
year. Appendicularians made up 28.8% of the zodgdemindividuals in early April 2002
and 50.3% in April 2003. Meroplanktic larvae of Bivia contributed 28.5% at their
maximum occurrence in March 2002. Table 7 summsiriise averaged temperature-, sa-
linity- and oxygen ranges of the layers a taxon mast prominent in. Corresponding val-
ues from the literature are also listed.

Discriminant and canonical analysis

The results of the Multivariate Discriminant FulectiAnalysis (MDFA) show that samples
from different depth strata can be distinguishedthsir species composition (Figure 4).
The classification accuracy of the model shows 8% of the samples were correctly
classified by differences in species compositioab{@ 4). As normality can not be fully
achieved with these ecological data, Wilk's Lambtauld be interpreted instead of the p-
Level from the F-Test. Anyhow both show a significdiscrimination and imply that spe-
cies compositions vary among the hydrographic categ. Discrimination is most proper
for the low saline waterSUMMERandWINTER Discrimination success is lowest among
the haline waterslALINE, BB60andBB9Q Subsequently a Canonical Analysis (CA) was
performed. A step dowyf test on the roots of the CA shows that the firgt toots explain
more than 95% of the variance, although the firete roots are significant (Table 5). The
mean values of the hydrographic categories (Tapgh6éw that the first root separates the
SUMMERand WINTER category form the waters of higher salinity. Tredue for the
WINTERCcategory is very close to this separating planeisTthe first root appears as the
main discrimination between the high and low saiiegers. The second root indicates a
further discrimination within the two groups of tpeeviously separated low and high sa-
line waters. The separation among the haline waselesss obvious, but indicates differ-
ences. Thus the second root obviously indicatesparation by temperature. As the most
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important parameters in the analysis are salinity semperature, the third root is ne-
glected. Though it indicates further differencesoamthe haline waters, but explains less
than 4% of the variance. From the hydrographicltessi obvious that these differences
are based on temperature.

The Canonical Factor Structure Coefficients (CF8CHhe CA represent the loadings of
the variables in the analysis. These allow themetation of species behaviour in relation
to the hydrography (Figure 5). Based on the knogadeof the roots the different quadrants
can be assigned to different hydrographic condstidrne first root separates the high from
the low saline waters. The algebraic sign indic#ites objects with values above zero on
the first root are mainly associated with the laliree waters (Table 6). Respectively val-
ues below zero indicate a higher contribution t® Waters below the halocline. Accord-
ingly the objects with values above zero on th@sdaoot show an association with low
temperatures, and below zero with higher tempegaturhus, the quadrants I-1V (Figure
5) separate species with different strategiesenutilisation of the prevailing hydrographic
conditions. Quadrant | mainly includes species firater the cool waters of th&INTER
category above the halocline. In quadrant Il thecgs show a lower loading on the first
root, than species in quadrant Ill. This indicael®wer affinity to the saline waters, but
obviously an avoidance of higher temperatures. Jpecies in quadrant Il mainly live
below the halocline in thelALINE category. Finally quadrant IV includes all spedieest
utilise the SUMMER category above the thermocline. Species being preshen the
thermocline is absent have to cope with the watktise WINTERcategory. To confine the
results obtained from the MDFA and CA we attacloeerview of the seasonal appearance
and vertical distribution at selected stations.

Vertical distribution patterns
Appendicularia

Fritillaria borealiSLOHMANN

Synopsis: Fritillaria borealis is considered oligotherm with a preference for gera-
tures<10°C (Berrill 1950, Ackefors 1969) and arssfirange of 6-35 (Ackefors 1969). In
the Baltic it is abundant in May with up to 350.00@1%, almost missing between August
and October and avoids warm surface waters dutingrger (Hernroth & Ackefors 1979).
In the Mediterranean near Villefranche-Sur-Mer amdhe Bay of Biscay. borealisap-
pears between December and January (Fenaux &G&l).1

GLOBEC data: Fritillaria borealis was by far the most important appendicularian and
was, at least in small numbers, present the whede ground (Figure 6). Abundance in-
creased in both years at the end of March, reaahgebk in the second half of April and
declined thereatfter till the end of May. In Aprid@ approximately 320.000 and in April
2003 nearly one milliom nm? were found. During summer they were absent aisheat
stations. Prior to the formation of the thermoclimghest abundances were found above
the halocline in theNVINTERwater (Figure 9). The decline of the populatiomncmed
with the development of the thermocline, when thdividuals withdrew to cooler strata
below the halocline. This is also reflected in @€SC values, which indicate avoidance of
warm and the utilisation of haline waters (Figuyelb September 2002 it was found in the
signature of the warBB60inflow waters at the entrance of the Bornholm Sea.

Oikopleuradioica, FoL
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Synopsis:In the Baltic Se®ikopleura dioicais the most common appendicularian (Hern-
roth & Ackefors 1979). It stays mainly in the deepaters below the halocline (Ackefors
1969). Reproduction depends on higher salinit@.5. In autumn this species is often very
abundant in Kiel Bight (Lohmann 1899). Jesperseéd®) noted thaO. dioica did not
occur regularly from year to year in the DanisHjtsd and is mainly found from July to
October with highest numbers in July. The abundamas not related to hydrographic
conditions. Rasmussen (1973) found it in the OBtelad of the Danish Isefjord from Au-
gust on, reaching highest values in August and liéctdBlanner (1982) noted rather large
numbers in the Danish Limfjord in July, Septembmsa &ctober. In the North Sea it can be
found almost everywhere, and resembles a distabyiattern similar to that of the cope-
podParacalanus parvugKrause 1995).

GLOBEC data: Oikopleura dioicawas always less abundant tHeuitillaria borealis and
occurred in summer with peaks at the end of Jutlyiarthe middle of November (Figure
4), whenF. borealisabundance was low. The latter peak coincided thi¢hBB9O inflow
that renewed the deep waters in the trough of #sbA reverse situation was found after
the MBI when stock size decreased despite improxgden and salinity conditions below
the halocline. In the CFSC analysis this speciesvshan affinity to the haline waters and
moderate temperatures (Figure 5). The individuasewnainly found below the halocline,
with highest abundances in strata with higher tawatpees (Figure 9).

Bivalvia

Synopsis:Common bivalves of the Baltic Proper aMacoma baltical., Cardium glau-
cum BRUGUIERE, C. hauniensd’ETERSEN& RUSSEL Mya arenarial. andMytilus edulis

L. (Hernroth & Ackefors 1979). The greatest spawnitensity ofM. edulisin the Baltic
Proper is between August and October, with low dielssn November. The other species
appear between May and August, with low densittesnf September to April, with de-
creasing densities from north-west to south-eastr{idth & Ackefors 1979). In Danish
waters the spawning d¥l. edulis starts in May and continues until July (Rassmussen
1973). In the North Sea and the Danish Limfjord thaximum spawning time of most
bivalve larvae is reported from July to October §Re1954, Rasmussen 1973, Blanner
1982).

GLOBEC data: Larvae were not determined to species level. Lowbandance (32a
m?) was observed in early May 2002. A single peak measrded three weeks later (Fig-
ure 3, Figure 6), before abundance decreased aBlaenspring increase in March/April
2003 did not reach the same numbers as in 2002lafin@e showed a preference for the
upper layers. With SST >11°C the highest densitiese observed closer to the thermo-
cline (Figure 9). This result is also found in BESC. It shows the utilisation of the low
haline waters, but just a minor impact in the terapge differentiation of the Canonical
Analysis.

Cladocera

Bosmina coregoni maritimB.E. MULLER

Synopsis:Bosmina coregoni maritimé an endemic subspecies in the Baltic Proper, the
only brackish water form and more prominent in kiveér areas (Purasjoki 1958). This
polytherm and oligohaline species appears firsApril, at SST of 2°C in the Baltic
Proper. The stock remains small until the tempeeataaches 15°C. During the warmer
months this species can become dominant (Hernro&ckefors 1979). After September
the stock decreases rapidly and is absent fromadgmno March. Stratified sampling shows
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the greatest proportion of the population abovetieemocline, but up to 20% of the popu-
lation are also found below (Hernroth & Ackefors/99. It appears later in the year than
Evadne nordmann(Eriksson 1973b).

GLOBEC data:Bosmina coregoni maritimavas found in small numbers all year round,
with minimum numbers in March of both years. Sts@e spanned a range of seven orders
of magnitude between March and August. It becameemabundant at SST >16°C and
reached maximum numbers when temperatures exce¥€] the extreme temperature
reported by Ackefors (1969). Some of the highesindlances on record (more than
297.000n m?® in the upper 10 m at station BB0006 and more tR&R.000n m?* at
BB0023) were found in August after a continuous@éase of more than three orders of
magnitude during the last eight weeks (Figure Thj)s maximum was followed by a sharp
decline in early September 2002. The main parhefopulation was always found above
the thermocline. The CFSC show a prominent impat¢hé warm surface layers (Figure
5). The sparse individuals between January and Wkag mainly distributed in the mixed
layer above the halocline.

Evadne nordmanriovEN

Synopsis:Evadne nordmanmappears in the Baltic Proper regularly in Apritlaviay and

is important from the end of May to November, wHisv individuals can be found the
whole year round (Hernroth & Ackefors 1979). Latgesoportions of the stock dwell in
surface waters, but up to 25% may be present ifeceomters below 25 m in the Baltic
Proper (Hernroth & Ackefors 1979). Hence it is tmy cladoceran in the Baltic tolerating
higher salinities (Chojnacki et al. 1984). In thalti® Proper the abundance decreases from
south to north (Hernroth & Ackefors 1979). In thariish Limfjord it is recorded from
April to October (Blanner 1982), similar to the kKagatt and the North Sea (Gieskes 1970,
Gieskes 1971a), where it is more abundant in tnheom part (Hay et al. 1991).

GLOBEC data: First individuals were already found in March 208t2the beginning of
our observations. In April 2002 the individuals wenainly found below the halocline
with a peak within the halocline. The temperatugsvinigher in these layers than in the
unstratified water column. With a further increase¢he temperature the stock ascended to
the surface waters and from SST >4.5°C increasedoby orders of magnitude from
March until the end of May 2002. From the end ofyMa August 2002 the population
decreased steadily. At the beginning of Septemddesr theBB60 inflow, a second peak
developed and reached highest values in the mafdctober 2002. Thereafter the popu-
lation decreased and few individuals were found! iviéirch 2003 when the onset of the
next generation was observed. At the time of itst fappearance it was found above the
halocline. With the formation of the thermocline thnain abundance was in the warm lay-
ers above and in the thermocline. With temperataxegeding ~15°C in the upper 10 m
the vertical abundance maximum shifted to the lafahe thermocline (Figure 10). The
CFSC indicate that the behaviour of this speciesoisclearly associated with a hydro-
graphic category (Figure 5), although the highedues are found above the halocline.
Depending on the hydrographic conditions highesticad abundances were seen in the
depth where temperatures were around 15°C.

Podonspp.

Synopsis: The two most commoRodonspecies in the Baltic Proper dedon interme-
diusandPodon leuckart(Hernroth & Ackefors 1979P. intermediuss larger by a factor

of 1.2-1.4 (Gieskes 1971b). Juverledonwere not determined to species level and data
were pooled. Two consecutive peaks were observidteand of May and July 2002 (Fig-
ure 7). After these main abundances a slight irser@zas observed at the beginning of Oc-

80



Publications and manuscripts.

tober 2002. Between January and April 2003 no jieemwere found. The next juveniles
were recorded in May 2003.

Podon intermediu§ ILLJEBORG

Synopsis: The population density d?fodon intermediuss low all over the Baltic Proper
and appears in June (Hernroth & Ackefors 1979)Démish waters the first individuals
usually appear in July in the Kattegatt, reachimg thaximum one month later (Eriksson
1974, Gieskes 1971b), while they are few in Audgnghe Oregrund Archipelago (Eriks-
son 1973b). In the North Sea it does not appear fwiJune, reaching peaks in August and
September and is more abundant in the eastern (@igskes 1971aP. intermediuge-
quires higher temperatures thBn leuckartiand starts to propagate at a temperature of
9.5°C, being most abundant around 15°C in the N&d#.

GLOBEC data: Podon intermediusppearedirst in April 2002, but the main peak was
found in July/August 2002, followed by a second anuhller one in September/October
2002 (Figure 7). Few individuals were recorded|udtivember 2002 From November to
April 2003 it was absent from the water column2D03 the first appearance was recog-
nized in May, one month later than in the previgaar, and with lower numbers than in
May 2002. The highest proportion of the stock wamfl above the thermocline, although
few individuals were observed below. The CFSC slaowaffinity to the warm surface
layer (Figure 5). With th&B60inflow the sparse individuals remaining were dtsand in
and below the inflow waters, which had a higheinggland temperature.

Podon leuckartG. O. SARS

Synopsis:Podon leuckartis a neritic cladoceran, characterised as stem#hahd steno-
thermal (Ackefors 1969). In the North Sea it isreean areas with oceanic saltwater in-
flows (Gieskes 1971b). First appearances in theh\®ea are at SST of 6.5°C and highest
abundances between 12-13°C (Gieskes 1971a). ¢insnént there up to the end of June,
when egg-carrying females appear.

GLOBEC data: Few individuals ofPodon intermediusvere found in March and early
April 2002. The first population peak was found apgimately two months earlier (Figure
7) and nearly twice as high than thatrofintermediusThe duration of this first peak was
much shorter than that &f. intermedius Two further, but much smaller peaks were ob-
served in August and October 2002. Between NovergabeR and February 2003 it was
not observed. Few individuals were found betweemciand April 2003 and the stock
restarted to increase in May 2003. More than 95%efstock was found above the ther-
mocline between May and June (Figure 10). DurirggBB60 inflow the stock showed a
slight increase. The CFSC sh®&wvleuckartias species of the low saline surface waters.

Copepoda

Acartia spp.

Synopsis:The copepodécartia bifilosaandAcartia longiremisare the only common spe-
cies of this genus in the Baltic (Ackefors 196Mey seem to breed all the year round in
the Baltic Proper, with maximum nauplii abundaniceBebruary-March and in November
(Hernroth & Ackefors 1979). Both species are widead over the Baltic Proper and the
nauplii are often not separated (Hernroth & Ackef®879).

GLOBEC data: Acartia nauplii were not separated to species level. Mksly they be-
longed toA. bifilosaandA. longiremis.They were already abundant at the beginning of the
observation period and declined until the beginrohdlay 2002 (Figure 8). However, at
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the end of May their abundance reached highestesallihereafter the abundance de-
creased until August and reached a second maximuheimiddle of November 2002.

Acartia bifilosaGIESBRECHT

Synopsis: Acartia bifilosa prefers lower salinities and thus is common in Badtic Sea
(Ackefors 1969). Experiments have shown that vartdistribution depends to a lesser
extend on salinity (Lance 1962). In the Bothniara $ereaches considerable population
numbers in August and the nauplii are proportignatiportant in June (Eriksson 1973b).
GLOBEC data: In our studyAcartia bifilosa showed three peaks (Figure 8). The first
peak for the CI-ClIl was found at the end of May20the second in October 2002. After
low abundances in winter the onset of the new geioer was again in April 2003. The
peaks of the CIV-CVI succeeded that of the yoursages with a delay of nearly half a
month. During summeA. bifilosawas mainly found above the thermocline (Figure 1I1)
winter it stayed in the upper 30 m, preferablyupger 10 m (Figure 11). The younger and
the older copepodites were both characteriseddoCH#SC as individuals who migrate into
the warm surface layer (Figure 5).

Acartia longiremisLILLIEBORG

Synopsis:Acartia longiremisis more abundant thakcartia bifilosain the southern Baltic
Proper (Hernroth & Ackefors 1979). It is a euryhaliand oligothermal species (Ackefors
1969), but is rare in the North Sea. In the Atlartiis species is found in deeper water
layers in more southern latitudes (Jespersen 1940).

GLOBEC data: The onset of the CI-CllI stages Af longiremiswas observed at the end
of April, one month earlier thaA. biflosaand maintained higher abundances during the
formation of the thermocline. With increasing temgteres and strengthening of the ther-
mocline the oldeA. longiremisspecies preferred the intermediate waters oWWhETER
category between thermo- and halocline (Figure This is reflected by the CFSC values
for the CIV-CVI stages. The nauplii and younger epopdites were also found above and
in the depth stratum of the thermocline, reflecredower CFSC values on temperature.
During night CIV-CVI stages were also found abdwve thermocline. In winter they shared
the mixed layer above the halocline.

Centropages hamatusLLIEBORG

Synopsis:Centropages hamatus abundant in temperate-boreal waters (Eriks€@x#84d)
and accepts a wide range of salinity (Blanner 1982 main distribution area is the north-
ern Atlantic and adjacent seas (Jespersen 194€gnitdynamically shift its thermal toler-
ance range to the temperature window of a speeridronment (Halsband-Lenk et al.
2002) and is a euryhaline and mesotherm specigbelBaltic it most abundant between
15 and 50 m, living at its uttermost salinity (Aéies 1969) where it is common from Got-
land (Ackefors 1969) to the Kattegatt and in thertNdSea (Eriksson 1973a, Eriksson
1973c). There it disappears from the water colum@ctober (Hay et al. 1991) and over-
winters as resting eggs (Engel & Hirche 2004). éntrast,C. hamatuss found all year
round in the Danish Limfjord with highest abundasae June (Blanner 1982). In the
southern Baltic Proper it is abundant above thentbeline, but not in the northern Baltic.
GLOBEC data: Centropages hamatusas only important between April and June. The
stock of nauplii started to develop at the end pfilAreaching a maximum in late May
when CI-Clll stages dominated (Figure 8). The hgjlabundances of the CIV-CVI stages
were found in the middle of June 2002. Species weaaly found above the halocline
(Figure 11). During summer the CI-Clll stages warainly located in and above the ther-
mocline, while the remaining CIV-CVI were found amd below the thermocline. These
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observations are also confirmed by the resulthefGFSC. When the thermocline untied
they dwelled in the upper mixed waters. In Marcl®@2@mall numbers were recorded in
slightly warmer waters above the halocline.

Eurytemorasp.

Synopsis: The taxonomy of the genwurytemorais not clarified as yet. While some au-
thors repor€. affinis E. hirundoidesandE. hirundofrom the Baltic Sea (Lindquist 1959),
Gurney (1931) consideis. hirundoidego be a form oE. affinis It is often the dominant
species in the estuaries of rivers and fjords enBhltic (Arndt 1973, Hirche 1992). In the
Oregrund Archipelagd. affinisis the most important species, with low abundarices
June/July and an increase in August (Eriksson 1P78Blis described as eurytherm and
oligohaline (Ackefors 1969) and produces restingse@an & Minoda 1989).

GLOBEC data: Eurytemoraspec. showed one distinct peak in a short peraaden
September and November 2002 and was rare duringestef the year. The nauplii, Cl-
Clll and CIV-CVI showed a simultaneous high aburaam early October 2002 after a
strong increase during the last 4 weeks (Figurd'Bg. presence of CI-CllI lasted several
weeks and the maximum was found in November 20Q2inD its short presence in the
plankton this species was found above the therm®elnd in the upper unstratified waters
in winter (Figure 11). This is also reflected bg 6FSC.

Oithona similisCLAUS

Synopsis: The cyclopoidOithona similisis a boreal, euryhaline and eurythermal species
and common in both neritic and oceanic regimesI¢Ndie & Sabatini 1996). It is well
known for the Baltic (Ackefors 1969) North Sea, Gdaak and Kattegatt (Blanner 1982).
In the Baltic it lives under sub-optimal conditioasd its horizontal distribution is closely
related to the circulation regime in the dwellingpth during stagnant inflow periods
(Hansen et al. 2004). These authors could not tdtemal vertical migration. Its lower
tolerance limit for salinity is at about 7 (Acke$0t969). In the Bornholm Basin it is found
at the bottom where salinity 514.5 (Ackefors 1969). In the Danish Limfjord it fees
more saline waters (Blanner 1982). Due to its sisia#t the stock is often underestimated
when inappropriate mesh-sizes are used (Rae &Ft84d, Colebrook et al. 1961, Krause
et al. 1995).

GLOBEC data: Oithona similiswas found the whole year round, with highest alamcds
between April and September 2002 (Figure 8). Thzbnotal distribution showed always
higher abundances at stations deeper than 60naslalvsent in depth strata with an ALO<
0.5 ml I*. The CIV-CVI inhabited often even deeper layemntithe nauplii and CI-ClIl.
They were often found close to the halocline (Fegit). During theBB60 andBB90in-
flows the species was also found in the upper rarighe halocline. In March 2003 the
individuals were to a large extend found in slightlarmer waters around the halocline.
The CFSC values show clearly, that it inhabitslélyer below the halocline.

Pseudocalanugroup PseudocalanuacuspeBoeck / ParacalanugparvusCLAUS)

Synopsis: Because of the difficulties in differatiig Pseudocalanusp. andParacalanus
parvusGran et al. (1936) recommended the combinatichexe two to one group. Rae &
Rees (1947) even includedicrocalanus pusillus Recent findings have shown that
acuspes, P. elongatwesd P. parvusare found within the same sample (Renz & Hirche
2005, Grabbert personal communication). Accordm&éeénz & Hirche (2005) individuals
of this group consisted mainly éfseudocalanus acuspeBhese authorgive a detailed
description of the abundance and vertical distidvubased on German GLOBEC data.
We pooled these individuals to tiseudocalanugroup. Pseudocalanusp. is a well
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known euryhaline and oligotherm species in theiB&hkckefors 1969), with importance
for the diet of cod, herring and sprat (Voss eR@D3). In the North Sea it appears usually
in the southern parts and is common in autumn aindew(Rae & Rees 1947). In open
oceans it occurs near the coasts and is hardlgmrés the central part of the northern At-
lantic, where it dwells in deeper waters in moretkern latitudes (Jespersen 1940).
GLOBEC data: Highest abundances were found between April an@ 2002 (nauplii)
and from May to October 2002 (copepodites) althoughividuals were recorded the
whole time (Figure 8)After the MBI’s at the beginning of 2003 the nauplhundance was
higher than 2002 and the elder stages showed rgstnorease towards May/June 2003.
The population showed a distinct ontogeneticallgigal distribution. Adult stages showed
highest abundances below the halocline (Figure Bdfjveen May and October 2002 CIV-
CVI stages were found below the halocline in cai@ta. After the thermocline resolved in
November 2002 these stages inhabited even layets tie surface. Nauplii and CI-ClI|
stages were found the whole year round from surfaakeepest layers, but mainly above
the CIV-CVI stages. The CFSC values show that atdgepodites live mainly below the
halocline, while the younger ones also appearghdni strata, with low temperatures.

Temora longicorni$. MULLER

Synopsis:In the southern Baltic Propdremora longicornids an euryhaline and meso-
therm species, abundant between April and Septemitlermaximum values from July to
September (Ackefors 1969, Hernroth & Ackefors 1918)summer individuals are only
found during night above the thermocline, whileytlage more evenly distributed during
the rest of the year (Hernroth & Ackefors 1979)sloften found in temperate and coastal
seas (Jespersen 1940).

GLOBEC data: The nauplii showed a multimodal appearance betwgxeih and October
2002. During winter a minimum of nauplii abundamneas recorded (Figure 8). The peak
in April 2003 exceeded that of 2002. The CI-Clagegs were most abundant at the end of
May 2002. The CIV-CVI peak was found in June witghhvalues until the end of July
2002. In May 2003 an increase in copepodite aburelamas observed. After the formation
of the thermocline the CIV-CVI stages were mainbyrid below. In night hauls these
stages they also appeared above the thermoclingliNaere also found above the ther-
mocline during day. During winter the stock wasrfdwabove the halocline in the unstrati-
fied water. In March 2003 the low numbers of CIVICitages were to a large extend
found in slightly warmer waters above the haloclidayhow the CFSC values indicate
that the copepodites are mainly associated witlwiheer water below the thermocline.

Ctenophora

Pleurobrachia pileu®.F. MULLER

Synopsis: This species is euryhaline and oligotherm in tlzdi& (Ackefors 1969). The
maximum larvae abundance in the Baltic Proper aarfiobnd from February to May in
cold waters and mainly in a salinity range of 6-fi(nroth & Ackefors 1979). In another
stratified sea, the Black Sea, this species isdanrdeeper layers and in the suboxic zone
down to the upper boundary of theSHzone (Mutlu & Bingel 1999, Kideys & Romanova
2001).

GLOBEC data: In 2002 juvenilePleurobrachia pileusvere mainly found between March
and April, with highest abundances in April, derlm till the end of July (Figure 6).
Thereafter no individuals were recorded until OetoP002. The abundance was low until
February 2003 and exceeded the values of April 2808 than 1.7 times. In April 2003
abundance was lower than in the previous yearinonéased again at the end of our ob-
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servation time. The main proportion of the stoclsvi@und above the halocline with low
abundances in layers with ALS >11.5 (Figure 9). vdbthe halocline highest abundance
was mainly observed in layers with lowest tempeestuWith the development of a ther-
moclineP. pileuswas mainly found in cooler waters below and steizk decreased.

Polychaeta (Subadults and trochophora)

Synopsis:Polychaeta larvae are abundant in the Baltic Prapere numerous in greater
depths and avoid warm surface waters in summemgdtr & Ackefors 1979). The tro-
chophora larvae develop into polychaeta larvae reeswitching to benthic life. Deeper
parts can be re-colonised if oxygen is not depletteas depending on mechanisms of wa-
ter exchange processes (Leppakoski 1971, Leppakd3k).

GLOBEC data: Subadult polychaeta were found during the whole 882 with small
peaks between the end of July and November (Figurérochophora larvae became most
abundant after the MBI in 2003. The abundanceoth Istages was higher in 2003. An
isochronous increase in abundance of subadultdrandophora was mainly observed in
the timeframes of the inflow events. While the sllds showed an avoidance of the lay-
ers above the thermocline, they were found all dlverwater column during the rest of the
year (Figure 9). The trochophora larvae were maetprded in deeper layers with higher
salinity.

Rotatoria

Keratellaspp

Synopsis:According to Ackefors (1969) and Hernroth & Ackefdd979) the genuser-
atellais represented by four speci&s gichwaldi, K. platei, K. quadrata, K. recurvisg)

in the Baltic Sea. They are found in the warm sigflayers and are abundant from July-
November and most frequent in September (HernrokcKefors 1979).

GLOBEC data: Keratellaspp. were abundant between June and October 2@b2wa
prominent peaks (Figure 6). At this time the highasundances were found at stations
BB0021 and BB0041 closest to Bornholm Island. Agerary minimum in August pre-
ceded a more intense peak in early Septembenditifistd waters individuals were mainly
found above the thermocline (Figure 9) and alomgstiallower borders of the examination
area. They showed avoidance for layers below thache. This distribution pattern can
also be seen in the CFSC values.

Synchaetapp.

Synopsis:In the Baltic the genus Synchaeta is representedl d§pecies. baltica, S. cur-
vata, S. fennica, S. gyrina, S. monopus, S. triggihttg), with S. balticaand S. monopus
being the most common (Ackefors 1969, Hernroth &efors 1979). They are abundant
all over the Baltic Proper and important betweenyMad July with values of about
1.000.000h mi?in June/July (Hernroth & Ackefors 1979), where ticap make up 20-80%
of all individuals in a net haul. Start of poputattigrowth is coupled to the development of
resting eggs (Hernroth & Ackefors 1979). They aveated both above and below the
thermocline in a temperature range of 8-16°C (Ackefl969, Hernroth & Ackefors
1979).

GLOBEC data: Synchaetaspp. first appeared in April at the deepest stati@B0003,
BB0021 and BB0023) and showed one distinct peak fkday to June 2002 (Figure 6).
Thereafter abundance decreased rapidly. In May 2003tock started to increase again,
but did not reach the numbers of 2002. During #s¢ of the year individuals were sparse.
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The abundance in 2002 was much higher than thesakported by Hernroth & Ackefors
(1979) for the Baltic Proper, but the time of appeae coincided with our observations.
During the time of their prominent appearance nrudividuals were found below the de-
veloping thermocline (Figure 9). During the deceea$ the stock high abundances were
also locally found above the thermocline. Eggs weanly observed in the same layers as
the adults. As highest abundances were found fwithe development of the thermocline
the CFSC values are mostly assigned withiiBI TERcategory. Between September and
November 2002 no eggs were recorded.

Discussion
Vertical distribution

To identify whether the characteristic stratificatiof the Baltic Sea separates the zoo-
plankton community a Multivariate Discriminant Faona Analysis (MDFA) was per-
formed and verified by individual observations. Theults indicate that the depth distribu-
tion of zooplankton species in the Bornholm Basisubjected to the hydrographic strati-
fication. The species dwell in distinct layers, gptby combinations of different hydro-
graphic conditions and are subjected to seasorthlaamospheric forcing. The observed
interspecific differences confirm earlier studiesg( Ackefors 1969, Hernroth & Ackefors
1979, Ojaveer et al. 1998, Schulz et al. 2006) aredwithin physiological ranges that can
be found in the literature (Table 7). The higheatgd and vertical resolution of our data
set allows a more precise description and classifio of zooplankton behaviour. As we
were not able to clearly distinguish waters of théegorieHALINE, BB60 andBB90 by
MDFA we combine these waters FALINE. The distribution of the zooplankton species
can be grouped to different patterns conditionedhieydifferent layers. Thus the volumes
of different combinations of temperature and safican be conceived as habitats, sepa-
rated by the clines. The physiological capabilitigets the range of habitats a species can
utilise. Our observations imply five different mad® utilise the available habitats (Figure
12, Table 8). The first three modes are determbethe position of the halocline and just
have to be distinguished during summer. The diffees among these three were set by the
thermocline between May and October 2002:

Mode | is characterised by species being mainlggmweduring the warm season in waters
of the categor5SUMMER All stages ofEurytemorasp.,Bosmina coregoni maritimand
Podon intermediusvere found to be abundant in the surface layegnaemperatures in-
creased. The rest of the year these species wareantess completely absent. Cladocer-
ans outlive the deteriorating conditions in wirdsrresting eggs. They restart their life cy-
cle in spring, fostered by improving conditions ahd increasing temperature. The most
important species of this mode wscoregoni maritimaalthough the stock broke down
in early September 2002, when temperatures wdraigtn.

Mode Il includes the species which are also presdm@n the thermocline is absent, but
with a preference for higher temperatures abovetlieemocline when established. This
refers to an utilisation of the categor8NTERand SUMMER All stages of Acartia bi-
filosa and the CI-CIlI stages of Centropages hamand Temora longicornis showed this
behaviour. AlsoBivalvia larvae,Evadne nordmanniPodon leuckartiand Keratella spp.
were assigned to this mode. The decrea&ingordmannistock seems to invade strata
closer to and in the thermocline from July on, neagls a response to the high surface tem-
perature. WhileE. nordmanniandP. leuckartiwere mainly abundant around the time the
thermocline developed or disappeared, the periodigif Keratella spp. abundance was
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found in a period that started a few weeks priat Ested a few weeks longer than the
persistence of our algorithmic defin@dJMMERcategory. Thus it can be suggested, that
Keratellaspp. can be seen as a summer species, that $feowdluded in mode I.

In contrast, mode lll includes the species, whiah aso present most of the year, but do
not utilise the warm surface layer. Thus their icaltdistribution is restricted to the cate-
gory WINTER All stages ofAcartia longiremis Centropages hamatuSIV-CVI, Temora
longicornis CIV-CVI and Synchaetaspp. were found to utilise tH&INTERwaters. Less
thermal affection (Jespersen 1940, Halsband-Lek @002) and the evasion of predation
seem likely in summer, when young clupeids pretheupper layers during daytime (e.g.
Voss et al. 2003, Dickmann & Voss 2005).

Mode 1V includes the species that utilise both lwd high saline waters, avoid the warm
surface layer and are only present in the watethefcategorie$VINTERand HALINE.
Fritillaria borealis, Pseudocalanusp. CI-Clll and subadult polychaeta showed this be
haviour, with highest abundances during the coldtms

Mode V includes species that utilise the volumeowethe halocline, respectively the
HALINE category, which is only available at the deepati@ts. We identifiedikopleura
dioica, all stages ofOithona similisand Pseudocalanusp. CIV-CVI as well as tro-
chophora larvae in these waters. While the latter showed highest abundances in strata
with low temperatures). dioicawas often found in saline and warm waters. Belbe t
haloclineO. similis benefits from its low respiration rates in combioatwith low tem-
peratures (Castellani et al. 2005) during stagi#iaw periods. The CIV-CVI stages of
the Pseudocalanugroup were mainly found below the halocline, whiiie CI-CIII cope-
podites were also found above the halocline. Thisfions earlier studies oRseudoca-
lanussp. in the Bornholm Basin that describe an ontegervertical distribution (Renz &
Hirche 2005).

Although our results show species specific dep#igoences, still higher sampling resolu-
tion is required to understand the fine structurerestical segregation in the vicinity of
discontinuity layers. The problem of different camipensible scales has been noted earlier
by Steele (Steele 1989) and appears here in theeian of punctual CTD measurements
to averaged values for assignment with the planktars. Furthermore, the method-borne
integration of plankton nets over the used samplargge of 10 m may be influenced by
the internal waves, which are common in stratifresters (Banse 1964). Net clogging in
certain layers, caused by blooms, bears anotheepimbias sampling efficiency.
Noticeable is the observation that the stocks o$tncopepods living above the halocline
showed temporary peaks between September and Nev&@02 with thd8B60andBB90
waters. TheBB60waters caused the highest temperature on recdhe itayer of the halo-
cline. Due to a lower salinity than the deep watkeBB60waters stratified into the corre-
sponding depth and caused a new temporary layeterd/avith higher densities remained
captured in the trough of the Bornholm Basin uRtlvember 2002. Here the topography
of Stupsk Sill inhibited a further propagation detinflow. Beside advection with North
Sea waters (Postel 1996) a hatching of resting éggs shallower sediments due to a
temperature induced termination of dormancy is iptesen Centropages hamatu$emora
longicornis (Engel & Hirche 2004) andcartia spp. (Dutz et al 2004). In tH@B60 and
BB90water masses some species showed a distribufitemedit from the rest of the year
and indicates a link between deep and surface gsese During periods of stagnant in-
flows the deep water conditions deteriorate andatigion processes form an anoxic layer
close to the seafloor. Furthermore, the inhabitablame below the halocline is smaller at
shallower stations when the transition zone betweerand higher saline water is close to
the bottom or absent (e.g. Hansen et al. 2004, B¢henal. 2004). The decreasiRgeu-
docalanussp. stocks in the Baltic are related to reducegoMBaltic Inflows (MBI), at-
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mospheric forcing and a freshening of the Baltia g increasing rainfalls (M6llmann et
al. 2003). During MBI’s the halocline elevates andreases the space below and species
assigned to mode V find an enlarged inhabitablérenment with improving conditions.
Thus inflows improve the conditions f@ithona similis(Hansen et al. 2004) af$eudo-
calanussp. (Renz & Hirche 2005). It allows benthic rearotsation of deserted areas
(Leppéakoski 1971, Leppéakoski 1975, Laine et al.7)%hd improves conditions for organ-
isms close to the seafloor and their offspring. @teection of polychaeta seems possible
but would not explain the time shift between suli@dand trochophora in Janu-
ary/February 2003. Thus higher abundances of paBtetitrochophora abundances may be
an indicator for temporary improved deep water domts. Oxygen depletion and decom-
position processes decrease this volume again amdw the vertical space continuously.
Due to vertical mixing salinity in upper layers igases after inflows and provides re-
newed nutrients (Fonselius 1970).

Significant alterations in trophic structure ofst@cosystem are suggested to be influenced
by climatic changes. The observed temperature asersince the 1980s also influenced
the zooplankton community (Méllmann et al. 2000hir&n et al. 2002, Méllmann et al.
2003) and fosterelcartia sp. stocks (Molimann & Koster 2002). Hydrographyhe Bal-

tic Sea is related to local wind fields and sealig@ressure, coupled to the North Atlantic
Oscillation (Lehman et al. 2002). Water mass exgbhawith the North Sea decreased
within the last decades as a consequence of tivaifing atmospheric conditions. This in
turn reduced the renewal of saline waters, incceaiser run-off and freshened the Baltic
(Matthaus & Franck 1992, Matthdus & Schinke 199%)e decrease in salinity also in-
duced a shift towards oligohaline species, as tiagemic Bosmina coregoni maritima
During summer the high temperature allows this atadan to outgrow competitors and
predators by parthenogenetic reproduction (Viiasal al. 2001) and becomes the most
abundant species of the upper layers. Up to 87#%e diet ofAurelia auritaconsisted of
this copepod, although jelly abundance was to lovaffect the stock (Barz & Hirche
2005).

For a surface wind stress the upwelling displacdméthe thermocline is inversely pro-
portional to stratification and increases with temgture (Gill 1982). This led to a shallow
and strong thermocline during the calm summer 2002 s likely for years with similar
conditions. A shallow thermocline narrows the sif¢he habitat and insulates the deeper
nutrient rich layers by a steep thermo-gradientatwdan even reduce primary production
(Roemmich & McGowan 1995). Limited resources inseeaiche competition and higher
densities foster predators by narrowing the preedatey distance. In August 2002 a steep
and shallow thermocline, a reduction of copepodkst@nd lower phytoplankton fluores-
cence in the warm surface waters than directlyvibdlengedoht personal communica-
tion) was observed.

Trophic interactions

In the Bornholm Basin the diet composition of figinvae can to a large extend be ex-
plained by seasonal trends (Voss et al. 2003) wshchw marked changes since the 1980s,
the time since when cod stock size decreases, sl increases. In addition to fisheries
pressure (Bagge et al. 1994) interactions betwkendentified utilisation modes of the
zooplankton species and physical forcing seems ritapb By this calculated selection-
preference of a predator does not necessarilyataligctive behaviour. It can rather reflect
spatial heterogeneity of prey distribution in relatto the predators preferred depth, when
calculated from depth-integrated samples. The a#iparof zooplankton by hydrography
concentrates potential prey unequally in the watdumn and creates heterogeneous prey
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fields. As larvae and Young-of-Year take up higbgmrtions of the zooplankton produc-
tion (Arrhenius & Hansson 1993) the accumulatiompiey in hydrographic strata impacts
predators, too. Thus recruitment success is at feasially driven by the availability of
prey in a layer. The main planktivorous fish in Batic are cod larvae, all age classes of
herring Clupea harengud..) and sprat§prattus sprattusl..). Adult cod Gadus morhua
L.) is the most piscivorous, while the two formeesies are the dominant fish prey in the
Baltic Proper (Rudstam et al. 1994, Bagge 1989ungoand larval sprat concentrate in
upper layers (Wieland & Zuzarte 1991, Makarchouldi@arichsen 1998, Dickmann et al.
submitted) and feed during daytime with a prefeeefoc Acartia sp. (Voss et al. 2003). In
gut contents higher proportions of adAttartia sp., lower ofTemora longicornisand the
absence oPseudocalanusp. (Dickmann et al. submitted) indicate thatféeing site of
larval sprat is mainly above the thermocline in suen, where they prey on zooplankton
species of the modes | and Il. Thus factors affigcthe availability ofAcartia sp. are im-
portant for larval growth, survival and correlatéhayear class strength (Dickmann 2005).
The high abundance d@osmina coregoni maritimanakes it a valuable prey item in
July/August for the growing sprat larvae, which #inen large enough to ingest them
(Dickmann et al. submitted). This cladoceam contribute up to 40% of the diet of sprat
(Dickmann 2005). While adult sprat has a shallowtival distribution during summer, it
concentrates in layers deeper than 50 m the reébeofear (Koster & Schnack 1994). This
represents a spatial match with zooplankton spexfighe modes IlI-V. In these depth
sprat preys ofPseudocalanusp. andTemorasp. and competes with herring (Méllmann &
Koster 2002). The summer shift from a copepod tdwa cladoceran dominated zoo-
plankton community decreases the food gain forddseper living herring (Flinkman et al.
1998, Viitasalo et al. 2001). In the respective therwe found an at least slight decrease
in abundance of. longicornisandPseudocalanusp., whileB. coregoni maritimgpeaked.
We assume this phenomenon to create a furtheraspagmatch. As cod needs higher
salinities for development, its main habitat isdieeper layers than sprat, where the de-
creasingPseudocalanusp. stock is the most important food item (VosaleR003). After
spawning cod eggs float in a narrow layer with lngg of approximately 11 and oxygen
values of at least 2.3 mf|(Wieland & Zuzarte 1991, Bagge et al. 1994, Widlan al.
1994). In this layer adult herring and sprat feadcod eggs during day with rates in the
range of 20 to 100%, depressing the recruitmentessc(Schnack & Koster 1994). Thus
an increase in clupeids depresses the probabilistrong year classes of cod and vice
versa (Rudstam et al. 1994). Especially the renwerit of sprat may capitalise from the
changes in the surface layers.

Outlook

To understand the inhomogeneous distribution ofisgdn stratified systems and the con-
straints set up by the clines improves our apptiecichow physical forcing and climate
can affect food web structures. Interactions betw@iferent trophic levels can be trig-
gered by the segregation of the zooplankton comtyiamd have profound impact on the
ecosystem functioning. It can be expected thafptioperties, which have been identified
for the central Baltic Sea, are also present irerofieas and areas, although the ultimate
characteristic depends on the strength of the fdrgradient between two strata. It has
been noted for different parts of the world thaneltic changes appear synchronously with
alterations in hydrography and the zooplankton cmsitpns in distinct layers (e.g. Bar-
ents Sea: Orlova et al. 2002; California Currerde®mich & McGowan 1995; Fjords:
Gorsky et al. 2000). Especially climatic influertbat prolongs the period of a warm sur-
face layers can drive cascading ecological efféotaughout stratified marine systems that

89



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

are elusive. The complex interactions that are ¢geduby temperature are often less obvi-
ous and just allow to consider that changes apf@egr Roemmich & McGowan 1995). In
the adjacent North Sea profound changes in thecisshmunity have been observed too,
but can not directly be related to temperature (Bed al. 2004). Also in frontal systems
horizontal and vertical gradients determine thetritistion of different taxa (e.g.
Neuenfeldt 2002, Escribano et al. 2004). Thus deatification of functional groups, like
the five utilisation modes in the Bornholm Basimgymimprove our understanding of food-
web structures.
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Description of the figures:
Figure 1: The positions of the nine focus-stationge Bornholm Basin.

Figure 2: Vertical profiles of temperature, saljndand oxygen in the central Bornholm
Basin at position 55.3016°N/15.7966°E. Graphic byrtesy of Rainer Feistel (Baltic Sea
Research Institute).

Figure 3: Seasonal composition und structure oztimplankton community in the Born-
holm Basin.

Figure 4: Results of the Multivariate Discrimindatnction Analysis as canonical plot for
the first two canonical roots.

Figure 5: The canonical factor structure coefficseshow the loadings of the species and
developmental stages in the analysis. The quadcamsbe assigned to different hydro-
graphic conditions.

Figure 6. Seasonal appearance of taxa other tlatoa@rans and copepods. Scaling is
normalised to one. Vertical lines indicate samptiages.

Figure 7: Seasonal appearance of cladoceransnggslnormalised to one. Vertical lines
indicate sampling dates.

Figure 8: Seasonal appearance copepods. Scalmgrglised to one. Vertical lines indi-
cate sampling dates.

Figure 9: Vertical distribution of taxa other theladocerans and copepods. Note the dif-
ferent scaling. Day hauls are indicated by an apete, night hauls by asterisk.

Figure 10: Vertical distribution of Cladocerans.t&lthe different scaling. Day hauls are
indicated by an open circle, night hauls by agteris

Figure 11: Vertical distribution of copepods ontista BB0023. White bars: nauplii; grey
bars: CI-CllI; black bars: CIV-CVI; Note the diffent scaling. Day hauls are indicated by
an open circle, night hauls by asteri8kartia nauplii are pooled and are the same for both
species.

Figure 12: The different utilisation modes whiclesies are assigned to.
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Table 1: Schedule of the sampling campaigns.

Cruise Cruise start Cruise end
[dd.mm.yyyy] [dd.mm.yyyy]

AVH 44/02/08 12.03.2002 22.03.2002
AL 200 02.04.2002 30.04.2002
HE 168 05.05.2002 24.05.2002
AvVH 44/02/03 15.05.2002 30.05.2002
AL 205 11.06.2002 23.06.2002
AL 207/208 22.07.2002 07.08.2002
HE 174 12.08.2002 21.08.2002
AL 210 03.09.2002 13.09.2002
AvVH 44/02/11 30.09.2002 10.10.2002
HE 181 11.11.2002 29.11.2002
HE 182 13.01.2003 24.01.2003
AVH 44/03/01 10.02.2003 21.02.2003
AL 217 03.03.2003 22.03.2003
AL 219 17.04.2003 28.04.2003
AL 220 02 15.05.2003 03.06.2003

Table 2: The positions of the nine focus stationthe Bornholm Basin.

Station name Latitude (°N) Longitude (°E) Bottom depth
[dec.] [dec.] [m]
BB0003 55.625 15.000 75
BB0006 55.625 15.750 70
BB0012 55.625 16.500 65
BB0021 55.292 15.283 85
BB0023 55.292 15.750 95
BB0026 55.292 16.500 65
BB0035 54.958 15.750 85
BB0041 54.792 15.250 70
BB0045 54.625 15.750 60

106



Publications and manuscripts.

Table 3: Mean abundance (1% of zooplankton taxa in the Bornholm Basin for all

cruises.

Taxon Individuals [3 (2 n m?)] [%] Included
in MDFA

Appendicularia 2190744 8.28

Fritillaria borealis 2186267 8.26 Yes

Oikopleura dioica 4476 0.02 Yes
Bivalvia 1936222 7.32

Larvae and subadults 1936222 732 Yes
Cladocera 3619520 13.67

Bosmina coregoni maritima 2858967 10.8(Q Yes

Evadne nordmanni 737565 2.79 Yes

Podonjuveniles 2781 0.01 No

Podon intermedius 7530 0.03 Yes

Podon leuckarti 12676 0.05 Yes
Copepoda 12330371 46.59

Acartia spp. nauplii 1705903 6.45 No

Acartia bifilosaC1-C6 678700 2.57 Yes

Acartia longiremisC1-C6 1159052 4.38 Yes

Centropages hamatus 1024915 3.87 Yes

Eurytemorasp. 64563 0.24 Yes

Oithona similis 1225831 4.63 Yes

Pseudocalanuspp. 2702873 10.21 Yes

Temora longicornis 3768530 14.24 Yes
Ctenophora 17374 0.07

Pleurobrachia pileus 17374 0.07 No
Polychaeta 110314 0.42

Subadults 93945 0.36 No

Trochophora larvae 16368 0.06 No
Rotatoria 6258531 23.65

Keratellasp. 68313 0.26 Yes

Synchaetap. 6190218 23.39 Yes
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Table 4: Classification matrix of the MultivariatBiscriminant Function Analysis
(MDFA).

Observed Cum.% Predicted
SUMMER  WINTER  HALINE BB60 BB9Y0
SUMMER 84.74577 150 22 1 4 0
WINTER 91.70306 13 420 23 2 0
HALINE 77.37226 1 19 106 4 7
BB60 50.00000 2 3 17 22 0
BB90 12.50000 0 0 14 0 2
Total 84.13461 166 464 161 32 9
Wilk's Lambda 0.09327
F(92, 3188) 28.45346
p-Level <0.001
Table 5: Test for significance of the roots in damonical analysis.
Root ‘ Eigenvalue Wilk's A 1 DF Cum.% p-Level

1 2.58397 0.09327 1938.13108 92 0.60080 <0.001

2 1.54454 0.33428 895.25392 66 0.95991 <0.001

3 0.15087 0.85058 132.21776 42 0.99499 <0.001

4 0.02154 0.97891 17.41191 20 1.00000 0.62609

Table 6: Means of the canonical variables in each r

Root 1 Root 2 Root 3 Root 4
SUMMER 2.48890 -1.30846 -0.15752 -0.013182
WINTER -0.00010 1.10336 0.04928 0.012621
HALINE -2.44682 -1.11559 -0.30134 -0.168490
BB60 -1.29020 -2.14061 1.43089 0.115564
BB90 -3.03152 -1.66979 -1.02288 0.909449
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Table 7: Physiological ranges of the investigatpecges and developmental stages. The
given values indicate the ranges, within abundawnteaore than 10% of the maximum
value were observed. Respective values highestdamaes were observed are given in
brackets. In the reference columns values fromipusvinvestigations are given.

Salinity Temperature [°C] Oxygen [ml [
Species ALS Reference ALT Reference ALO
Appendicularia
Fritillaria sp. 7.0-12.0 (7.0) 6-35) 2.0-10.0 (4.0) <162 5.5-9.5 (9.0)
Oikopleurasp. 7.5-15.0 (13.0) >16% 4.0-16.0 (11.0) 2.0-10.0 (4.5)
Bivalvia
Larvae and subadults 7.0-8.5 (7.5) 2.5-17.0 (9.0) 5.5-10.0 (8.5)
Cladocera
B. coregoni maritima 7.0-14.0 (7.0) 2.5-8 7.0-21.0 (19.0) 1318 4.5-7.5 (6.5)
0.1-10.7% 5-20®
E. nordmanni 7.0-14.5 (7.0) 2-3§9 2.5-20.5 (9.5) 41§59 1.5-9.0 (8.5)
1.33-35.4% 1-22.6%
P. juveniles 7.0-14.0 (7.0) 4.0-20.0 (13.0) 2.6-.0)
P. intermedius 7.0-15.0 (7.0) 3.5-35.9 5.0-20.0 (17.0) 918 2.5-9.0 (6.5)
2.4-35.39 4.8-20.59Y
3.6-35¢ 8-17¥
13-167
P. leuckarti 7.0-16.5 (7.0) 23-35) 3.0-17.0 (10.0) 10-1% 4.0-9.0 (8.5)
6.2-35.5 0-17.4®
8-17¥
Copepoda
Acartia sp. nauplii 7.0-9.50 (7.0) 2.0-19.0 (10.0) 4(01(8.5)
A. bifilosaC1-C3 7.0-7.50 (7.0) 3.5-18.0 (10.5) 4.5-10.0)8.5
A. bifilosaC4-C6 7.0-15.2 (7.0) 3.5-20.0 (12.0) 4.5-9.5 (8.0)
A. longiremisC1-C3 7.0-8.50 (7.0) 3.0-20.0 (9.0) 4.5-9.0 (8.0)
A. longiremisC4-C6 7.0-15.0 (7.0) 4.0-20.0 (6.0) 4.0-9.0 (8.0)
C. hamatusiauplii 7.0-12.5 (7.0) 2.5-20.0 (10.0) 3.5-9.00f8.
C. hamatu€C1-C3 7.0-10.0 (7.0) 5.0-16.0 (10.0) 4.5-9.0 (8.5)
C. hamatu£4-C6 7.0-12.0 (7.0) >7® 4.0-20.0 (8.5) 4.5-9.0 (8.5)
Eurytemorasp. nauplii 7.0-13.2 (7.0) 2.5-20.0 (15.0) 4.5&0)
Eurytemorasp. C1-C3 7.0-14.0 (7.0) 7.5-16.0 (9.5) 4.5-8.0)8
Eurytemorasp. C4-C6 7.0-14.0 (7.0) 8.0-20.0 (15.0) 4.5-8.0 (6.5)
O. similisnauplii 8.0-16.5 (12.0) >7® 2.5-14.5 (6.0) 0.5-7.5%(3.
O. similisC1-C3 8.0-18.5 (14.0) >14.5@ 3.0-13.5 (7.0) 0.5-8.0 (3.5)
0. similisC4-C6 7.0-18.5 (13.5) 3.0-15.0 (6.5) 0.5-8.5 (3.5)
Pseudocalanusp. nauplii 7.0-19.0 (9.0) 2.0-20.0 (3.5) 3.5-1@5)
Pseudocalanusp. C1-C3 | 7.0-17.0 (8.5) 3.0-19.5 (5.5) 0.5-9.5)7
Pseudocalanusp. C4-C6 7.0-19.0 (12.0) 2.0-18.0 (5.0) 0.5-9.0 (7.0)
T. longicornisnauplii 7.0-16.0 (7.0) 2.5-20.0 (9.5) 4.5-10.%(7.
T. longicornisC1-C3 7.0-10.0 (7.0) 5.0-20.0 (9.5) 4.5-9.0 (8.5)
T. longicornisC4-C6 7.0-13.5 (7.0) 2.0-20.0 (9.0) 4.5-9.5 (7.5)
Ctenophora
P. pileus 7.0-13.0 (7.50) 6-8 1.5-11.5 (4.0) < §9 3.5-10.0 (7.0)
Polychaeta
Subadults 7.0-16.0 (7.50) 2.0-10.5 (3.0) 3.5(8.6)
Trochphora 7.0-16.0 (7.50) 2.0-20.0 (3.5) 3.5(9.6)
Rotatoria
Keratellasp. 7.0-12.5 (7.25) 10.0-20.0 (17.0) 6.0-7.6)6.
Synchaetap. 7.0-13.0 (7.50) 4.0-13.0 (6.0) 8@ 4.5-9.0 (8.5)

1) Ackefors 1969, 2) Blanner 1982, 3) Berill 1950, 4) Erikson 1974, 5) Giekk&®, 6) Gieskes 1971a, 7) Gieskes

1971b, 8) Hernroth & Ackefors 1979, 9) Ramner 1930, 10) Mutlu & Bingel 1999.
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Table 8: The different utilisation modes as revedlg MDFA.

Pattern Distribution range Species
Cladocera
1 Species being mainly abundant during summer in Bosmina coregoni maritima
waters of th6SUMMERcategory Podon intermedius
Copepoda

EurytemoraCI-ClII
EurytemoraCIV-CVI

Bivalvia
2 Species being abundant for long times of the year Bivalvialarvae
in the categorieSSUMMERandWINTER
Cladocera

Evade nordmanni
Podon leuckarti

Copepoda
Acartia bifilosaCl-CllI
Acartia bifilosaCIV-CVI
Centropages hamatiGI-CllI
Temora longicorni<I-CllI

Rotatoria
Keratellaspp.

Copepoda
3 Species being abundant for long times of the year, Acartia longiremisCI-ClI|
but restricted to the categoWINTER Acartia longiremisCIV-CVI

Centropages hamatu@IV-CVI
Temora longicorni<IV-CVI

Rotatoria
Synchaetapp.
Appendicularia
4 Species being present in the catedMWNTER Fritillaria borealis
andHALINE
Copepoda

Pseudocalanusp. CI-CllI

Appendicularia
5 Species being mainly present in the category  Oikopleura dioica
HALINE
Copepoda
Oithona similisCI-CllII
Oithona similisCIV-CVI
Pseudocalanusp. CIV-CVI
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4.2. Softwar e development

S1: Ocean Sneaker’s Tool - An open code softwareoldor fast processing, exploring

and visualising marine and aquatic data

Authors:  Jan Schulz, Michael Potthoff, Miriam Dicamm
Status: Published in GLOBEC International Newstet(1):84-85

This paper briefly sketches the extent of the saféaproject. It highlights several applica-
tions and options for processing marine data fetgs written by the first author and im-

proved by the co-authors, who were also partiailyolved in the source code develop-
ment.
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Ocean Sneaker’s Tool —
An open code software tool for fast processing|akmpy and visu-
alising marine and aquatic data

Jan Schulz Michael Potthoff, Miriam Dickmann

*Alfred-Wegener-Institute for Polar and Marine ReskaBremerhaven
“Institute for Baltic Research, Warnemiinde

Aquatic data often require various processing stepa collection to analysis. This might
include the adding of metadata to measured vatren&pping software, the conversion of
stacked net data to area related or other comm@esformations. Although these steps can
be accomplished quickly for single parameters & isne consuming process with increas-
ing numbers. As a spin-off of GLOBEC-Germany thévgare package ‘Ocean Sneaker’s
Tool' (OST) was developed (Fig. 1). Its focus isatd biological researchers with their
daily work and to facilitate initial exploring ofathsets. OST includes a basic spreadsheet
analysis, provides a universal import filter for @If plaintext formats and supports sev-
eral specific file types generated by differentategraphic gears. Three major modules
cover a wide range of processing, converting, expdoand visualising of selected data
subsets.

The data mining module can create reports forssiegi calculate percentile proportions,
perform various transformations and conversions faodides iterative data scaling. Sta-
tistical analysis includes basic descriptive sti@gsas e.gmean median sum range vari-
ance SD, SE andVC. For similarity and dissimilarity based investigas (Clarke and
Warwick 1994) matrices according Bray-Curtis Canberrg Manhattan-or Euclidean
distancecan be computed. The Sammon mapping option prevéeeasy multidimen-
sional scaling technique (Sammon, 1969) that revedderent structures in order to ex-
plore data sets, like finding possible clustersradations or underlying distributions and
can be run with raw data. Prior to analyses databeaautomaticalljog, In, sqrt or arcsin
transformed. For the conversion mfm™ from stacked nets, to*m™ functions are avail-
able, and can also calculate the weighted mear dBptlens and Frost, 1989) for several
species simultaneously.

The geo-coded export module includes metadataclidise, station, date, time longitude,
latitude and bottom depth to measured values. Titgub format can be imported directly
to Ocean Data View (Schlitzer, 2004) or other maggrograms for further investigation.
The various formats latitude and longitude valuas be given in are auto converted to
decimal degree notation as required for computasiasl work.

The visualising module allows for the display otalaets in various graph forms, e.g. as
line, bar, area, polar, scatter, stacked and saiféats (examples in Fig. 1). All properties
can be customised to modify the appearance in 2ZEDamode. Additional algorithms can
create interpolated isolines, allow labelling ofidls and to adjust the desired perspective.
Charts can be saved in different formats (e.g. epd$, gif, jpg, pdf, wmf and several oth-
ers) and displayed data can be exported as extélLHor native ASCII format.

At present OST is in the beta phase of versiorafid) pervasive modifications during the
last year. The project now consists of more thaif®@3 lines of source code distributed
over 25 units and is written in easy understandabject pascal (Borland Delphi). The
source code can be downloaded from the website u(&ch 2005,
www.awi.de/Software/OS9Tand allows users to inspect algorithms, modifyciions as
desired and developers to implement new features.
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Since the reorganisation of the web site in Oct@@5 the tool has drawn international
attention beyond Germany (Fig. 2). It is now refeex by other institutes and projects
like CENSOR, IOC Ocean-Teacher and Pangaea. OSSTunder Windows 95/98/2k/XP
and no problems have been reported so far when wibdemulators under Linux and
Mac environments. The use of efficient code andwh®ing of specific code linked to an
operating system results in stand-alone softwanesif2.5 MB. As neither additional li-
braries nor an installation is required OST cannelve run directly out of a zip-archive
from an USB stick on machines with different regibpreferences.

References

Bollens, S.M.; Frost, B.W.; 198Bredator induced diel vertical migration in ardinic copepod; J. Plankt.
Res. 11(5):1047-1065

Borland Delphi; 2006http://www.borland.com/de/products/delphi

Globec-Germanmwww.Globec-Germany.de

Sammon, J.W.; 196& Nonlinear Mapping Algorithm for Data Structufaalysis,IEEE Trans. Comput.
Vol. C-18:401-409

Schulz, J.; 20050cean Sneaker’s Todiftp://www.awi.de/Software/OST

Clarke, K.R.; Warwick R.M.; 199€hange in Marine Communities: an approach tossizl analysis and
interpretation; Plymouth: Plymouth Marine Laborgtdr44 pp

Schlitzer, R.; 20040cean Data Viewhttp://www.awi.de/GEOQ/ODV

Description of the Figures:

Figure 1: Screen shot of the current Ocean Snealeol version. The application naviga-
tor (lower left) makes it simple to access theat#ht chart- (right) and data-windows (up-
per left). Windows are resizable and can be ariiifrpositioned.

Figure 2: Website usage by country between Dece2@$ and February 2006 generated
from the web logs.
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4.3. New methods for zooplankton detection

T1: Vorrichtung zur Partikeldetektion in einer tief enbegrenzten Lichtscheibe

Inventor: Jan Schulz
Status: Pending patent application in Germany (D005 028 893.6)

The text of this patent application includes thsibdunctional principle of the developed
zooplankton detection method. With a combinatiordifferent cylindrical lenses and a
linear light source a frame of light is created gmdjected into the water. Particles and
organisms that enter this light frame are illum@taaind scatter light. Only light scattered
in this light-frame is detected by the camera. bhsic text and figures were provided by
the inventor and edited by the patent agents NhCand J. Cochu, Berlin, to comply with
the legal formalities of the German Patent Offibelitsches Patent- und Marken3mt

> www.dpma.de
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Vorrichtung zur Partikeldetektion in einer tiefenbegrenzten
Lichtscheibe

Beschreibung

Die Erfindung bezieht sich auf eine Vorrichtung Rartikeldetektion in einem stromenden
Fluid in einem optisch begrenzten Messvolumen mireBeleuchtungseinrichtung aus einer
Lichtquelle, einem Blendensystem und einem fokuee@en Linsensystem sowie mit einer
optischen Auswerteeinheit mit weiteren Blenden umden und einem auf das Messvolu-
men ausgerichteten Aufnahmesystem.

Ein zentrales Ziel der Meeresdkologie ist das \&dhis der Verteilung von planktischen
Organismen im Meer und deren regulierende Proz&sssmnders von Interesse sind hier-
bei Abundanz und Diversitat kleiner Plankter, di¢ @Grund ihrer Individuenanzahlen eine
der grof3ten Quellen tierischen Eiweil3es im Meestdden. Thnen kommt dadurch eine
wichtige Bedeutung im biologischen Stoffkreislastgm zu. Der ungeklarte Einfluss von
anthropogenen und klimatischen Veranderungen auihm&kosysteme ist dabei in den
letzten Jahren und Jahrzehnten in den Blickpunkidissenschaft geraten. Es wird heute
allgemein anerkannt, dass Abundanz und Diversggschiedener planktischer Organis-
men unter anderem mit den physikalischen Paramd@rtumgebung korreliert sind. Die
hydrodynamischen Prozesse im Wasserkdrper konnlea dawohl zu einer Dispersion
der Plankter als auch zu gehauftem Auftreten fuhRiese regulierenden Prozesse der
Verteilung von Zooplankton in Zeit und Raum sindh\aentraler Bedeutung, um auf Zu-
sammenhénge mit biotischen und abiotischen Veré@nden zu schlielRen und Aussagen
uber das Okosystem zu treffen. Dazu werden Methdeedtigt, um diese Verteilungen
grof3flachig auf rAumlich und zeitlich kleinen Skakufzuldsen. Die traditionelle Methode
der Beprobung mit Netzen ist sehr zeitintensiv endoglicht nur eine begrenzte Auflo-
sung im kleinskaligen Bereich. Aus diesem Grundi smmder Vergangenheit eine Reihe
neuer Methoden und Ansétze entwickelt worden, us derstandnis der systemischen
Okologie zu erweitern. Neben den akustischen isbiéers der Bereich der bildgebenden
Verfahren von Interesse. Die hier eingesetzten t@evéerden als ,Video-Plankton-
Rekorder” VPR bezeichnet. Sie bieten zudem denepdass fragile Arten, wie z.B. ge-
latindses Plankton, in situ untersucht werden karuned Informationen tber die Biologie
dieser Vertreter erhalten werden, die mit klasgscMethoden wéhrend der Beprobung
zerstort wirden. Bilder dieser Arten im naturlichdabitat lassen Ruckschlisse auf Ver-
halten, Verbreitung und Interaktionen zu.

Stand der Technik

Aus dem Stand der Technik sind verschiedene VPRiften mobilen Schleppbetrieb be-
kannt. Der VPR von der Firma SEASCAN, Inc. FalmoWtA, USA ist beispielsweise
aus deNeroffentlichung | ,Autonomous Vertically Profiling Plankton Obsereat* (Co-
astal Ocean Institute WHOI, abrufbar aus dem Imtermnter der Webadresse
http://4dgeo.whoi.edu/vpr/ vpr_overview.htn8tand 08.06.2005), daferdffentlichung

Il ,Video Plankton Recorder on CTD" (NOAA Arctic Reseh Office, abrufbar im Inter-
net unter der Webadressgtp://www.arctic.noaa.gov/aro/russian-americanggiio-ctd-
rosette.htm Stand 08.06.2005) oder aus dem Globec-Newslg®e8, No. 2, October
2002, pp 20-21 unter déferdffentlichung Il ,Video Plankton Recorder reveals envi-
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ronmental problems of marine copepod” von C. Molimaet al. bekannt. Dieses Geréat
wird hinter einem Schiff geschleppt und dient deofiberenden Planktondetektion mit

einem Videokamerasystem. Einzelheiten zum eingesetdlenden- und Linsensystem

sowie zur Ausgestaltung der Lichtquelle sind niobkannt. Der relativ aufwandige und
Platz einnehmende Aufbau foérdert jedoch Stérungemetrieb und bei der Handhabung
sowie Probleme bei der Auswertung. AulBerdem kawsnGrat nicht, ohne gré3eren Auf-
wand/Modifikationen, stationar autark arbeiten. i Bmem &hnlichen Geréat aus Kanada
handelt es sich um einen Optical-Plankton-Coumd@ses Gerat liefert jedoch keine Bil-

der, sondern misst nur Partikelgrél3enverteilungeziche nur mit einer gewissen Unsi-
cherheit einzelnen Arten zugewiesen werden kénNenere Modelle nutzen eine Laser-
lichtquelle zur verbesserten Gréf3enauflosung.

Alle bekannten VPR nutzen punktférmige Lichtquellerd einzelne spharische Linsen zur
Kollimation. Im grof3skaligen Bereich kommen aucérlst Halogensysteme und Fresnel-
linsen zum Einsatz. Die bekannten Vorrichtungenehabber zum Problem, dass keine
scharfe optische Begrenzung des Messvolumens énaeuden kann und die Tiefenschar-
fe im Messvolumen softwaretechnisch justiert wiwehs im kleinskaligen Bereich der

Planktonbeobachtung zu hohen Ungenauigkeiten dieméneinschatzung fuhrt.

Auf dem allgemeinen Gebiet der Partikeldetektiardsiveitere verschiedene Vorrichtun-
gen bekannt. Aus d&D 232 552 Alist eine Einrichtung zur Zéhlung und Klassifiziegu
von dispergierten Teilchen in Flussigkeiten, z.Brlden, mit einem von einer Messzelle
raumlich begrenzten Messvolumen bekannt. Zur Aua$leutng des Messvolumens dient
ein Laserstrahl, wobei der Strahlfokus in der Mities Messvolumens liegt, sodass das
detektierte Messvolumen auf einen Punkt reduziérd.wZur Detektion wird die Streu-
lichtintensitat jedes Teilchens gemessen. Dabal airgenommen, dass die Intensitat des
Streulichts unter kleinen Winkeln eine Funktion dRestikelvolumens ist. Das Messvolu-
men ist durch die Ausbildung der Messzelle so e#ngé dass sich immer nur ein Teil-
chen im Lichtfokus befindet, dessen Streuung imetlacht gemessen wird. Die FIllssig-
keiten werden mit einer Injektionsspritze in diedgleammer eingespritzt, eine Erfassung
und Bestimmung von Partikeln in einem frei stromaméluid ist mit der bekannten Ein-
richtung nicht moglich. Weiterhin kdnnen nur relagirof3e Partikel detektiert werden, die
sich in der Messzelle vereinzeln lassen. Di2 221 861 Albeschreibt eine Beleuchtungs-
einrichtung zur Erzeugung eines zweidimensionalatktreifens zur Mustererkennung
und Identifizierung von Werkstiicken in industrielldmgebung. Dazu wird eine lineare
Lichtquelle verwendet, deren Strahlen durch einméléenblende gerichtet und durch eine
Zylinderlinse auf das zu erkennende Objekt gebiindetden. In dem Aufnahmesystem
wird durch Kontrasteinstellung ein scharfes Schweai3bild des jeweils beleuchteten
Streifens erzeugt und analysiert. Ein Reflektorrkéir eine hdhere Lichtausbeute hinter
der Lichtquelle angebracht werden. Die Objekte werdnter spitzem Winkel beleuchtet
und die Kamera befindet sich senkrecht dariiber.gdaimd Art von Teilen kénnen je
nach Auflésungsvermogen der Kamera bestimmt werdan.Begrenzung des Betrach-
tungsraums ist ein fester Hintergrund erforderl\feiterhin ist aus débE 298 13 109 Ul
eine Beleuchtungsvorrichtung zur Erzeugung ein@gda, schmalen Lichtbandes mit
zweidimensionaler Auspragung bekannt, bei der dektleiner Anzahl von Lampen in
einem engen Gehause mit einer ersten jeweils eigand einer zweiten gemeinsamen
Linse zu einem schmalen Strahl mit Fokus auf eineie wéahlbarer Entfernung erzeugt
wird. Die Lichtausbeute entspricht etwa dem Abdwatkel und ist damit sehr gering. In
derDE 197 36 172 B4vird eine Vorrichtung zur Analyse von in einemdstienden Fluid
dispergierten Teilchen beschrieben, die mit Blenddreitet, deren Kanten hyperbelartig
gekrimmt sind und damit ein dreidimensionales Melsswen mit einem bekannten
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Scharfentiefenbereich definieren, das kegelsturtigfarit gebogenen Kanten ausgebildet
ist. Im zugehorigen Verfahren werden Teilchen neffirderter Laufzeit im Messvolumen
ausgewertet. Die Form des optisch abgegrenztenvdiessens erlaubt es, Teilchen unter-
schiedlicher Geschwindigkeit bei konstant vorgegebelaufzeit im Messvolumen zu
bertucksichtigen, wobei durch die definierte Tiefdrigfe ein dreidimensionales Messvo-
lumen vom Detektor erfasst wird. Es werden bevarZigilchen mit Gré3en im Bereich
von Mikrometern betrachtet. Die Beleuchtungseirttioly ist parallel zum Detektor ange-
ordnet, das Detektionssignal wird Gber ein Prisoeadem Messvolumen umgelenkt.

Die Veroffentlichung IV ,Particle size distribution analysis by scattefigtht measure-
ments using optically defined measuring volume” (#inhauer, J.Aerosol.Sci. Vol.14,
No.6, 1983, pp 765-770), von der die vorliegendaBung als nachstliegendem Stand der
Technik ausgeht, beschreibt einen Partikelzahlesfiomende Fluide nach dem Prinzip
der Streulichtmessung an den Partikeln, wobei smha@ere das Randzonenproblem geldst
werden soll, das durch Teilchen entsteht, die riweéise am Rand des Messvolumens
erfasst und demzufolge durch das reduzierte Stigudils zu klein gemessen werden. Es
sollen Teilchenverteilungen von Feststoffen in Gasder Flussigkeiten, aber auch von
Flussigkeitstropfchen in Gasen und anderen Flusgmk bei sehr kleinen Abmessungen
im Mikrometerbereich durch Partikelvereinzelung wedlen serielle Erfassung festgestellt
werden. Dazu weist der Partikelzéhler eine Beleungeinrichtung aus einer punktformi-
gen Lichtquelle, ein Blenden- und Linsensystemaptischen Definition eines dreidimen-
sionalen Messvolumens mit wirfelformigen Abmessuanigeeinem Stromungskanal auf.
Dabei liegt der Fokus der Lichtquelle in der Mitkes Messvolumens, Ziel dieser Fokusla-
ge ist die erforderliche Vereinzelung der Partikal besseren Streulichtdetektion, was
aber insbesondere bei kleinsten Partikeln nichitesigewéhrleistet ist. Die Detektion er-
folgt in einer optischen Auswerteeinheit mit we#terBlenden und Linsen und einem Auf-
nahmesystem, wobei die Auswerteeinheit in FormsePleotomultikanalverstarkers paral-
lel zur Beleuchtungseinrichtung ausgerichtet istlass sich eine raumlich kompakte Bau-
form ergibt, und das optische Detektionssignatdwine 90°-Strahlumlenkung aus dem
Messvolumen erfasst wird.

Aufgabenstellung und erfindungsgemalfie Losung

Ausgehend von der nachstliegenden Veroffentlichehdie Aufgabe fir die vorliegende
Erfindung darin zu sehen, eine Vorrichtung der angs erlauterten gattungsgemafiien Art
zur Verfigung zu stellen, die in einem stromendieidfn Echtzeit alle in einem vorgege-
benen Messvolumen auftretenden Partikel zuverlassiggenau detektiert. Dabei soll die
Vorrichtung einfach und robust im Aufbau und in déandhabung auch unter widrigen
Umweltbedingungen gestaltet sein und einen fleritignsatz ermdglichen. Die erfin-
dungsgemalkedsung fur diese Aufgabe ist dem Hauptanspruch zu enteehMorteilhaf-

te Weiterbildungen der erfindungsgemaf3en Vorrichptwind in den Unteranspriichen auf-
gezeigt und werden im Folgenden im ZusammenhangeniErfindung néher erlautert.

Die erfindungsgemaéafRe Vorrichtung ist dadurch gekeizhnet, dass das optisch festgeleg-
te Messvolumen auch in der Tiefe eng begrenztnst als dreidimensionale, von einer
linearen Lichtquelle tiefenbegrenzten Lichtschedngsgebildet ist, deren Dicke durch
rechteckige Aperturblenden und plankonvexe odeh&sgche Stablinsen festgelegt ist.
Diese sind achsenkongruent zu der linearen Reflekitchte angeordnet, sodass ihre
Langsachsen parallel verlaufen. Die FokuslinieStablinsen liegt vor dem Messvolumen.
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Die Fokussierung erfolgt gezielt aul3erhalb des M#amens, wodurch eine gleichmaiige
Ausleuchtung des Messvolumens ohne Lichtkonvergeter —divergenz erreicht wird.
Wenn die Fokuslinie beispielsweise ca. 30 cm voneklly einer Videokamera als Auf-
nahmesystem eingestellt ist, sollte ein Streifem e@. 0,5 cm vor und hinter der vom Auf-
nahmesystem am schéarfsten erfassten Ebene desdthelibe ausgeleuchtet sein, sodass
die Lichtscheibe insgesamt eine Dicke von ca. laafveisen. Scheibendicken zwischen
0,5 cm und 3 cm sind denkbar. die Dickenwahl héadpei auch von der Art der zu detek-
tierenden Partikel ab. Die Aufweitung des Strahéemgg nach vorne ist dabei nahezu ver-
nachlassigbar bzw. kann rechnerisch gut erfassiemerDie Bestimmung des aufgenom-
menen Messvolumens ist von essenzieller Bedeutumgeine Konzentrationsangabe auf
den gemessenen Wasserkorper beziglich der AbundahDiversitat der Plankter im
entsprechenden Gebiet zu liefern.

Bei dem Aufnahmesystem der Vorrichtung nach dem#uing handelt es sich um eine
orthogonal zur Lichtscheibe angeordnete Videokamaea ein Mustererkennungssystem
nachgeschaltet sein kann. Die Vorrichtung arbeited mit einem bildgebenden Aufnah-
mesystem und verwendet nicht das Prinzip der $Stteaolessung zur Partikeldetektion.
Bei der Verwendung einer Videokamera als Aufnahrsiesy konnen tber deren Auflo-
sung nur die zwei Dimensionen der orthogonal zaledkamera ausgerichteten Flache des
Messvolumens beschrieben werden. Das Bild besgzeimer gleichmafligen Ausleuch-
tung und entsprechenden Lichtverhaltnissen somg éieoretisch unendliche Tiefendi-
mension. Durch die Vorgabe der Lichtscheibe mieenbefinierten Tiefenbegrenzung bei
der erfindungsgemafen Vorrichtung wird nunmehr atliehTiefendimension genau fest-
gelegt. Die Tiefe des Fokusbereichs fur das Aufregystem wird damit durch eine direk-
te Beleuchtung aufgeldst. Dabei sind nur Partikebeleuchteten Messvolumen zu sehen.
Stérungen von aul3erhalb des Messvolumens sind @linimd kénnen toleriert werden.
Dies stellt ein Verfahren in der Unterwassermessienrg das in dieser Form bislang von
keinem optischen Plankton-Recorder verwendet wird.

Somit wird mit der erfindungsgeméafRen Vorrichtung Gerét zur Verfligung gestellt, das
beispielsweise als Video-Plankton-Rekorder (VPRjed- und Stillbilder von Planktern in
natirlicher Umgebung in einem optisch eng begrenatel genau definierten Messvolu-
men, beispielsweise von etwa 4 cm3 Grof3e, in kelatm Gerét vorbeistromendem Was-
ser aufnehmen kann, die dann von der Auswertedizbgerlassig ausgewertet werden
kénnen. Es sind aber auch andere Einsatzfalle enit Brfordernis einer Partikeldetektion,
beispielsweise in Klarbecken oder in chemischeroiioén, mdglich. Die Einsatzpalette
ist sehr breit gefasst. Dabei ist durch die sclendiochauflésende Bilderfassung und
-speicherung mit Hilfe einer Auswertungssoftwargvgbl eine Partikelzahlung als auch
eine Partikelidentifizierung, beispielsweise zunkdfmen wichtiger Planktonarten mog-
lich. In Kombination mit relevanten SchiffsdatenewRosition, Geschwindigkeit und Zeit
sowie weiteren vor Ort gemessenen, insbesonderednabhischen Umweltparametern
kann somit relativ schnell ein dreidimensionalefsl Bier Planktonverteilung ermittelt wer-
den. Somit entsteht mit der erfindungsgemafen &taarng ein intelligentes wissenschatft-
liches System, das weltweit bei Forschungsinstitutémweltorganisationen und Umwelt-
behorden eingesetzt werden kann. Durch den kompa&daébau der Vorrichtung als VPR
kann dieser sowohl als geschlepptes Geréat beifSeimgatzen, aber auch als verankerbare
bzw. fest montierbare Einheit flir einen stationdBetrieb eingesetzt werden und von ei-
nem definierten Volumen der Wassersaule kontinalerAufnahmen machen. Dabei ist
der durch die verwendeten Komponenten bedingtengeriStromverbrauch ginstig, da
dadurch ein autarker Einsatz des VPR bei statiom&@etrieb moglich ist. Die in der Was-
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sersaule enthaltenen Plankter werden als interessie Gebiete (Region of Interest, ROI)
aus den Gesamtaufnahmen herausgeschnitten, mibkeen physikalischen Parametern
verbunden und durch das Mustererkennungssystemedlsler Auswerteeinheit klassifi-
ziert. Entgegen der traditionellen Planktonbepragpmeichnet sich die erfindungsgemale
Vorrichtung durch einen deutlich niedrigeren Beéthsaufwand der gewonnenen Daten
aus und ermdglicht einfach zu gewinnende, hochseifilde und groR3raumige Zeitserien-
studien. Durch die Mdglichkeit, Umweltsensoren \@alinitats-, Tiefen-, Temperatur-,
Fluoreszenz- oder Sauerstoffsonden an die erfirsergalRe Vorrichtung anzuschliel3en,
werden mit jedem aufgenommenen Bild Umweltparamesebunden. Dadurch werden
auch jedem planktischen Vertreter die physikalisdRarameter seiner direkten Umgebung
zugeordnet. Eine Untersuchung der Korrelation deftrétens mit hydrographischen Phé-
nomenen wie Fronten, Klinen etc., ist dadurch seadbar. Die erfindungsgemalie Vorrich-
tung bietet damit die Moglichkeit, Abundanz und &rsitat einzelner planktischer Orga-
nismengruppen kleinskalig zu ermitteln. Neben dsvdm r&umlichen Auflosung der Ver-
tikalverteilung auf der Zentimeterskala, lassem siach Variabilitdten des Zooplanktons
bei entsprechender Probennahmefrequenz auf klede@iskalen schnell quantifizieren.
Die entstehenden Daten sollen dazu beitragen, desstdndnis von biologisch-
physikalischen Zusammenhangen zu vervollstandigene in-situ-Einblicke in die Oko-
logie einzelner Organismen geben und einen wichtigeitrag zu anderen Zeitserienstu-
dien liefern.

Der VPR kann neue Moglichkeiten in der Planktondbtshg eroffnen, die auf diese Weise
von keinem anderen Plankton-Recordersystem besgdtitjewerden. Besonderer Wert
wird auf die Modularitat und Skalierbarkeit geledgmit einzelne Komponenten einfach
zu modifizieren sind und auch nach dem Bau nocHeWerrungen zulassen. Allgemein
kann der VPR Uberall dort eingesetzt werden, woBdistimmung der Abundanz und Di-
versitat von Planktern von Interesse ist. Dabeidbgdeine Beschrankung, ob es sich um
Einschatzungen fur Nahrungskettenanalysen odereditmedingter Aufklarung der Varia-
bilitdt, der tageszeitlichen Vertikalwanderung, dsiedlungssukzession oder des Er-
scheinens von meroplanktischen Larven handeltllém d&llen lasst sich das Auftreten
mit den physikalischen Parametern festhalten. En®hung der Druckstabilitat weit jen-
seits der 100 bar Grenze erdffnet zudem die Mokgittneben der neritischen auch weit in
die Tiefen der ozeanischen Provinz vorzudringea bisher Gberwiegend durch klassische
Methoden beprobt wurde und somit vélliges Neulaid\fPR-Systeme darstellt. Im Fall
des Einsatzes in einer Verankerung lasst sich miezia Echtzeit eine kontinuierliche Be-
probung durchfuhren, die ohne weiteren Aufwand metigist. Nach der Installation und
der Sicherstellung der Energieversorgung, sowie Renitbertragung lie3en sich eine
Vielzahl von Fragestellungen mit diesem VPR bea&ebeiohne dass aufwandige Bepro-
bungen mit Schiffen, Netzen und einer Vielzahl \Rersonen wetterabhangig durchge-
fuhrt werden mussen. Fragestellungen zu meropkoilén Larven konnen durch die
kleinskalige Planktonbetrachtung im Wasserkorpéaitierter bearbeitet werden.

Da jeweils auf ein sehr geringes Messvolumen fakuswird, ist es von entscheidender
Bedeutung, eine hohe Anzahl von Videoaufnahmenniane kurzen Zeitraum zu machen.
Bei einem Messvolumen von z.B. 10x10x10 mm werde@01Bilder bendtigt, bis ein

Wasservolumen von einem Liter dquivalent beprdbBsei einer hypothetischen Frequenz
von 24 Bildern pro Sekunde vergehen dabei etwa. ZZZvischen zwei Bildern muss ge-
waébhrleistet sein, dass das Messvolumen zu 100%etusght wird. Ist dies nicht der Fall,
besteht die Mdglichkeit, dass ein Plankter auf zZBiklern erscheint und die Statistik ver-
falscht. Von héherer Bedeutung als im Schelfberkan dies im offenen Ozean sein, wo
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die durchschnittliche Abundanz einzelner Arten @sf3gering ist. Dementsprechend muss
die relative Wegstrecke zwischen zwei Bildern mstdas der Diagonale (Maximalwert

bei Anstromung parallel zur Beleuchtung) des aufgemenen Bildes der Kamera ent-
sprechen. Im genannten Beispiel 14,1 mm. Bei 2deil pro s entsprechend 339,4 mm/s
=0,3394 m/s = 1,222 km/h = 0,65 Kn. Die Gedalgkeit von 0,65 Knoten lasst sich

im Operationsmodus an Bord eines Schiffes relatkies bereitstellen. Fur ortsfeste Ver-

ankerungen (Moorings) muss jedoch darauf geacht&tlem, dass diese Anstromge-
schwindigkeit auch gewabhrleistet ist.

Die einzelnen Plankter, die in die Lichtscheibe gledchzeitig in das Sichtfeld der Video-
kamera eintreten, werden von einer CCD- Videokarnreemnem normalen Aufnahmezyk-
lus erfasst. Um Bewegungsartefakte klein zu halbemétigt die Videokamera eine sehr
kurze Belichtungszeit sowie eine Triggerung mieenShutter bei Stroboskopeinsatz. Vor
die Videokamera wird mit Hilfe von Extenderringen &ele- bzw. Makroobjektiv gesetzt,
welches eine Aufldsung von etwa 10 um pro Pixel @avweistet. Die Qualitat der Bilder
wird von weiteren Parametern wie Schwebstoffen @imadichem beeinflusst. Um die Aus-
sagequalitat Uber den Bezug zur raumlichen Skada u halten, muss die Videokamera
Uber eine hohe Auflésung (z.B. 2000 x 2000 Pixe¢smrechend 20 x 20 mm) verfiigen.
Ein Plankter von 2 x 1,5 mm wirde bei 8 Bit Fartatientsprechend 200 x 150 x80
kByte reine Bildinformation unkomprimiert liefer@ie Vergré3erungsstufe soll moglichst
konstant sein, um der Auswertung immer die gleicRarameter zu bieten. Die Genauig-
keit der Abundanzberechnungen steigt mit dem beenobolumen pro Zeit und damit
auch durch eine héhere Auflosung, welche bei gi@itium/Pixel-Wert das gescannte Vo-
lumen pro Bild erhoht.

Ein Auswertungsmodul stellt die ROI-Extraktion utié Verkntipfung mit den Parametern
sicher und kann auf einem Rechner in der Unterwesseeit stattfinden. Die Daten kon-
nen dann z.B. online via Internet oder LAN an eimeiteren Rechner im Netz oder an
Bord gesendet werden, der die Auswertung, moglich&chtzeit, vornimmt. Es wird er-
wartet, dass auf ca. jedem zweiten bis achten @ilghnismen und Partikel auftreten. Au-
genmerk muss auf die Tatsache gelegt werden, dassiree Strukturen nicht immer zu-
sammenhangend erscheinen kdnnen (siehe unteninelreen Bereichen kann sich die
Anzahl der ROIs pro Aufnahme jedoch stark erholigie. ROIs werden zusammen mit
den Metadaten, wie Cruisename, Datum, Zeit, Brgitmih Langengrad und den physikali-
schen Parametern, wie CTD Daten und Wasservoluregpegchert. Fur den Fall, dass die
Energieversorgung unerwartet unterbrochen wird,ssichergestellt sein, dass die bisher
erhobenen Daten erhalten bleiben. Aus dem gleiGrend ist in diesem, wie in allen an-
deren Folgemodulen, eine hohe Systemstabilitatexvégrleisten. Die Bilder missen un-
verandert gespeichert werden, damit eine spatessvétiung von weiteren Faktoren, wie
Ausrichtung der Organismen (z.B. von Uberwinterstagien an Klinen) und dhnlichem
moglich ist.

In einer Ausfuihrungsform der erfindungsgemafen i®lotung, im Folgenden kurz VPR
genannt, konnen zwei rechteckige Aperturblendergesghen sein, wobei die zweite
rechteckige Aperturblende schmaler ausgebildetisstiie erste rechteckige Aperturblende
und die Fokuslinie zwischen beiden rechteckigenriyokelenden liegt. Die rechteckigen
Blenden sorgen zusammen mit den plankonvexen agfgraaischen Stablinsen fur die
rechteckige Auspragung der Lichtscheibe. Durchidi®ichtung auf das Messvolumen
kleiner werdenden rechteckigen Aperturblenden veimte Erhdhung der Beleuchtungs-
starke in Richtung auf das Messvolumen im Sinnerefufkonzentrierung erreicht. Eine
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im Bereich der Fokuslinie achsenkongruent dazu emigete rechteckige Gesichtsfeld-
blende sorgt flr eine sichere Ausblendung von 8ttguim aufRerhalb des beleuchteten
Messvolumens liegenden Teil des Wasserkdrpers andtdir eine verbesserte Video-
detektion der Partikel. Zur Erreichung einer besvad Kompaktheit der VPR kann wei-
terhin das Aufnahmesystem parallel zur Beleuchteimgehtung ausgerichtet sein, wobei
die Lichtscheibe dann tber eine 90°-Strahlumlenkeehtwinklig umgelenkt wird, um zu

gewahrleisten, dass die Aufnahmerichtung der Vidawokra orthogonal auf der Licht-
scheibe steht. Fur andere Anwendungen kénnen athttatenkwinkel, mehrere Umlen-

kungen oder auch eine Ausfiihrung ohne Umlenkureimacht kommen. Wichtig dabei

ist lediglich, dass die Aufnahmeachse senkrecht.mintscheibe ausgerichtet ist.

Zur optimalen Ausleuchtung der Lichtscheibe istvegterhin vorteilhaft, wenn die lineare
Lichtquelle einen Abstrahlwinkel von unter 70° uside maximale Lichtleistung aufweist.
Dies kann erreicht werden, wenn die lineare Lichtiguals Reflektorleuchte ausgebildet
ist, die einen kombinierten Reflektor aus einenptdich ausgedehnten und einem sphé-
risch ausgedehnten Spiegel mit einer zentralentApend ein in der Brennlinie des Re-
flektors angeordnetes, lineares Leuchtmittel awstvéiierbei kann es sich beispielsweise
um eine starke Blitz-/Halogen-/Xenonlampe oder ldigh-Efficiency-LED-Feld, insbe-
sondere in der Ausgestaltung als Reihe aus mehbamgchbarten Leuchtdioden handein.
Hierbei kann der Reflektor den einzelnen Leuchtdiodugeordnete Reflektorbereiche
aufweisen. Durch die Verwendung mehrerer in elneie stehender Leuchtdioden in der
Fokuslinie der ersten plankonvexen oder asph&@rs&tablinse wird eine hohere Gesamt-
lichtausbeute erreicht, weil nicht wie bei sphdrest Linsen aus beiden Raumrichtungen
punktférmig auf einen Brennpunkt fokussiert wirdndern nur aus einer Richtung. Da-
durch wird jeder Punkt innerhalb der Lichtscheibes @uf die Randbereiche) von mehre-
ren benachbarten Leuchtdioden angestrahlt. Voatilat hierbei, dass Partikel, welche in
der Lichtscheibe angestrahlt werden, nur einen wetenten Schattenwurf aufweisen und
somit die Detektion nicht verfalschen.

Die Lichtstrahlen werden Uber den optischen Apentund Blendenaufbau zusammenge-
fasst, gerichtet, umgelenkt und als Lichtband pelraur Schlepp- bzw. Fierrichtung ins
Wasser projiziert. Die erste Blende bestimmt daleeBreite der Lichtscheibe. Ein Vorteil
dieser Beleuchtungsmethode besteht darin, das$ deahgesamte Wasserkorper ange-
strahlt und somit Hintergrundrauschen wahrend dgnahme vermindert wird. Uber die
Einstellung der Blenden (0,5 — 3,0 cm) kann dieitBrder Lichtscheibe variiert werden,
auf die die Videokamera im rechten Winkel gericlgetUber die Kontrast- und Blenden-
einstellungen lassen sich somit Organismen, dieder hinter dem beleuchteten Messvo-
lumen liegen, weitestgehend ausblenden. Uber demdmtal und vertikal in der Flache
erfassten Ausschnitt der Videokamera und der DaxeLichtscheibe als Tiefenbegren-
zung kann das dabei aufgenommene Wasservolumembesierden.

Eine andere Modifikation des VPR sieht vor, dassindest die Lichtquelle und die Vi-
deokamera in einem druckfesten und strémungsgugstigrmten Gehause angeordnet
sind. Weiterhin kdnnen auch die rechteckigen Apbiainden, die rechteckige Gesichts-
feldblende und die plankonvexen oder asphariscledlifsen in dem Gehause angeordnet
sein, wobei dieses auf seiner Innenseite eine V&gsjung aufweist. Eine angestrebte fla-
che Bauform des VPR ermdglicht es dabei, das Gehédglichst stromungsglnstig ges-
talten zu kdnnen. Bei dem VPR handelt es sich daheein Gerat, welches durch seine
Gestaltung einen geringen Staudruck aufbaut. Dadwia verhindert, dass kleine Plank-
ter um den Probennahmeort herumgeschwemmt werdénden Auswertung entgehen.
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Auf der anderen Seite wird die Anzahl wenig abunela@rten durch die Methode der
Probennahme teilweise unterschatzt oder sie wegdemicht erfasst. Um diesem vorzu-
beugen, muss eine hohe Beprobungsrate erreicheweavigt auch eine exakte Bestimmung
des Messvolumens. Es muss im Moment der Aufnahmengestort wie maglich vorlie-
gen. Der VPR muss in Schlepp- oder Fierrichtungussgerichtet werden, dass Verwirbe-
lungen und Staudruck so niedrig wie mdoglich gelmaiteerden. SchlieRlich missen die
einzelnen Umweltsonden in der Nahe des FokusbereiehVideokamera liegen, bzw. auf
der gleichen horizontalen Ebene. Durch die Versdieyy auf der Gehauseinnenseite kann
auch Licht auBerhalb der zentralen Achse durch fdehreflexion eingefangen und auf
das Messvolumen gerichtet werden, sodass sichigmsitatserhéhung des Lichts ergibt.
Schliel3lich kdnnen in einer weiteren Modifikatiore dineare Reflektorleuchte, die recht-
eckigen Aperturblenden, die rechteckige Gesichidbfehde und die plankonvexen oder
aspharischen Stablinsen lber die vier Seitenkagitess Quaders bildende Gewindestan-
gen miteinander verbunden und zueinander einstelibgeordnet sein. Dadurch ergibt
sich eine kompakte Bauform mit einer guten Stabilisng durch die Gewindestangen, die
gleichzeitig der parallelen Verstellung und Fixieguder einzelnen Blenden und Stablinsen
dienen. Weitere konstruktive Einzelheiten der \drtung nach der Erfindung sind dem
nachfolgenden speziellen Beschreibungsteil zu éntiea.

Ausfuhrungsbeispiele

Ausfuhrungsformen der Vorrichtung nach der Erfindung werden naadéad zu deren
weiterem Verstandnis anhand der schematischendfiguiher erlautert. Dabei zeigt

Figur 1 eine Ausfuhrungsform als VPR in der Seitenansiohtangsschnitt,

Figur 2 eine Ausfiihrungsform als VPR in der Aufsicht mitex Verspiege-
lung,

Figur 3 eine Ausfuhrungsform als VPR in der perspektivestBeitenansicht
ohne Gehause und

Figur 4 die Beleuchtungseinrichtung mit einer linearen &edfrleuchte in

der Draufsicht.

In Figur 1 ist die Vorrichtung in der Ausfihrungsform einegl&b-Plankton-Rekorders
VPR dargestellt, bei dem eine BeleuchtungseinrichBBRgind eine AuswerteeinhekW

in einem druckfesten Gehaud& mit zwei druckdicht in die Gehausewandung eingepas
ten FensterfrE1l, FE2 angeordnet sind. Ein solcher Video-Plankton Redwokhnn auch
englisch als ,Light frame On-sight Key species Bhgation“ mit dem Akronym ,LOKI*
treffend bezeichnet werden. Die optische BeleudmgamrichtungBE hinter dem Fenster
FE1 umfasst eine lineare Lichtquell®) und zwei plankonvexe oder aspharische Stablin-
senSL1, SL2eines fokussierenden Linsensystdiis Zu der AuswerteeinheBW hinter
dem FenstelFE2 gehort eine Videokamer’dK als Aufnahmesystem\S und weitere
Blenden und Linsen sowie Mittel zur Datenverarb@gtubeispielsweise ein Mustererken-
nungssystem, und —speicherung, die abéigar 1 nicht weiter dargestellt sind. Bei den
eingesetzten Stablins&i1, SL2 handelt es sich um kommerziell erhéltliche Kompone
ten. Die Brennweiten sind dabei mit 8 cm und 6 smAusfihrungsbeispiel hoch gewahlt,
um flache Winkel gegeniber der optischen AchseMi@so-Plankton-RekordergPR zu
gewéhrleisten, was Abbildungsfehler reduziert. Geei sind Stablinsen aus Glas mit ho-
herem Brechungsindex (Glassorte SF6). Die Opti@ StablinseéSL1 mit mehr als 3 cm
Hohe zu verwenden, scheidet aus, da gleichzeig-dkuslinieFL weiter von der Stab-
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linse SL1 wegrtickt, weil diese mit einer bendtigten hohdremdung der konvexen Seite
physikalischen Begrenzungen gemald der Formel: dgtiradius = Brennweite x (Bre-
chungsindex — 1) unterliegt. Zudem wuirde dadurahVdimkel zwischen der Senkrechten
auf der planen Linsenseite und der Abweichung ldelststrahlsLT von der optischen

Achse im Randbereich zu grof3, wodurch ebenfallsLaibtintensitat verringert werden
wirde.

Der Video-Plankton-RekordeVPR erzeugt zur Partikeldetektion in einem strémenden
Fluid ein optisch begrenztes Messvolumdi , das als dunne, tiefenbegrenzte Licht-
scheibel.S ausgebildet ist. Das MessvolumiglY wird vom Wasser frei durchstromt, die
Stromungsrichtung verlauft senkrecht zur Zeichenebeodass sich das Messvolumen
MV kontinuierlich fullt und entleert und immer neuea¥gervolumina detektiert werden
kbnnen. Das druckfeste Geh&u3& kann in Stromungsrichtung strémungsgunstig ge-
formt vorgesehen sein, sodass bei der Anstromunchdias Wasser keine die Detektion-
sergebnisse stbrenden Wirbel entstehen. Die LibbibeLS wird von der LichtquelldQ
erzeugt, deren Lichtstrahll mittels der ersten plankonvexen oder aspharis&teblinse
SL1 parallelisiert und mittels der zweiten plankonuexeler aspharischen StablinSe2
auf eine Fokuslini¢-L fokussiert wird. Dabei liegt die aufgrund der vendeten linearen
LichtquelleLQ linear ausgepragte Fokusliriié aul3erhalb des druckfesten Gehaudés
und vor der LichtscheibeS. Die BreiteB1 des Lichtstrahld T wird durch eine erste
rechteckige Aperturblend&B1 im druckfesten Gehau$2G eingestellt, die zwischen den
beiden StablinseBL1, SL2 angeordnet ist. Hinter der Fokuslirkié wird der fokussierte
LichtstrahlLT durch eine dritte plankonvexe oder aspharischéliSse SL3 aulRerhalb
des druckfesten Gehaude& wieder parallelisiert. Gleichzeitig erfolgt dureine zweite
rechteckige AperturblendaB2 hinter der Fokuslinig-L auf3erhalb des druckfesten Ge-
hausedDG, die schmaler ist als die erste rechteckige ApeledndeAB1, eine Intensitats-
konzentrierung des Lichtstrahlsl durch eine Verschmaélerung des Lichtstrahls auf
eine BreiteB2, durch die dann die Dicke der Lichtscheibé.S als Tiefenbegrenzung des
Messvolumen$/V festgelegt ist. Im Bereich der Fokusliite ist achsenkongruent eine
rechteckige Gesichtsfeldblend&B zur Verminderung von Streulicht angeordnet. Hinter
der zweiten rechteckigen AperturblendB2 ist ein UmlenkspiegeUS angeordnet, der
den aufkonzentrierten Lichtstrahl um rechtwinkligplenkt. Damit gelangt der Lichtstrahl
in den AufnahmelichtstrabAF der Videokamer&/K, der durch eine weitere BlendéB
begrenzt wird und senkrecht auf dem Lichtstiahlsteht, sodass die BreiB® des Licht-
strahlsLT nunmehr der Dicke d der Lichtscheib® entspricht. Alle genannten Kompo-
nenten sind auf Gewindestang88 verschiebbar angeordnet. dadurch kénnen sie é@mihr
Abstand zueinander eingestellt und anschliel3enerfiwerden. Die beschriebene Anord-
nung und Ausstattung des dargestellten Video-PtamRekorderVPR mit Linsen und
Blenden ist nur beispielhaft und kann erforderlidiais auch anders aussehen.

Die Figur 2 zeigt in der Draufsicht einen Video-Plankton-Relar®fPR, bei dem alle
Komponenten in einem druckfesten Gehalge angeordnet sind (hier nicht erlauterte
Bezugszeichen siettagur 1). Zur Erhéhung der Lichtausbeute ist in dieserfAgings-
variante auf der Innenseite des druckfesten Geb&uSeeine Verspiegeluny'S vorgese-
hen. Eingezeichnet ist ein exemplarischer Stralleggentlang der optischen Achse des
Systems.

In derFigur 3 ist eine perspektivische Seitenansicht des Vidaok®on-Rekorder¥PR
ohne druckfestes GehaubB& dargestellt. Die lineare LichtquelleQ besteht aus einer
Reihe von einzelnen Leuchtdiodé&D, die von einem gemeinsamen rechteckigen Re-
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flektor RF umgeben sind. Leuchtdiod&iED sind kommerziell am Markt einfach erhalt-
lich — auch mit einem Abstrahlwinkel von 70° odeeniger — leuchtstark und langlebig
(3W - 5 W, 100.000 Betriebsstunden). Dabei weist ReflektorRF den einzelnen
LeuchtdiodenLED zugeordnete ReflektorbereiciB auf. Diese Reflektorbereichi®B
konnen eine Auspragung aufweisen, wie si€igur 4 ndher erlautert wird. An den vier
Ecken des ReflektorRF ist jeweils eine Gewindestan@&S vorgesehen. Zwischen den
vier GewindestangerGS werden die optischen Komponenten des Video-Plankto
RekordersVPR gelagert und fixiert (hier nicht erlauterte Bezgjshen siehéigur 1).
Dabei sind die TragrahmelrR fir die Komponenten mit einer Ausnahme alle gleacks-
gefuhrt. Die Ausnahme bildet der TragrahmeR fir den UmlenkspiegdlS, dem ein
Langsrahmenabschnitt fehlt. Der vorhandene LangsealabschnitLA weist eine 45°-
Schrage auf, in die der Umlenkspiegkd, der grof3er als der TragrahmeR ist, einleg-
bar ist.

In derFigur 4 ist eine lineare LichtquelleQ als lineare Reflektorleuch®L mit einem
kombinierten ReflektoKR mit zentraler ApertuZA dargestellt. Der kombinierten Re-
flektor KR weist einen elliptischen Spieg8E in Form eines ausgedehnten Rotationsel-
lipsoids RE und einen sphéarischen Spie@in Form einer ausgedehnten Kugelschale
KS auf. Die lineare LichtquelleQ ist in der ersten BrennlinBL1 des elliptischen Spie-
gels SE angeordnet. Der sphérische Spieg§8list mit seiner Mittellinie ebenfalls in der
ersten BrennliniBL1 des elliptischen Spiege®E angeordnet, seine zentrale ApeiZidt
befindet sich genau in der zweiten BrennliBie2 des elliptischen Spiege&E. Die Licht-
ausbeute derartiger kombinierter Reflektokd® ist besonders hoch, da alle Lichtstrahlen,
die nicht direkt durch die zentrale AperiA austreten, von dem spharischen Spi&jel
auf den elliptischen Spieg8E zurtickgeworfen und von da aus zur zentralen Ap&u
reflektiert werden. Lediglich in den Randbereicle@mes linear ausgedehnten kombinierten
ReflektorsKR treten Verluste auf.
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Bezugszeichenliste

AB
AF
AS
AW
B
BE
BL
d
DG
FE
FL
GB
GS
KR
KS
LA
LED
LN
LQ
LS
LT
MV
RB
RE
RF
RL
SE
SL
SS
TR
usS
VK
VPR
VS
WB
ZA

rechteckige Aperturblende
Aufnahmelichtstrahl
Aufnahmesystem
Auswerteeinheit

Breite des Lichtstrahls
Beleuchtungseinrichtung
Brennlinie

Dicke der Lichtscheibe
druckfestes Gehause
Fenster

Fokuslinie

rechteckige Gesichtsfeldblende
Gewindestange
kombinierter Reflektor
Kugelschale
Langsrahmenabschnitt
Leuchtdiode
Linsensystem

lineare Lichtquelle
Lichtscheibe

Lichtstrahl

optisch begrenztes Messvolumen
Reflektorbereich
Rotationsellipsoid
rechteckiger Reflektor
Reflektorleuchte
elliptischer Spiegel
plankonvexe oder aspharische Stablinse
spharischer Spiegel
Tragrahmen
Umlenkspiegel
Videokamera
Video-Plankton-Rekorder
Verspiegelung

weitere Blende

zentrale Apertur
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Patentanspriiche

1. Vorrichtung zur Partikeldetektion in einem strorden Fluid in einem optisch begrenz-
ten Messvolumen mit einer Beleuchtungseinrichtuang @iner Lichtquelle, einem Blen-

densystem und einem fokussierenden Linsensystene soilveiner optischen Auswertein-

heit mit weiteren Blenden und Linsen und einem @das$ Messvolumen ausgerichteten
Aufnahmesystem,

dadurch gekennzeichnetdass

das optisch begrenzte Messvolumen (MV) als dreidsiomale, von einer linearen Licht-

quelle (LQ) tiefenbegrenzten Lichtscheibe (LS) almiglet ist, deren Dicke (d) durch

rechteckige Aperturblenden (AB1, AB2) im Blenderneys und plankonvexe oder asphé-
rische Stablinsen (SL1, SL2, SL3) im fokussierendersensystem (LN) festgelegt ist,

wobei die rechteckigen Aperturblenden (AB1, AB2ustablinsen (SL1, SL2, SL3) ach-
senkongruent zu der linearen Lichtquelle (LQ) amdeet sind und die Fokuslinie (FL) der
Stablinsen (SL1, SL2, SL3) vor dem Messvolumen (M&Qt, und dass das Aufnahme-
system (AS) eine orthogonal zur Lichtscheibe (L®)eordnete Videokamera (VK) ist.

2. Vorrichtung nach Anspruch 1,
dadurch gekennzeichnetdass
das Aufnahmesystem (AS) ein Mustererkennungssyatdweist.

3. Vorrichtung nach Anspruch 1 oder 2,

dadurch gekennzeichnetdass

zwei rechteckige Aperturblenden (AB1, AB2) vorge=elsind, wobei die zweite recht-
eckige Aperturblende (AB2) schmaler ausgebildetaist die erste rechteckige Aper-
turblende (AB1) und die Fokuslinie (FL) zwischenda®m rechteckigen Aperturblenden
(AB1, AB2) liegt.

4. Vorrichtung nach einem der Anspriiche 1 bis 3,

dadurch gekennzeichnetdass

im Bereich der Fokuslinie (FL) achsenkongruent deine rechteckige Gesichtsfeldblende
(GB) angeordnet ist.

5. Vorrichtung nach einem der Anspriiche 1 bis 4,

dadurch gekennzeichnetdass

das Aufnahmesystem (AS) parallel zur Beleuchtumgs#itung (BE) ausgerichtet und die
Lichtscheibe (LS) tber eine 90°-Strahlumlenkung Y t&8htwinklig umgelenkt ist.

6. Vorrichtung nach einem der Anspriche 1 bis 5,

dadurch gekennzeichnetdass

die lineare Lichtquelle (LQ) einen Abstrahlwinkelrnvunter 70° und eine maximale Licht-
leistung aufweist.

7. Vorrichtung nach Anspruch 6,

dadurch gekennzeichnetdass

die lineare Lichtquelle (LQ) als ReflektorleuchRL]) ausgebildet ist, die einen kombinier-
ten Reflektor (KR) aus einem elliptischen Spied®E) und einem sphéarischen Spiegel
(SS) mit einer zentralen Apertur (ZA), wobei dieelare Lichtquelle (LQ) in der Brennlinie
(BL1) des elliptischen Spiegels (SE) angeordnet ist
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8. Vorrichtung nach Anspruch 7,

dadurch gekennzeichnetdass

die lineare Lichtquelle (LQ) als Reihe aus mehrebenachbarten Leuchtdioden (LED)
ausgebildet ist und der kombinierte Reflektor (Kd®n einzelnen Leuchtdioden (LED)
zugeordnete Reflektorbereiche (RB) aufweist.

9. Vorrichtung nach einem der Anspriiche 1 bis 8,

dadurch gekennzeichnetdass

zumindestdie lineare Lichtquelle (LQ) und die Videokamerak{Mn einem druckfesten
und stromungsgunstig geformten Gehause (DG) angebsihd.

10. Vorrichtung nach einem der Anspriiche 1 bis 9,

dadurch gekennzeichnetdass

auch die rechteckigen Aperturblenden (AB1, AB2g dechteckige Gesichtsfeldblende
(GB) und die plankonvexen Stablinsen (SL1, SL2,)Sh3lem druckfesten Gehéuse (DG)
angeordnet sind, wobei dieses auf seiner InnensieieVerspiegelung (VS) aufweist.

11. Vorrichtung nach einem der Anspriiche 1 bis 10,

dadurch gekennzeichnetdass

die lineare Lichtquelle (LQ), die rechteckigen Ajpeblenden (AB1, AB2), die rechtecki-
ge Gesichtsfeldblende (GB) und die plankonvexeml®sen (SL1, SL2, SL3) Uber die
vier Seitenkanten eines Quaders bildende Gewimigsia (GS) miteinander verbunden
und zueinander einstellbar angeordnet sind.

Zusammenfassung
Vorrichtung zur Partikeldetektion in einer tiefenbegrenzten Lichtscheibe

Bekannte Vorrichtungen zur Detektion von Partikeleinem optisch begrenzten Messvo-
lumen arbeiten entweder nach dem Streulichtprindigr verwenden ein bildgebende Vi-
deokamera, die jedoch nur die zweidimensionalehgauflost. Die Tiefendimension des
Messvolumens bleibt unberiicksichtigt. Bei der eliingsgemalen Vorrichtung, die be-
vorzugt bewegt oder stationar als Video-PlanktokeRaer zur Zahlung und Identifikation
von Plankton in marinen Gewéssern ausgebildetls®in, ist daher das optisch begrenzte
Messvolumen (MV) als dreidimensionale, von eineediren Lichtquelle (LQ) tiefenbe-
grenzten Lichtscheibe (LS) ausgebildet, deren D{djelurch rechteckige Aperturblenden
(AB1, AB2) im Blendensystem und plankonvexe oderhasische Stablinsen (SL1, SL2,
SL3) im fokussierenden Linsensystem (LN) festgelsgtwobei die rechteckigen Aper-
turblenden (AB1, AB2) und Stablinsen (SL1, SL2, yB8hsenkongruent zu der linearen
Lichtquelle (LQ) angeordnet sind und die Fokusli(f¢) der Stablinsen (SL1, SL2, SL3)
vor dem Messvolumen (MV) liegt. Eine Videokamer&j\als Aufnahmesystem (AS) ist
orthogonal zur Lichtscheibe (LS) angeordnet. Diefdides Fokusbereichs der Videokam-
nera (VK) wird damit durch eine direkte Beleuchtunggeltst. Dabei sind die beleuchte-
ten Partikel nur im beleuchteten Messvolumen zeiseh

Signifikante Figur fur die Zusammenfassuriggur 1
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T2: Imaging defined volumes - LOKI — Light frame On-sight Key species Investiga-

tion

Authors:  Jan Schulz, Dirk Mengedoht, Hans-Jurgechi
Status: Submitted to IEEE Journal of Oceanic Eraging

This paper shows the method to image particlesspeties in a defined water volume
based on the invention described in the first gaapeplication. It summarises the technical
specification of the light frame and demonstrate®xample. The manuscript was written
by the first author and improved by the co-authors.
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Imaging defined volumes
LOKI — Light frame On-sight Key species Investigati

Technical communication

Jan Schulz - Dirk Mengedoht - Hans-Jurgen Hirche

Alfred-Wegener-Institute for Polar and Marine ReskaBremerhaven

Abstract

In-situ imaging of plankton taxa is a helpful tool to iti§nspecies, ambient physical pa-
rameters and interrelationships among them. Thateabntribute to the understanding of
small-scale effects in addition to integrating sainples. The available light is a limiting
factor in imaging species of less than 2 mm in aizkigh magnifications and short shutter
times in moving water masses. Here we demonstrataeept forin-situ dark-field imag-
ing on small scales in optically defined volumelse Tethod is introduced as ‘Light frame
On-sight Key species Investigation’ (LOKI). Usingambination of cylindrical lenses and
a linear light source a beam of high light fluxpi®jected into the water. The beam is pre-
cisely constrained in one dimension and createghaffame along the principal axis of the
system. Particles within this frame scatter lightdurface or internal refraction and are
recorded by a camera that is positioned orthoggnalthis beam. With a telecentric objec-
tive, the sampled volume is quantified by calculgtihe width and height of the image and
the extension of the constrained light frame. Iive$ the assessment of detailed informa-
tion on the structure of an imaged object. Othesviiderfering objects outside of the light
frame are nearly invisible. This illumination tedtue allows sensitive cameras to be op-
erated at shutter speeds below 1 ms and to imagetslon scales down to 20 um per
pixel in a quality sufficient for taxonomic identétion.

Corresponding author:

Jan Schulz
Alfred-Wegener-Institute
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27568 Bremerhaven
Germany
Jan.Schulz@awi.de

Tel.: +49 (0) 471-4831 1313
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Introduction

Zooplankton species < 2 mm are an important enexggurce in the trophodynamic link-
age of primary and tertiary levels of productiorthi both limnic and marine ecosystems.
The allocation of zooplanktonic organisms oftenpléigs distinct vertical distributions
depending on hydrographic features [1]. This disttion impacts the availability of food
for predators, thus influencing a crucial varietyrecruitment processes. These heteroge-
neous composition patterns can be assessed witktpranets and linked to environmental
parameters like salinity, temperature or dissolegggen on scales of several meters. As
zooplankton consuming predators often show deptfepnces a fine-scale investigation
of potentially available prey fields is limited the method-borne integration of net
catches. This option is further depressed by uneraieh-efficiency for several species by
different net types [2, 3]. While fine meshes causntion by impact pressure, wider
mesh sizes do not catch smaller but important spats. Gelatinous zooplankton and
other fragile taxa are often completely destroyedantact with any type of gauze. Subse-
quently the need for new methods has been disciissddcades [1, 4, 5, 6, 7].

At the present time, digital techniques allow inmagbf speciesn-situ while the ambient
environmental parameters can be recorded simultshedy using a variety of different
sensors. To ensure taxonomic identification thersersible optical systems are faced with
a range of conceptual formulations. Using a higlymifecation at short distances results in
a small depth of field and a high percentage ofaftfocus objects [8]. High shutter
speeds are necessary to avoid motion blurring. Mane object blurring can also be de-
pending on the distance from camera to object, elt ag water clarity [9]. To quantify
abundances requires the determination of the imagkone per frame, for which various
approaches have been developed.

Through-flow chambers constrain the volume phykidal the cameras depth of field and
provide easily manageable and reproducible illuthoma[10]. However, fine-scale pat-
terns and fragile species are affected by the cdraténg process for the chamber. The
volumes of imaged spaces within a defined distaridbe device are often determined by
software and adjusted to the depth of field bygharpness of the imaged patrticles [11].
These techniques include a variety of uncertaintiesswell as stray light causes a high
background noise. Images of individuals < 2 mmadren smeared and provide little taxo-
nomic information for taxonomic determination. Tirge of highly collimated light beams
over short distances reduces scatter and supports pnecise quantification of the imaged
volume. High quality shadow images can be captusdg line scan cameras that image a
line light across a flow-through channel [12]. Bhss measured flow values the line data
are assembled by software to a detailed 2D shadm@ge object. To display surface and
internal features of small organisms dark fieldrination is required. This is even suffi-
cient to capture transparent objects [5]. Severstesns [13, 14, 15] profile plankton and
marine snow in sampling volumes between 500 an® 83I0by using a camera that aims
at 90° relative to a light frame. With decreasirgjumes and higher magnifications the
required light flux for dark field illumination imeases to adequately depict small-scale
features. Here, we demonstrate a method to creligatedrame of high intensity with an
extension that can be adjusted to the depth af Géthe light-sensing device.

Approach and results

An illumination device consisting of a combinatioha linear light source and cylindrical
lenses is used to take images of high magnificatiothe depth of field along a cameras
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principal axis. For the desired application, therbeextension needs to have a boxlike
shape which is accomplished by the cylindrical ésndJsing spherical lenses would focus
rays rotationally into one, symmetrical focal poi@bnsequently this would result in coni-
cal light beams where potentially useable lighsrapuld have to be gated out to create a
constrained boxlike beam. In contrast to sphefeades, cylindrical lenses have focal lines
and refract rays differently in the horizontal aredtical plane (Figure 1a and 1b).

In the vertical plane the leiis works as a collimator and the light source iswgetn its
focal line (Figure 1b). It can be seen that thenapee angle & in Figure 1b) between the
light source and.; specifies the utilised light and can not be exganhldeyond a certain
point. The maximum width and focal distance of &nclical lens is determined by the
refractive index ifg) and the radiusr§) of the glass cylinder from which it is cut (Figur
2):

s = fL(nG _1)

Consequently, the diameter of the glass cylindecifies the maximum widthb() of a
cylindrical lens and the refractive index limitsetimaximum acceptance angle for light
rays. The width of the first two lenses needs talimensionedo the flare angle of the
light source, while light sources with small flaaegles are most efficient. The collimated
light behindL; is then focussed hly,. The distance betwedn andL, is of minor impor-
tance and can be kept small for a packed construciin aperture diaphrag®, adjusts
the height of the beam and gates out aberratia@ttsfiat the rim of the lenses. Behind
the rays converge and an image of the light sosrpeojected in the distance of the focal
length ofL, where a correcting diaphragm is placed. Liens put at a distance of its focal
length and re-parallelises the diverging rays. Bng a lens with a shorter focal distance
thanL,, the height of the light beam is smaller and th& fs increased. This increase is
approximately given by the ratiwm:h, (Figure 1b), while the focal length ratio:L; de-
termines the vertical dimensidm, A third diaphragm D3) is used to sharpen the light
frame before it is targeted by a mirrdd) into the water. The axis of the focal point o th
camera is orthogonal to this frame (Figure 1c).ngdelecentric objectives the sampled
volume can be calculated by width and height of ithage and the depth of the light
frame.

In the horizontal plane, rays are not refracted the focal lines of the cylindrical lenses.
Horizontal rays (Figure 1a) with high deviationrfrahe principal axis are re-injected into
the optical path by the mirrored wallgl{ andMs). Consequently even light emitted from
beyond the extension df; contributes to the total output. Reflected rayadiate in
oblique angles into the imaging area and reducdispdehind illuminated particles. Un-
aligned rays are gated out by the diaphragms tml aadt transitions at the borders of the
light frame. An array of high efficiency Light Ertitg Diodes (LEDs) provides an energy
efficient linear light source of dense packagingDis provide a small and nearly punctual
light source that fit the requirements of the aytioal lenses in the vertical plane.

Through an exit window\, the light frame is projected into the medium. Thenera aims
onto this plane at an angle of 90° and the focaltpe adjusted to range within the frame
(Figure 1c). The water current moves in the dicecof the camera. Particles in the water
enter the light frame for a short moment long efotegbe detected prior to being flushed
out of sight and around the camera housing. Inrdresition zone between in- and outside
of the illuminated frame (Figure 3a) a relativefeliénce of light intensity of more than one
order of magnitude is obtained (Figure 3b). Thisufficient to only capture objects within
the light frame and to blank out unwanted objedsitppned outside of the light frame.
With a vertical extension of the light frame ofdé¢ban 1 cm, small volumes can be imaged
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in high detail (Figure 4a). Characteristics dowmtdeast 20 pum can be discriminated well
in-situ (Figure 4b-d). The detection limit of taxonomicportant properties on scales be-
low 1 mm depends on the pre-selected f-value amdéhsitivity of the camera system.

Discussion

The presented method allows correct imaging andtifiteation of particles of at least 1
mm in size at high magnification and resolutiommaving water masses. The alignment of
the light frame reduces scatter and increasesighalgo-noise ratio. Only objects that are
in focus are imaged. Objects outside the light #are almost invisible but can contribute
to the background noise [9, 16]. Funnelling theewat a 90° angle towards the camera
decreases horizontal and vertical movement of th@qggraphed objects and further re-
duces motion blurring.

An intrinsic problem of the system is the way tigit is used. The application would work
best with punctiformous line lights. However, these hypothetical and each time the
beam is parallelisedL{ and L3) aberration and loss occurs. This requires snigtit |
sources of high power and small flare angles. \Wdjusted reflectors, even high voltage
discharge lamps, which provide output energiespofoul Joule, can be used next to LEDs
[17]. With respect to the transmissivity of the iopt components, LEDs with different
spectra can be combined to emit specific speatralponents into the observation volume,
e.g. for fluorescent excitation. When operatedlastf mode LEDs can emit a maximum
output within few microseconds. This shortens grnutimes, reduces blurring and helps to
suppress phototaxis depending on flash frequehfigsh duration is shorter than 1 ms the
maximally allowed forward current of most LED typesn be increased up to tenfold be-
fore further gain is negligible (Schulz, unpublidhebservations). However, this reduces
the life span of the LEDs to a few weeks undericomus operation. The use of expanded
lasers might also be interesting for various otheestigations. However, the sensitivity of
the sensing device is often not sufficient for t/e® of monochromatic light in plankton
sensing. Several planktonic species camouflagesbles by transparency, thus they do
not scatter light equally in all parts of the spewet [18, 19]. A broad light spectrum with
more than one spectral component yields more ddtaitages.

Although the desired dimensions of a light frame easily be created, the image quality is
mostly determined by sensitivity of the camera.htithat induces a signal on the photo-
sensitive sensor of a camera derives from refleciad refraction within an object or at its
surface. Most of the light passes the imaged volwitigout hitting an object and is conse-
quently not used in dark field applications. At lomagnifications a high number of pho-
tons from one object illuminate a single pixel e photosensor. At higher magnification
the light is distributed over more pixels, theref@mall features are subjected to aliasing
effects by contiguous pixels [15]. With constatdriination a signal decreases approxi-
mately by factor four when magnification is doubl€bnsequently, a high light flux and
degree of utilisation improves the capability oé thystem to image small objects when
irradiated from one side only. When light is ndinaiting factor high f-numbers and short
shutter times improve the signal-to-noise rati@ld$b reduces scatter, enlarges the depth of
field and facilitates software based detection aftiples passing the light frame. Using
shorter distances between light source and sampbhgne, as well as between the sam-
pling volume and camera always improves image tyu&.

Although high sampling frequencies can be usea, taxa will continue to have a higher
probability of being undetected due to the smallinee scanned per frame [20] and a sta-
tistically lower estimation of their abundance niegyobtained. However, the main dynam-
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ics of plankton biomass are often driven by thetisgamporal variability of few, but
abundant taxa, which hence are important for trdghamic investigations. The strength
of the system described here is the ability to tidethe small-scale distributions, e.g. in
distinct strata, which are often characterisedg®cgic community compositions [21]. The
resolution of this method is suitable to deteckéhkey species in a sufficient quantity and
may act as an additional technique to investigatd tfine-scale distribution. Due to this
we call this method ‘Light frame On-sight Key spciinvestigation’ (LOKI). Alterna-
tively it is possible to combine the device withteotomultiplier instead of a camera and to
evaluate relative signal strength for qualitatietedtion tasks.
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Description of the figures

Figure 1: Example rays in the a) horizontal andvdafical plane of the ‘Light frame On-
sight Key species Investigation’ device. ¢) Schémdaew of the camera and light frame
positioning. The legend for used abbreviationslmafound in Table 1.

Figure 2: Relations and limitations between a gladisider and a cut out cylindrical lens.
The legend for used abbreviations can be foundalyierl.

Figure 3a) Experimental bench-top setup to showofieration mode of the LOKI illumi-
nation; mirrorsM, andMs; removed. b) Interpolated intensity distributionotingh the light-
frame, based on measurements with a LiCor Li100@IDgger and sensor head equipped
with a 0.6 mm pinhole diaphragm. The legend fordusebreviations can be found in Ta-
ble 1.

Figure 4a) Image of dispersed North Sea planktoecisp (approx. 25*25*6 mm;
2048*2048 pixel, 8 bit greyscale). Magnified aredsnterest of the framed objects show:
b) Acartia sp., c)Pseudocalanusp., d)Temorasp. and e) diatom algae.
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Table 1: Key to the symbols and abbreviations uséke figures and equations.

Symbol Key
D, Aperture diaphragm to adjust the height
D, Correcting diaphragm
Ds Aperture diaphragm
fL Focal length of a cylindrical lens
h; Vertical extension of the collimated light-frame
h, Vertical extension of the targeting light-frame
Ly Cylindrical lens
L, Cylindrical lens
Ls Cylindrical lens
M; Targeting mirror
M, Mirrored side
M; Mirrored side
NG Refractive index of a glas cylinder
Qa Light source
re Radius of a glas cylinder
We Exit window
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T3: Reflektorleuchte

Inventor: Jan Schulz
Status: Granted protection of utility patents im@any (DE 20 2005 009 814.0)

The text of the granted utility model right desesba new type of reflector for rod like
high voltage discharge lamps. This special desgnlgnes an elliptical and a spherical
mirror to form and emit a diverging light beam. Jiieam originates from a focal line in
the constructed reflector that is not identicathtat of the discharge lamp. The basic text
and figures were provided by the inventor and dditg the patent agents N. Cochu and J.
Cochu, Berlin, to comply with the legal formalitiesf the German Patent Office
(Deutsches Patent- und Markendmt

® www.dpma.de
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Reflektorleuchte

Beschreibung

Die Neuerung bezieht sich auf eine Reflektorleuchieeinem kombinierten Reflektor aus
einem ersten Spiegel in Form eines Rotationseltigs@mbschnitts, der zu der Verbindungs-
linie zwischen den Brennpunkten des Rotations@igen als Rotationsachse symmetrisch
ist, einem zweiten Spiegel in Form eines Kugelsatabschnitts mit einem Radius, der dem
Abstandsmald zwischen den Brennpunkten des Rdaatipsoiden entspricht, und einer
zentralen Apertur, wobei der zweite Spiegel in Beauf den ersten Spiegel derart angeord-
net ist, dass der Ursprung des Radius der Kugdésohia dem ersten Brennpunkt des Rota-
tionsellipsoiden und der Mittelpunkt der zentrafgoertur mit dem zweiten Brennpunkt des
Rotationsellipsoiden zusammenfallt, und mit einérhtquelle im ersten Brennpunkt des
Rotationsellipsoiden.

Derartige Reflektorleuchten weisen eine besondetse hLichtausbeute beziehungsweise
geringe Verluste durch Streuung auf. Alle Lichtskea, die von der Lichtquelle ausgehen
und den ersten elliptischen Spiegel treffen, weideten zweiten Brennpunkt des Rotation-
sellipsoiden reflektiert. Alle nach vorne zur Offrudes ersten Spiegels hinausgehenden
Strahlen, die nicht den ersten Spiegel treffengeervon dem vor dem ersten Spiegel ange-
ordneten zweiten sphérischen Spiegel wieder aufedsten Spiegel reflektiert und von da
aus ebenfalls auf den zweiten Brennpunkt gelditet.zweite Spiegel hat eine zentrale Aper-
turoffnung, die den gesamten Lichtaustritt ermdugliderartige Anordnungen werden flr
Anwendungen eingesetzt, bei denen einen hohe lish&ute von Vorteil ist, z.B. bei der
Lichteinspeisung von Glasfasern oder als Fahrzé&ggswerfer.

Stand der Technik

Aus derFR 2 718 82PA1 ist eine Reflektorleuchte bekannt, die aus einahtmeschlos-
senen System von zwei Spiegeln besteht, die eiastinimten Lichtanteil in eine Glasfa-
ser hinein bundelt. Die Anordnung der kleinen Tedgel lassen einen variablen Aus-
trittswinkel aus der Leuchte zu, folgt aber nicketrdPrinzip, Ellipsenbrennpunkte einer-
seits und Kugelmittelpunkt sowie Apertur anderéssiei Ubereinstimmung zu bringen und
ist daher nicht zuerst auf hohe Ausbeute ausgdlegt_ampe stellt eine weitgehend punk-
formige Lichtquelle dar. Aus deyS 2005/0036314 Alst ein Projektor bekannt, dessen
Beleuchtungseinrichtung eine Reflektorleuchte mritetrisch angeordneten Spiegeln ist.
Der elliptische Spiegel sitzt hinter der Lampe, geharische Spiegel ist eine Kugelhalb-
schale mit kleinem Durchmesser, der unmittelbardan kugelférmigen Lampe anliegt.
Hier wird eine héhere Ausbeute angestrebt, indemMittelpunkt der Lampe und damit
auch des Spiegels im ersten Brennpunkt der Ellipge Die Anordnung lasst aul3erdem
keine Strahlen zu, die direkt aul3erhalb der befsi@egel fallen. Allerdings wird ein nicht
unbedeutender Lichtanteil durch die beide Spiegethtiringende Lampenfassung absor-
biert. Aus derJP 11064795ist eine Reflektorleuchte bekannt, bei der diehtgcelle
punktférmig im ersten Brennpunkt des elliptischeme§els sitzt und durch einen spari-
schen Spiegel abgeschlossen wird, der eine seBegkpertur aufweist, an die sofort eine
optische Linse anschliel3t. Lichtverluste treterhaier nur durch die Lampenfassung auf,
die durch den elliptischen Spiegel dringt, abermafbstrahlung in direkter Richtung auf
den zweiten Brennpunkt verhindert. Bei dieser Anarey wird das Licht vor dem Errei-
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chen des zweiten Brennpunkts durch die vorgeskeiase gestreut und ein Bundel paralle-
ler Strahlen erzeugt. Di&B 173,243 von der die vorliegende Neuerung als nachst-
liegendem Stand der Technik ausgeht, offenbartigurF3 einen Autoscheinwerfer, der
wieder aus zwei einander gegeniberliegenden Spiégsteht, wobei die Anordnung aus
elliptischem und sphéarischem Spiegel mit dem Mitiekt der Kugelschale und der Lam-
pe im ersten Brennpunkt des RotationsellipsoideereiLichtverlust weitgehend verhin-
dert. Lediglich die hier nicht weiter angedeutetmpenfassung sorgt fur einen Verlust.
Die Apertur ist derart ausgeformt, dass ein furosaheinwerfer besonders vorteilhafter
Lichtkegel erzeugt wird, der eine Blendung entg&gemmender Fahrer verhindern soll.
Allen bekannten Reflektorleuchten ist somit gemamnsdass sie einen rotationsymmetri-
schen Raum ausleuchten. Eine Ausleuchtung eindgecdigen Raums nach Art eines
Lichtbandes, wie sie beispielsweise fir die Paltigstimmung in Fluiden erforderlich ist,
ist mit der bekannten reflektorleuchte nicht mdglic

Aufgabenstellung

Die Aufgabe fir die vorliegende Neuerung ist daher darin Zuese dass ein weitestge-

hend ungestorter Lichtstrahl in Form eines in dezitB linear ausgedehnten Lichtbandes
hoher Lichtausbeute erzeugt werden soll. Die Radlékmpe soll einfach und preiswert

herstellbar sein. Die neuerungsgem#éfBsung fur diese Aufgabe ist dem Hauptanspruch
zu entnehmen. Vorteilhafte Weiterbildungen der nengsgemafen Reflektorleuchte sind
in den Unteransprichen aufgezeigt und werden irgdfalen im Zusammenhang mit der
Neuerung naher erlautert.

Bei der neuerungsgemafien Reflektorleuchte werderkatabinierte Reflektor und die
Lichtquelle senkrecht zu einer die Verbindungslimsschen den Brennpunkten des Rota-
tionsellipsoiden einschliessenden Symmetrieebemadiausgedehnt. Als Hilfsvorstellung
kann ein rotationssymmetrischer kombinierter Reflelderart geschnitten gedacht sein,
dass die Schnittebene auf einer die Verbindungsideér Brennpunkte einschlielRenden
Ebene liegt. Wenn die beiden Halften des kombiareReflektors so auseinander gezogen
sind, dass ein gleichmaliger Abstand zwischen ilinegrscht, kann eine der Schnittlinie
folgend geformte, in der Richtung der Ausdehnunerdimeare Spiegelflache die Licke
ausflillend gedacht sein. Damit entsteht ein Reffekder einerseits die Charakteristika
einer extrem verlustarmen Anordnung aufweist, abedererseits eine linienférmige
Lichtquelle im ersten Brennpunkt, oder quasi eotar linearen Ausdehnung entsprechen-
den Brennlinie, aufnehmen kann. Zur Erzeugung eieelsteckig begrenzen Lichtstrahls
ist es von Vorteil, wenn die zentrale Apertur imdeweiten, sphéarischen Spiegel ein in
gleicher Richtung und im gleichen Mal3 wie die Spldmear ausgedehnter Schlitz ist. Die
Funktion des Reflektors ist damit sehr ahnlich elees entsprechend rotationssymmetri-
schen Reflektors. Alle Lichtstrahlen, die senkreain der linienférmigen Lichtquelle ab-
gegeben werden, treffen entweder auf den ausgezodédittelteil des ersten, elliptischen,
Spiegels und werden, immer noch senkrecht zurniiirenigen Lichtquelle, in Richtung
auf die zweite Brennlinie refektiert, oder auf damsgedehnten Mittelteil des zweiten,
spharischen, Spiegels und werden, auch hier imerecht zur linienformigen Licht-
quelle, zunachst wieder auf den ersten, elliptisclspiegel und dann in Richtung auf die
zweite Brennlinie refektiert. Hier treten sie durdie linienférmige Apertur nach auf3en.
Alle schrag abgegeben Lichtstrahlen werden solamgschen den Spiegeln hin und her
geleitet, bis sie auf die abschlielBenden Halbsohtéffen und von dort ebenfalls durch
die Apertur austreten. Im Randbereich des austteterichtstrahls kommt es daher zu
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Abweichungen von der linearen Lichtausbreitung annf von seitlichen Streuungen. Fur
eine moglichst gleichmafige Lichtverteilung in deraeugten Lichtstrahl ist es von Vor-
teil, wenn die linear ausgezogene Lichtquelle diméadungslampe ist. Ferner wird die
geringstmdgliche Stdérung der Lichtverteilung erngiovenn die elektrischen Anschlisse
der Entladungslampe an deren Enden angeordnetueattaalb des ausgedehnten Bereichs
des kombinierten Reflektors nach aul3en gefuhrt. dmadlem ausgedehnten Bereich des
Reflektors wird die Lichtausbreitung damit durchneeElemente von Lampenfassungen
gestort. Mit der Reflektorleuchte nach der neuerisiges maoglich, einen rechteckigen
Raum gleichmafiig und ungestort auszuleuchten. iBidsesonders vorteilhaft fir Anord-
nungen, bei denen in einem definierten Wasserkpgeerdurch die scharf begrenze Aus-
leuchtungszone beschrieben wird, die Anzahl dewsblkenden Partikel gemessen werden
soll. Derartige Anordnungen werden zur Gewdasseasifansg und im Umweltschutz einge-
setzt.

Ausfuhrungsbeispiele

Ausbildungsformen der Reflektorleuchte nach der Neuerung werden o&@rid zum
weiteren Verstandnis der Neuerung anhand der sdisetmen Figuren naher erlautert.
Dabei zeigt

Figur 1 eine Reflektorleuchte im Querschnitt und
Figur 2 eine Reflektorleuchte im Langsschnitt.

Figur 1 zeigt ein Beispiel fur eine ReflektorleucliRé aus einem kombiniertem Reflektor
KR und einer Lichtquelle LQ, die zur Herstellung aus zwei Teilen zusammengessit
Im linken Teil ist ein erster Spieg8ll in Form eines RotationsellipsoidenabschriRs
ausgearbeitet, der zu einer Verbindungsliile zwischen einem ersten Brennpurit
und einem zweiten BrennpunBR symmetrisch ist. Im rechten Teil ist ein zweitg@iegel
S2in Form eines KugelschalenabschnkKiS mit einem Radiu®kB, der dem Abstand der
BrennpunkteB1, B2 entspricht, ausgearbeitet. Der zweite Spi&flveist eine zentrale
Apertur ZA auf. Der zweite Spieg@82 ist gegeniiber dem ersten Spie§élderart ange-
ordnet, dass der Ursprung des Radrigs mit dem ersten BrennpunBtl und der Mittel-
punkt der zentralen ApertdiA mit dem zweiten BrennpunB2 zusammenfallt. Im linken
Teil ist zusatzlich zum ersten Spied@l noch eine Verbindungsflaché= zwischen den
SpiegeInS1, S2 kegelstumpfartig ausgearbeitet, deren Berandumngstinem Lichtstrahl
SL folgt, der gerade eben eine Vorderkavit€ des ersten Spiege$il streift. Von einer
LichtquelleLQ im ersten Brennpuni&1 gehen beispielhaft die Lichtstrahlef, L2 und
L3 aus. LichtstrahLl1 zeigt, wie alle Lichtstrahlen, die von der Lichédje LQ aus direkt
den ersten Spiegé1 treffen, unmittelbar in den zweiten Brennpui reflektiert wer-
den. Der Lichtstrahl2 fallt von der LichtquelldQ in den zweiten Spieg&2 wird von
dort in den ersten BrennpunRi und weiter in den ersten Spie@#l reflektiert, von wo
aus er, wie Lichtstralll, auch in den zweiten Brennpuri® reflektiert wird. Lichtstrahl
L3 reprasentiert einen zentralen Lichtstrahl, der in Verlangerung der Verbindungslinie
VL der Brennpunkt&1, B2 direkt durch die zentrale ApertdA austritt.

Figur 2 zeigt einen Langsschnitt durch die Reflektorleaatritlang der Flache A-A. Der
kombinierte ReflektoKR und die Lichtquelld.Q weisen darin eine lineare Ausdehnung
LA auf, die senkrecht zu einer Symmetrieeb8&ererlauft, die die VerbindungslinigL

der Brennpunktd31, B2 des urspringlichen Rotationsellipsoiden einschliBiie Flache
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der linearen AusdehnurigA besteht ebenfalls aus einer SpiegelflaSle die hier zwar
der zentralen Kontur des kombinierten ReflektOiRs durch zwei Raumrichtungen folgt, in
der dritten Raumrichtung aber linear verlauft. Dudie lineare AusdehnurigA werden
die Brennpunktdé31l, B2 quasi zu BrennlinieR1, R2, die LichtquelleLQ wird zur linea-
ren LichtquelleLL und die zentrale Apert#A zur linearen ApertutP. Alle aus der li-
nearen Lichtquelle.L rechtwicklig austretenden Lichtstrahlen, hier dentrale Licht-
strahlZL und ein parallel dazu verlaufender LichtstrBhl kdnnen entweder unmittelbar
durch die lineare ApertutP in der zweiten Brennlini®2 verlaufen oder an der Spiegel-
flache SF reflektiert werden und anschliel3end durch diealieeAperturLP verlaufen.
Seitlich aus der linearen Lichtquellé austretende Lichtstrahlen werden entweder durch
die SpiegeB1, S2auch in die lineare ApertwP reflektiert oder gehéren zu dem geringen
Verlustanteil der linear ausgedehnten ReflektohézRL .

Bezugszeichenliste

Bl erster Brennpunkt

B2 zweiter Brennpunkt
EA elektrische Anschlisse
EL Entladungslampe

KR kombinierter Reflektor
KS Kugelschalenabschnitt
L1,L2,L3 Lichtstrahl

LA lineare Ausdehnung
LL lineare Lichtquelle

LP lineare Apertur

LQ Lichtquelle

PL paralleler Lichtstrahl
R1, R2 Brennlinie

RB Radius

RE Rotationsellipsoid

RL Reflektorleuchte

S1 erster Spiegel

S2 zweiter Spiegel

SE Symmetrieebene

SF Spiegelflache

SL Lichtstrahl

VF Verbindungsflache
VK Vorderkante

VL Verbindungslinie

ZA zentrale Apertur

ZL zentraler Lichtstrahl
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Schutzanspriuche

1. Reflektorleuchte mit einem kombinierten Reflekémrs einem ersten Spiegel in Form
eines Rotationsellipsoidenabschnitts, der zu delbidungslinie zwischen den Brenn-
punkten des Rotationsellipsoiden als Rotationsasiganetrisch ist, einem zweiten Spie-
gel in Form eines Kugelschalenabschnitts mit eifadius, der dem Abstandsmalfd zwi-
schen den Brennpunkten des Rotationsellipsoidespecht, und einer zentralen Apertur,
wobei der zweite Spiegel in Bezug auf den ersteedep derart angeordnet ist, dass der
Ursprung des Radius der Kugelschale mit dem eBtennpunkt des Rotationsellipsoiden
und der Mittelpunkt der zentralen Apertur mit demeiten Brennpunkt des Rotationsel-
lipsoiden zusammenfallt, und mit einer Lichtquetteersten Brennpunkt des Rotationsel-
lipsoiden,

dadurch gekennzeichnet, dasder kombinierte Reflektor (KR) und die Lichtque(leQ)
senkrecht zu einer die Verbindungslinie zwischen Beennpunkten (B1,B2) des Rotati-
onsellipsoiden (RE) einschliessenden Symmetrieef@Bglinear ausgedehnt sind.

2. Reflektorleuchte nach Anspruch 1,
dadurch gekennzeichnet, dasdie linear ausgedehnte Lichtquelle (LL) eine Enilags-
lampe (EL) ist.

3. Reflektorleuchte nach Anspruch 2,

dadurch gekennzeichnet, dasslie elektrischen Anschliisse (EA) der EntladungseEmp
(EL) an deren Enden angeordnet und aufRerhalb descBe der linearen Ausdehnung
(LA) des kombinierten Reflektors (KR) nach aul3efiilge sind.
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T4: A new high gain reflector for rod-like high voltage discharge lamps for underwa-

ter imaging applications

Authors:  Jan Schulz, Dirk Thum, Dirk Mengedoht, Nael Potthoff, Heiko Lilienthal,
Hans-Jurgen Hirche, Werner Riggers, Miriam Dickmarwbias Fleige
Status: Submitted to IEEE Journal of Oceanic Ergging

This paper summarises the text of the grantedyutiiodel protection for the new reflector
type. The design and construction of the combirligotieal and spherical mirror is pre-

sented in a short and traceable way. Furthermioeeequations for locating the important
points are derived from few initial parameters afldw the calculation of the outlines.

The text was originally prepared by the first autHd. Thum constructed and manufac-
tured the shown prototype of the reflector, M. Raoitt supported the development of the
ray-tracing model and H. Lilienthal developed tlireuts for the high voltage triggering.

W. Riggers incorporated his knowledge on opticafemie coatings. D. Mengedoht, H.-J.
Hirche, M. Dickmann and T. Fleige improved the msoript.
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A new high gain reflector for rod-like high voltagescharge lamps
for underwater imaging applications
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Abstract

Aquatic imaging applications often require lightusmes of high flux in evironments with
limited energy conditions. High voltage dischargmps provide short pulses of high in-
tensity as required for photographic use. As laenpg light in all directions the reflector
type defines the illumination of targeted objeé&#iciency and precision of targeting de-
termines the quality of the obtained images. Henew reflector for rod-like high voltage
discharge lamps is introduced. It combines antedap and a spherical mirror of defined
specific dimensioning and distances. Almost alltesdi light is reflected onto one focal
line where the beam leaves the system through ertuap in the head of the reflector. The
beam is constrained in height and provides a deéfaperture angle. The created focal line
can be used to inject light efficiently into lenst®ms and can be used for a variety of il-
lumation tasks.
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Introduction

Imaging systems in marine science and relatedsfigdt require the quantification of the
imaged volume by dark field illumination need higminous fluxes [e.g. 1, 2, 3, 4]. Lim-
its regarding package dimensions and energy consaumgften do not allow substituting a
given light source for a device of higher powesiae to increase light flux. In lens appli-
cations the alignment of emitted rays is furthercal for efficiency of the illuminating
device.

Having an output greater than one Joule per flagih-voltage discharge lamps are an
outstanding as powerful light sources for use utiithie energy conditions. A variety of
different shaped lights, ranging from round or ¢edlito rod-like cover a wide field of ap-
plications. Most types are operated with an anad@&age of a few hundred volts. To initi-
ate the flash, an external trigger pulse of seu@vak applied by a wire onto the surface of
the glass housing.

The task of reflectors is to focus the flash int@ alirection or at one focal point. Thereaf-
ter, the reflected light can be used to illuminalgects or to be injected into an optical
unit. Although standard reflectors parallelise bgralarge amounts of rays in a manner
suitable for lens systems, the unaligned rays csinag light and aberration. As reflectors
are open on one side a considerable number of wualigned rays is emitted in conven-
tional systems. To reduce these rays additionaalireteflectors on the surface of the
lamp are commonly used. They reflect rays back tikosystem and force them to hit the
main reflector, from where the leave the systegnaid. However, this solution is prob-
lematic in high voltage discharge lamps as trigggegrgy from the supply wire could come
to contact with the housing. This weakens ignittoftage, results in inhomogeneous flash
operation and might even harm the operators. Dubdgproduced ozone inert metallic
parts or coatings should be given preference tarengurability in non-ventilated under-
water housings. Here we describe a reflector fdrlilee high voltage discharge strobes
composed of a combination of elliptical and splarieflective faces to bypass the fore-
mentioned limitations.

Approach and Results

Optical targeting or focussing units align largecammts of rays from a light source to share
equal optical properties. The use of a collimatergs systems (Figure 1a) or spherical mir-
rors (Figure 1b) results in parallel alignmentkey to the abbreviations used in the equa-
tions and graphics is given in Table 1. Ellipticairrors (Figure 1¢c and 1d) focus high
numbers of rays into one focal point, where thay loa injected, for example, into a fiber
optic. For use in lens systems, the conditions shiowFigure 1a and 1c are similar for
lenses set up in a pre-calculated distance fronfab& point or light source itself. The
anglea increases with decreasing distance and deterrtheesngle of a ray to the surface
normal vector at the rim of a lens. Higher valuasse loss due to reflection on the surface
and aberrations at the borders of a lens. Thusad#l amglea is desired, but reduces yield
without adequate reflectors. The reflectors showrrigure 1a-1d are for ideal punctual
light sources. For light sources that are not puadct larger relation of reflector to lamp
size is needed. For practical reasons, halvediellipand rotational solids are often used,
where rays leave the system on the open side. RRay®riginate irf; and do not hit the
reflective face befor#&le are only partially available in lens systems (FégRa, thin ray in
the upper half of the ellipse). A spherical mircdose to the surface of the light source
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(Figure 1d) forces light rays to leave the refleatia the face of the elliptical mirror. This
reduces stray light and increases efficiency.

Technical applications often use elliptical mirrtnat have two focal points (Figure 1c, 1d;
Figure 2af; andf,). Rays that originate ifi traversef, and vice versa. These points are
located where a circle, centredMg with radiusa, intersects the principal axis of the el-
lipse. The distance of the focal point$; andf, from the centre of the ellipdde is given

by:
e=+a2-b? [Equation 1]

Another common reflector is based on a sphericalomiEvery ray that originates in the
centre of the spherd/g) is reflected to its point of origin (Figure 2b).

For the present application, we combined an atghtmirror with a modified spherical
mirror. The elliptical mirror is cut in half at itentre Mg), parallel to the plane given ly
(Figure 3). In the first focal poirft the midpoint of a spherical mirrdds is arranged. The
radius of the spherical mirror i 2and consequently intersedts The discharge strobe is
located inf; of the elliptical mirror. This setup reflects raymt hit the reflective face of
the elliptical mirror intof,. Rays that hit the spherical mirror are reflechedk into the
light source, pass the glass housing a second hin#e elliptical mirror and behave as
the latter ones.

In f, an image of the light source is produced and leg/ge the system in this focal point
through an aperture in the spherical mirror. Theatision of the aperture should be in the
same range as the diameter of the light sourcasaggimmetrically constructed in height
of the principal axis. The diverging angié depends on thiea ratio:

L=2 sin'{g) [Equation 2]

To meet the requirements of the rod-like structifrthe discharge lamp both the elliptical
and the spherical mirror are cut in half along phi@cipal axis. The distance between the
two parts is linearly extended and mirrored. Theetision is chosen equal to the irradiat-
ing section of the discharge lamp. Subsequentlgéméral section of the reflector refers to
an extrusion body and the focal poifitsandf, are extended to a focal line. Beyond this
linear part the edges follow the elliptical or resfive spherical curvature. The internal
heighth of the reflector can be calculated with the basieensions of the system:

h=2r sin(gj [Equation 3y = 2e from Equation 1;5 from Equation 2]

To evaluate our theoretical approach, a model vegsgded in the Persistence of Vision
raytracing environment [5] and rendered in radyoaitd photon simulation mode. A scat-
tering particle field was applied in the heightgarof the reflector to display internal re-
flections. The rhomboid area was created by thergetting rays that span betwdert,
and the outer borders of the elliptical reflecteigire 4a). It demonstrates the high yield in
f2, where rays exit the system confined to a smaileaf. Based on the results of the
model a prototype was built for underwater appias. Figure 4b shows the disassembled
prototype with the position of the discharge lamp protection of utility patent was
granted for this device by the patent office of Beeleral Republic of Germany [6].

155



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

Discussion

The reflector described here can be used in apjpisawhere it is desired to focus emitted
light into one narrow band with high accuracy. i @pplication, the beam is precisely
targeted and leaves the system under a definesl dlagle. This allows an easy injection
into optical applications, with reduced stray ligitith this reflector it is possible to set up
a headlight projecting to infinity with one or felenses. It was originally designed as a
light source for a LOKI dark field illumination afigation [4], but can cover a wide range
of other applications. Stray light in-situ dark field imaging applications can illuminates
unintentional objects that are out of focus, redg@ccuracy of the method. Consequently
rays outside of the defined angle and path nedektgated out by diaphragms. For this
setup, one has to take into consideration thatreheired precise adjustment makes the
construction more complex and expensive as comgarsthndard devices. However, this
is more than compensated by a highly increasediafity and accuracy. Compared with
reflector-free systems (Figure 1la) the utilise/loso is almost inverted and thus much
higher than in standard devices.

In practice the ratio dmp diameteto h should be greater than 1:10. Smaller ratios may
cause higher inaccuracy due to the non-punctifgrfithe discharge lamp and deviation
by parallel translation when passing the glassihgus second time. This results in a wid-
ening of the focal line, causing distortion in lepplications.

It has been observed that a halved ellipse combintda sphere offers a good trade-off
for most applications. Larger extensionsagesult in largeis values smaller ones in larger
h values. Even though the beam is sharply constraivtezh it exits, the beam intensity
decreases from the centre towards the peripheng. résults in increased distortion with
increasing distance from the principle axis andapending on the angle at which a ray
hits the outer parts of the elliptical reflectol.[Closer to the principal axis, the angle is
lower and more rays per area unit are reflectee Fsgure 4a). When necessary it can be
improved by using a smaller ellipse and a largetoseof the circle.

As the life time of high-voltage discharge lamps te longer than £(flashes, they can
often be employed for long-term applications. Hére produced ozone might corrode
non-inert materials in un-ventilated housings. @ouently, metal is suitable for continu-
ous operation. For internal heat dissipation, thienecting surface between the elliptical
and spherical mirror can be used to set ventilagidga without loss of reflective surface.
The given equations allow computing the dimensigrior appropriate devices.
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Description of the figures

Figure 1: Schematics of a light source in a) amalting lens application, b) spherical mir-
ror, c) elliptical mirror and d) elliptical mirrowith a partial spherical reflective face
around the light source. Bold rays are useabl¢h®given application, while the thin ones
are inappropriate for a range of optical systemslfiples modified after Schroder and
Treiber [8]).

Figure 2: Important locations and distances inlgtieal and b) spherical mirrors. Bold
lines represent useable rays for the given appicat

Figure 3: Scheme of the reflector as a combinatioan elliptical and a spherical mirror.
The light source is located &ton the principal axis of the system. Bold linepresent
usable rays for lens applications.

Figure 4: a) A model of the reflector in a simp@d and diaphragm application compiled
and rendered under PovRay to visualise intern&a@dns. b) Photo of the disassembled
device. For the use in round, pressure resistamgihgs it was given a spherical diameter.
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Table 1: Key to the symbols that are used in theagogns and figures.

Symbol Key
a Long radius of the ellipse
a Angle within light rays are used in a simple lepstem
b Short radius of the ellipse
b, Width of a cylindrical lens
Vi) Angle in which the rays leave the reflector throtigh exit window

e Distance from ellipse’s midpoint to it's focal poin

fi First focal point of an ellipse, position of thght source
f, Second focal point of an ellipse

fs Focal point of an spherical mirror

h Total inner height of the reflector

Mc Midpoint of the construction circle to firfd andf,
Mg Midpoint of the ellipse

Ms Midpoint of the spherical mirror

Qa Light source

rs Radius of the spherical mirror
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T5: Ringleuchte zur Ausleuchtung eines begrenztendlumens und deren Verwen-

dung

Inventor: Jan Schulz
Status: Pending patent application in Germany (D005 050 722.0)

As a further advancement of the first patent apgibe a circular illumination was devel-

oped that allows unidirectional illumination of afthed volume with improved luminous

flux. The basic text and figures were provided bg tnventor and edited by the patent
agents N. Cochu and J. Cochu, Berlin, to comply wht legal formalities of the German
Patent Office (Deutsches Patent- und Markefamt

" www.dpma.de
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Ringleuchte

Beschreibung

Die Erfindung bezieht sich auf eine Ringleuchte emiter als Hohlzylinder ausgebildeten
Lichtquelle mit einer auf die Achse des Hohlzylirleveisenden Lichtabstrahlrichtung,
mit Leuchtdioden fur weil3es Licht als Leuchtmitteld mit einer Einrichtung zur Lenkung
der Lichtabstrahlung.

Derartige Ringleuchten sind z.B. um Kameraobjektire Makrofotografie, als Operations-
feldbeleuchtung in der Medizin oder auch zur Duottt oder Auflichtbeleuchtung in der

Lichtmikroskopie im Einsatz. Dabei ist eine sol¢tiegleuchte konzentrisch zur optischen
Achse der abbildenden Optik angeordnet. Es wirditiamGegensatz zur Spotbeleuchtung
eine schattenfreie Beleuchtung des abzubildendg¢ek@lerzielt. Auch auf dem Gebiet der
Partikeldetektion in Stromungen wird eine schatef gleichmallige und intensive Be-
leuchtung bendtigt, hier jedoch innerhalb einesé®gen Volumens, wodurch nur die mit
der Stromung jeweils in den beleuchten Bereichretiebden Partikel betrachtet werden.

Stand der Technik

Auf dem Gebiet der Partikeldetektion sind verscared Beleuchtungsvorrichtungen be-
kannt. Aus deDD 232 552 Alist eine Einrichtung zur Zahlung und Klassifizieguvon
dispergierten Teilchen in Flissigkeiten mit eineon einer Messzelle rAumlich begrenzten
Messvolumen bekannt, bei dem zur Ausleuchtung dessivblumens ein Laserstrahl dient,
wobei der Strahlfokus in der Mitte des Messvolumlestt, sodass das detektierte Messvo-
lumen auf einen Punkt reduziert wird. Das Messveannst durch die Ausbildung der
Messzelle so eingeengt, dass sich immer nur eilehiegi im Lichtfokus befindet, dessen
Streuung im Laserlicht gemessen wird. D@ 221 861 Albeschreibt eine Beleuchtungs-
einrichtung zur Erzeugung eines zweidimensionalamtktreifens zur Mustererkennung
und Identifizierung von Werkstticken in industrielldmgebung. Dazu wird eine lineare
Lichtquelle verwendet, deren Strahlen durch einmélienblende gerichtet und durch eine
Zylinderlinse auf das zu erkennende Objekt gebindetden. In dem Aufnahmesystem
wird durch Kontrasteinstellung ein scharfes SchwaiBbild des jeweils beleuchteten
Streifens erzeugt und analysiert. Ein Reflektorrkéiir eine hdohere Lichtausbeute hinter
der Lichtquelle angebracht werden. Weiterhin ist derDE 298 13 109 UZkine Beleuch-
tungsvorrichtung zur Erzeugung eines langen, sammiathtbandes mit zweidimensiona-
ler Auspragung bekannt, bei der das Licht eineralhxon Lampen in einem engen Ge-
hause mit einer ersten jeweils eigenen und ein@itew gemeinsamen Linse zu einem
schmalen Strahl mit Fokus auf einer Linie wahlb&etfernung erzeugt wird. Die Licht-
ausbeute entspricht etwa dem Abstrahlwinkel undastit sehr gering. In d&E 197 36
172 B4wird eine Vorrichtung zur Analyse von in einemostienden Fluid dispergierten
Teilchen beschrieben, die mit Blenden arbeitetelétanten hyperbelartig gekrimmt sind
und damit bei Beleuchtung ein dreidimensionales sMalsimen mit einem bekannten
Scharfentiefenbereich definieren, das kegelsturtigfarit gebogenen Kanten ausgebildet
ist. Im zugehorigen Verfahren werden Teilchen neitirderter Laufzeit im Messvolumen
ausgewertet. Die Beleuchtungseinrichtung ist palraillm Detektor angeordnet, das De-
tektionssignal wird tber ein Prisma aus dem Messueh umgelenkt.
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Bekannte Video-Plankton-Rekorder (VPR) nutzen puakler linienférmige Lichtquellen
und einzelne spharische Linsen zur Kollimation. dmf3skaligen Bereich kommen auch
starke Halogensysteme zum Einsatz. Die bekanntenctitungen haben aber zum Prob-
lem, dass keine scharfe optische Begrenzung desviglesnens erzeugt werden kann und
die Tiefenscharfe im Messvolumen aufwandig softiemtenisch justiert wird, was im
kleinskaligen Bereich der Planktonbeobachtung ZuehdJngenauigkeiten der Volumen-
einschatzung fuhrt.

Als Kameraleuchte ist die Ringleuchte flr schatiirfReprofotografie aus dBE 299 21
150 U1l bekannt. Bei dieser, als technischer Hintergrumdier vorliegenden Erfindung
anzusehenden Druckschrift wird als Leuchtmittel eeirhandelsibliche Ring-
Leuchtstofflampe eingesetzt. Sie strahlt ihr Liglgichmaliig nach allen Seiten, also auch
nach innen in Richtung auf die Achse der Lichtqualb. Eine Einrichtung zur Lenkung
der Lichtabstrahlrichtung wird hier durch eine Mohntung gebildet, die hauptsachlich den
Lichteinfall auf das zu beleuchtende Objekt verdénhdedem das Leuchtmittel angehoben
oder abgesenkt wird. Ferner ist eine RingleuchtedmuDE 102 11 768 Albekannt, von
der die vorliegende Erfindung als nachstliegendelands der Technik ausgeht. Diese
Druckschrift offenbart eine aus einem Ring von lled®den fur weiles Licht bestehende,
als flacher Hohlzylinder ausgebildete Lichtquetleren Abstrahlrichtung nach innen auf
die Achse des Hohlzylinders weist. Durch eine zetidte Konstruktion kann der die
Leuchtdioden tragende erste Ring in Bezug auf eii@sistehenden zweiten Ring im
Durchmesser veréandert werden. Dadurch, dass diBidaen tragende, flexible, kreisfor-
mig gebogene Platine mit ihrem unteren Ende insfelenden zweiten Ring und mit ih-
rem oberen Ende im veranderbaren ersten Ring atgetoist, wird mit Veranderung des
Durchmessers des ersten Rings der Winkel der Allstrg in Bezug auf die Achse der
Ringleuchte verandert. Diese Vorrichtung dient @ptimierung einer schattenfreien Aus-
leuchtung verschiedener abzubildender, feststeme@igekte. Die beschriebene Einrich-
tung zur Lenkung der Lichtabstrahlung kann jedoeim lstreng begrenztes Volumen aus-
leuchtent. Das Licht wird, nur begrenzt durch dieghren Abmessungen nicht weiter defi-
nierten Kanten der beiden gegeneinander verschieblizinge, frei abgestrahlt und spannt
damit ein nach oben und unten nur unscharf begrendbppelt kegelformiges Volumen
mit erheblich dartber hinaus gehenden Streuungshereauf.

Aufgabenstellung

Ausgehend von der Ringleuchte der nachstliegendeifiéntlichung besteht dikufgabe

fur die hier vorliegende Erfindung darin, eine Reughte der eingangs erlauterten gat-
tungsgemalen Art bereitzustellen, die ein in allem Raumdimensionen streng begrenztes
Volumen besonders hell ausleuchtet. Dabei solRilgleuchte einfach, robust im Aufbau
und in der Handhabung gestaltet und kostengunstigidilbar sein.

Als erfindungsgemafRkedsung fur diese Aufgabe ist die vorliegende Erfindungluzh
gekennzeichnet, dass die Einrichtung zur LenkunigLadntabstrahlung ein Linsensystem
(LY) ist, das zumindest eine exakt in die orthodana Achse des die Lichtquelle (LQ)
bildenden Hohlzylinders (H1) orientierte RadialebdRE) fokussierende Linse (LE), die
als weiterer Hohlzylinder (H2) ausgebildet ist, wide ringférmige, im Strahlengang hin-
ter der einen fokussierenden Linse (LE) zentrieigemrdnete Aperturblende (AB) auf-
weist, und dass die Lichtquelle (LQ) und das Lisystem (LY) in der Lange identisch
und sowohl achsen- als auch langenkongruent angetostd, wobei die vom Innenradius
(I3) des Linsensystems (LY) bestimmte Querschiiitbie und die Lange des Linsensys-
tems (LY) ein streng begrenztes Volumen (BV) aufisyen.
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Zur Verwendung solcher Ringleuchten in Vorrichtumger Partikeldetektion, z.B. Video-
Plankton-Rekordern (VPR), ist die erzeugte Lichésiol flir die optische Auswertung von
durch sie hindurchtretende Partikel in dunkler odering beleuchteter Umgebung dann
besonders geeignet, wenn die erzeugte Lichtsclseibarf begrenzt und nicht wesentlich
dicker als das grofte abzubildende Objekt ist sdvigbtstreuung aufl3erhalb der Licht-
scheibe weitestgehend vermieden wird. Die erfindgegalie Ringleuchte weist Leucht-
mittel auf, die auf einer als Hohlzylinder ausgeéien Lichtquelle gleichmalig verteilt
angeordnet sind. Die Leuchtmittel sind dabei mieihAbstrahlrichtung nach innen senk-
recht zur Achse des Hohlzylinders und daher mitat#rogonal zur Achse des Hohlzylin-
ders orientierten Radialebenen tbereinstimmendeaigbdet. Durch diese Anordnung wird
erreicht, dass der Haupt-Lichtstrom unmittelbar thasere des Hohlzylinders beleuchtet
und nur ein sehr geringer Streuanteil diesen von Qeerschnitt und der Lange des Hohl-
zylinders aufgespannten Raum verlasst. Es kanmsdreng begrenztes dreidimensionales
Volumen betrachtet werden. Durch die Art der rundamgeordneten Leuchtmittel wird
eine weitestgehend gleichmafige und schattenfreieuBhtung von in dem Volumen be-
findlichen Objekten erzielt.

Im Hinblick auf einen mdglichen Einsatz der Ringlete nach der Erfindung in Video-
Plankton-Rekordern kann die Lange des Hohlzylintkexsonders gering gestaltet sein, so
dass von einer diinnen, kreisférmigen Lichtschedspgpchen werden kann. Mit der Stro-
mung hindurchtretende Plankter werden schlagaety kell beleuchtet und kénnen dabei
mit einem in einer die Stromung nicht beeintradiden Entfernung befindlichen Kame-
rasystem registriert werden. Anschlieend werdenibergangslos wieder abgedunkelt
und so undefinierte Randbereiche vermieden. Betneigenauen Fokus auf die dinne
Lichtscheibe werden zwischen Kamera und Lichtseheaber auch hinter der Lichtscheibe
befindliche, unbeleuchtete Plankter die Aufnahme gering dampfen. Je dinner die
Lichtscheibe ist, desto weniger Licht wird durck dindurchtretenden Plankter nach auf3en
gestreut und an noch oder schon wieder unbeleachBdanktern in die Aufnahme storen-
der Weise reflektiert. Die minimale Dicke der Lisbiheibe richtet sich einerseits nach den
maoglichen konstruktiven Gegebenheiten und den zwarenden StrOmungs-
geschwindigkeiten sowie andererseits nach der GdeB@bzubildenden Plankter, die zu-
mindest kurzzeitig komplett im Licht sein sollenplvei die notwendigen Belichtungs- und
Prozesszeiten fur die Kamera als weitere Pararhgtea kommen.

Fir den Einsatz unter Wasser, und gegebenenfaligolBen Tiefen ist eine hohe Lichtaus-
beute bei hohem Wirkungsgrad gefordert, d.h. sovanige Batteriestandzeiten als auch
geringe Warmeentwicklung an der Lichtquelle. Esdsdaher weil3e Leuchtdioden als
Leuchtmittel vorgesehen. Leuchtdioden haben eirdrem Wirkungsgrad und eine beson-
ders hohe Lebenserwartung. Sie erzeugen somitimeirgeringe Verlustwarme und haben
eine Standzeit, die regelméRig die Nutzungsdaueiiliégen Bauteile Ubersteigt. Leucht-
dioden sind klein und eine Vielzahl davon kdnneg beieinander angeordnet die Licht-
guelle bilden. Durch ihren geringen Durchmessestlagh ein Hohlzylinder sehr geringer
Hohe bilden, wie er z.B. fur einen VPR fiur kleinétlankter und geringere Stromungsge-
schwindigkeiten oder auch fiir eine hochempfindliglaenera gefordert werden kann. Erst
seitdem die Industrie wei3e Leuchtdioden grof3etidghkelit anbietet, sind Anwendungen
wie die hier beschriebene Ringleuchte Uberhauginisch und wirtschatftlich sinnvoll
maoglich geworden. Alle anderen Leuchtmittel liefeentweder einen zu geringen oder
energetisch uneffektiven Lichtstrom (EntladungsligBlihlicht) oder eine ungenltgende
Ausleuchtung (Laserlicht).
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Die kegelformige Abstrahlung der Leuchtdiode odechaeiner anderen Lichtquelle muss
fur eine in der Lange des Hohlzylinders streng éezpe Lichtscheibe zu einem waage-
rechten Strahlengang fokussiert werden. Dazu istoeilhaft, wenn in einer Weiterbil-
dung der Ringleuchte nach der Erfindung die eikeidsierende Linse eine Fresnellinse ist.
Fresnellinsen oder genauer Fresnel'sche Stufenlsiad optische Linsen, die urspringlich
fur Leuchttirme entwickelt wurden. Sie ermoglichiia Konstruktion grofRer Linsen mit
kurzer Brennweite ohne das Gewicht und Volumen drarklicher Linsen. Die Verringe-
rung des Volumens geschieht bei den Fresnellinsechdeine Aufteilung in ringférmige
Bereiche. In jedem dieser Bereiche wird die Diclegenuber der herkbmmlichen Linse
verringert, sodass die Fresnellinse eine Reihdaingger Stufen erhdlt, die die gleiche
Krimmung wie der jeweilige Abschnitt der ursprinogén Linse aufweist. Da Licht nur an
der Oberflache einer Linse gebrochen wird, istBlechungswinkel nicht von der Dicke,
sondern nur vom Winkel zwischen den beiden Obdréiaceiner Linse abhéngig. Deshalb
behalt die Fresnellinse ihre optischen Eigenschdits, obwohl die Bildqualitat durch die
Stufenstruktur etwas beeintrachtigt wird. Fresne#n werden dort eingesetzt, wo das Ge-
wicht oder die Abmessungen ausschlaggebend undAlddungsqualitat zweitrangig
sind. Beispiele sind Schiffslaternen oder Leuchtilr Fresnellinsen kénnen auch aus
Kunststoff gepresst werden und finden dann untde@m in Tageslichtprojektoren und
bei einfachen Handlupen Verwendung. Im Falle dergiRuchte nach der hier vorliegen-
den Erfindung wird eine weitere, besonders vorédith Weiterbildung dadurch erreicht,
dass die Fresnellinse als eine hochstens 2 mne tliaksparente, biegsame Folie ausgebil-
det ist. Durch die geringe Dicke der als Folie gspten Fresnellinse lasst sie sich biegen
und dem Innenradius des die Lichtquelle bildendehliylinders anpassen. Wenn die
Brennweite der Fresnellinse so ausgelegt ist, deesgleich dem Abstand zwischen den
Leuchtdioden und der Fresnellinse ist, werden dobtstrahlen der Leuchtdioden aus der
Fresnellinse genau in die Radialebene des Hohtstsabgelenkt und dadurch die Dicke
der Lichtscheibe bei maximaler Ausnutzung des ven deuchtdioden gelieferten Licht-
stroms bestimmit.

Eine nachste vorteilhafte Weiterbildung der Ringlge nach der Erfindung ergibt sich,

wenn eine weitere fokussierende Linse, die alsedriglattwandiger, nicht weiter struktu-

rierter Hohlzylinder ausgebildet und in der Langé aer einen fokussierenden Linse iden-
tisch ist, mit dieser achsen- und langenkongruaegeardnet ist. Der AulR3enradius dieses
dritten Hohlzylinders dient als Aufnahme fir dieeginellinse, deren biegsame Folie einen
steifen Kdrper als formende Anlageflache benobgg durch den glattwandigen und nicht

weiter strukturierten dritten Hohlzylinder gebildetinse beugt die Lichtstrahlen der

Leuchtdioden horizontal weiter auf die Achse derhtguelle zu und sorgt so fur eine ver-
besserte Lichtausrichtung ins Innere der Ringlezicht

Eine vorteilhafte Weiterbildung der Ringleuchte mater Erfindung ergibt sich weiterhin,
wenn die Lichtquelle und das Linsensystem in eurckiiestes Gehause aus einer aul3eren
und einer inneren zylinderformigen Wandung und rireberen und einem unteren ring-
formigen Deckel mit je einer Offnung derart einddsssen sind, dass der Innenraum der
innersten, als dritter Hohlzylinder ausgebildetegiteren Linse frei bleibt. Damit ist fur
den Einsatz unter Wasser die Voraussetzung geschdifie empfindlichen elektrischen
Teile sind vor dem Meerwasser wirksam geschutztderdStromungskanal im Innenraum
der Ringleuchte, in dem die Lichtscheibe erzeugtlwind sich die abzubildenden Objekte
ungestort bewegen konnen, bleibt frei. Vorteilhstfiweiterhin, wenn die auf3ere Wandung
durch die als Hohlzylinder ausgebildete Lichtqueltel die innere Wandung durch die als
Hohlzylinder ausgebildete weitere fokussierendeséigebildet sind. Der die Lichtquelle
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bildende Hohlzylinder wird in diesem Falle durchesiylindrische, druckfeste Auf3enwand
begrenzt, auf deren Innenseite die Leuchtdiodeea@xget sind. Der die Fresnellinse bil-
dende weitere Hohlzylinder markiert mit seinem Aufddius den Innenradius der Licht-
guelle. Der die weitere Linse bildende dritte Hetitmer, der auf seinem AulRenradius die
Fresnellinse aufnimmt, ist als druckfeste Innenwagddes Gehauses ausgelegt und be-
zeichnet mit seinem Innenradius gleichzeitig demetradius des Gehauses und damit der
Ringleuchte. Je ein druckfester, als Ring mit Offpuausgelegter Deckel am oberen und
unteren Ende der Hohlzylinder komplettiert das Gekaund definiert die Gesamtabmes-
sungen der Ringleuchte. Die Aul3enradien der Deek&dprechen dem Auf3enradius der
Lichtquelle und die Innenradien der Deckel entdpeecdem Innenradius der weiteren Lin-
se. Damit ist der Innenraum der Ringleuchte mitldeintscheibe zur Durchstrémung offen
und die Lichtquelle vor Einflissen durch das striideeMedium geschutzt.

Eine besonders vorteilhafte, spezielle AusfiihruagRingleuchte nach der Erfindung er-
gibt sich, wenn der AuRenradius des druckfesteréd@sds im Bereich zwischen 100 mm
und 150 mm und sein Innenradius im Bereich zwisck@mm und 60 mm liegt und die
Lange der die Lichtquelle und das Linsensystenmehiltitn Hohlzylinder nicht mehr als 10
mm und die Gesamtlange der Ringleuchte nicht misitGamm betragt.

Ausfuhrungsbeispiele

Ausbildungsformen der Ringleuchte nach der Erfigdwerden nachfolgend anhand der
schematischen Figuren naher erlautert. Dabei zeigt:

Figur 1 eine Draufsicht einer Ringleuchte ohne oberen Decke

Figur 2 einen Schnitt entlang der Markierung X-X in Fidyr

Figur 3 eine perspektivische Ansicht eines Ausschnitts Riegleuchte ge-
malf3 Figur 1 und

Figur 4 den Strahlengang der Ringleuchte gemaf Figur 1.

Figur 1 zeigt eine Ringleucht®L fur den méglichen Einsatz in einem Video-Plankton-
Rekorder in der Draufsicht ohne den oberen DeEkal Ganz aul3en ist die Lichtquelle
LQ angeordnet, die als Hohlzylindell ausgebildet ist. Seine AuRenkonAt markiert
gleichzeitig die duRere BeranduA& des die RingleuchtBL umschlie3enden druckfes-
ten GehauseBG. Seine Innenkontull ist gleichzeitig die AuRenkontuk2 des die eine
fokussierende LinseE bildenden weiteren HohlzylindeH2. Die eine fokussierende Lin-
seLE ist dabei als in eine weniger als 2 mm dicke kaeys Folie gepresste Fresnellinse
FL ausgebildet. Die als Hohlzylindet2 ausgebildete Fresnellingd. ist mit ihrer Innen-
konturl2 fest an die AulRenkontu3 des die weitere fokussierende Liris& bildenden
HohlzylindersH3 angelegt. Die weitere fokussierende Lind#&' ist ein einfacher, nicht
weiter strukturierter Korper, der mit seiner Innentur 13 gleichzeitig die innere Beran-
dung |G des die Ringleucht®L umschlieRenden druckfesten Gehaudes bildet. Die
Fresnellinseg=L und die weitere LinséW bilden zusammen das Linsensystem. Die
hier nicht weiter dargestellten oberen und untddeokel DO, DU, die jeweils eine Off-
nungOE von der GrolRe des Innenradi@sdes Gehausd3G aufweisen, vervollstandigen
das druckfeste Gehaub&. Der InnenrauniB der Ringleucht®L, der sich innerhalb der
inneren Beranduntc des druckfesten Geh&dude& befindet, bleibt an den Enden offen
und stellt den von der Lichtquelle®Q beleuchteten Stromungskarg dar, der der Beo-
bachtung und Abbildung hindurchtretender Objektendi Die LichtquelleLQ weist
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LeuchtdiodenLD als LeuchtmittelLM auf. Die Leuchtdiodem.D sind dabei an einem
ZwischenradiusZR der als HohlzylindeH1 ausgebildeten LichtquelleQ gleichmafig
verteilt angeordnet, der gleichzeitig die innerea®elung der aulieren Wanduwip des
die RingleuchteRL umschlieRenden druckfesten Gehaub«¢s bildet. Das von den
LeuchtdioderLD abgestrahlte LichtL durchquert den Luftraurml in dem Hohlzylinder
H1, wird von der FresnellinseL aufgenommen und auf das Zentrdi® der Ringleuchte
RL fokussiert. Durch die weitere Ling&V, die die innere Wandungy! des Gehausd3G
bildet und eine bikonvexe Form aufweist, wird dashLLL weiter verdichtet. An der In-
nenkontun3 der weiteren LinseW tritt das LichtLL schliel3lich in den InnenraulB der
RingleuchteRL aus und verbreitet sich wegen vielfacher Reflestom der Radialebene
RE an der gegentberliegenden Wand der weiteren liMgegleichmaldig. Die Wandun-
genWA, WI des Gehéusd3G weisen Schraubenléch8t. auf, durch die sie mit den De-
ckelnDO, DU verschraubt und zum Gehau3& komplettiert werden. Um die Leuchtdio-
denlLD vor Feuchtigkeit und das Eindringen von Druckwagseschiitzen, sind zwischen
den WandungeiWA, WI und den DeckeldO,DU O-Ring-DichtungerOD vorgesehen.
Sie liegen in Nuter©ON, die in die WandungeWA, WI eingelassen sind. Die O-Ring-
DichtungenOD in der inneren Wandung/| dienen gleichzeitig als ringférmige, im Strah-
lengang hinter der einen fokussierenden LihEe zentriert angeordnete Aperturblenden
AB fir das LichtLL zur Beleuchtung des begrenzten VolunBdhund vermindern so wei-
ter die Lichtstreuung auf3erhalb der LichtschdiBe fur die die Zeichnungsebene gleich-
zeitig die RadialebenRE darstellt.

Figur 2 stellt einen Schnitt entlang der Linie X-X in Frgl dar. Es sind die oberen und
unteren DeckeDO, DU mit ihren OffnungerOE dargestellt, die mit Schraub& in den
SchraubenlécherBL das druckfeste GehauB&s zusammenspannen. Auch wird die An-
ordnung der O-Ring-Dichtunge@D deutlich, die in den Nute@N der fokussierenden
Linse LW des Linsensystenisy und der auf3eren WanduWwgA liegen und einerseits das
Innere der Lichtquell&Q vor eindringendem Wasser schitzen und andereedsisper-
turblendenAB das LichtLL auf die Lichtscheib&S und damit auf das begrenzte Volumen
BV beschranken und die Streuung vermindern. Bei kuiHhlzylindernH1, H2, H3 wird

die GesamtlangeélG der RingleuchtdRL und damit die LangélL der Lichtscheibd S
gering. Als Zahlenbeispiel wird ein Au3enradAk von 100 bis 150 mm, ein Innenradius
I3 von 40 bis 60 mm, eine Gesamtlaht@ von kleiner oder gleich 40 mm und eine Lange
HL der Lichtscheibd.S von kleiner oder gleich 10 mm genannt. Andere Afsuagen
sind ebenfalls moglich.

Figur 3 zeigt eine perspektivische Ansicht eines Aussthmitis Figur 1. Sie dient der
weiteren Veranschaulichung des Aufbaus der RingleugL, enthalt aber keine darlber
hinaus gehenden Einzelheiten. Im Wesentlichen wedie NutenON mit den als Aper-
turblendenAB wirkenden O-Ring-Dichtunge®D in den WandungeWA, WI sowie die
Anordnung der Schraubenléch8k auRerhalb der O-Ring-Dichtung€D in Bezug auf
den LuftraumL1 gezeigt.

Figur 4 zeigt schlie3lich den Strahlengang des Lithtsvon der LeuchtdiodeD auf der
aulReren Wandung@/A durch den Luftraunh1l, durch das LinsensysteltY mit der einen
fokussierende LinseE, die als FresnellinseL ausgebildet ist, und der weiteren fokussie-
renden LinsdLW, die als einfacher, nicht weiter strukturierterrp@& ausgebildet ist, in
den InnenraundB der Ringleuchté&kL. Auch hier wird der Einfluss der O-Ring-Dichtung
OD in den NuterON als Aperturblend&B deutlich.
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Bezugszeichenliste

Al
A2
A3
AB
AG
BV
DG
DO
DU
FL
H1
H2
H3
HG
HL
11
12
I3
B
IG
L1
LD
LE
LL
LM
LQ
LS
LW
LY
OD
OE
ON
RE
RL
SG
SK
SL
WA
Wi
ZB
ZR

Aul3enradius Hohlzylinder
AulRenradius weiterer Hohlzylinder
Aul3enradius dritteHohlzylinder
Aperturblende

auRRere Berandung
begrenztes Volumen
Gehause

oberer Deckel

unteren Deckel
Fresnellinse

Hohlzylinder

weiterer Hohlzylinder

dritter Hohlzylinder
Gesamtlange

Lange der Lichtscheibe
Innenradius Hohlzylinder
Innenradius weiterer Hohlzylinder
Innenradius dritteHohlzylinder
Innenraum

innere Berandung

Luftraum

Leuchtdiode

eine fokussierende Linse
Licht

Leuchtmittel

Lichtquelle

Lichtscheibe

weitere fokussierende Linse
Linsensystem
O-Ring-Dichtung

Offnung

Nuten

Radialebene

Ringleuchte

Schraube

Stromungskanal
Schraubenlécher

aulRere Wandung

innere Wandung

Zentrum

Zwischenradius

169



Schulz, J (2006): Spatial and temporal distribupatterns of zooplankton in the central Baltic 8rd methods to detect them.

Schutzanspriche

1. Ringleuchte mit einer als Hohlzylinder ausgebgaetichtquelle mit einer auf die Achse
des Hohlzylinders weisenden Lichtabstrahlrichtung, Leuchtdioden fur weil3es Licht als
Leuchtmittel und mit einer Einrichtung zur Lenkuthgy Lichtabstrahlung,

dadaurch gekennzeichnet, dass

die Einrichtung zur Lenkung der Lichtabstrahlung einsensystem (LY) ist, das zumin-
dest eine exakt in die orthogonal zur Achse ded.dietquelle (LQ) bildenden Hohlzylin-
ders (H1) orientierte Radialebene (RE) fokussieeelndse (LE), die als weiterer Hohlzy-
linder (H2) ausgebildet ist, und eine ringférmiga, Strahlengang hinter der einen fokus-
sierenden Linse (LE) zentriert angeordnete Apeltmde (AB) aufweist, und dass die
Lichtquelle (LQ) und das Linsensystem (LY) in deinge identisch und sowohl achsen-
als auch langenkongruent angeordnet sind, woberatie Innenradius (I3) des Linsensys-
tems (LY) bestimmte Querschnittsflache und die leadgs Linsensystems (LY) ein streng
begrenztes Volumen (BV) aufspannen.

2. Ringleuchte nach Anspruch 1,
dadurch gekennzeichnet, dass
die eine fokussierende Linse (LE) eine Fresnell{ik4g ist.

3. Ringleuchte nach Anspruch 2,

dadurch gekennzeichnet, dass

die Fresnellinse (FL) als eine héchstens 2 mm dickesparente, biegsame Folie ausgebil-
det ist.

4. Ringleuchte nach einem der Anspriche 1 bis 3,

dadurch gekennzeichnet, dass

das Linsensystem (LY) eine weitere fokussierendesd.i(LW) aufweist, die als dritter,
glattwandiger, nicht weiter strukturierter Hohlnydier (H3) ausgebildet ist, der in der Lan-
ge mit der einen fokussierenden Linse (LE) idehtisnd mit dieser achsen- und léangen-
kongruent angeordnet ist.

5. Ringleuchte nach einem der Anspriiche 1 bis 4,

dadurch gekennzeichnet, dass

die Lichtquelle (LQ) und das Linsensystem (LY) in druckfestes Gehause (DG) aus ei-
ner aufleren und einer inneren zylinderférmigen WagdWA, WI) und einem oberen
und einem unteren ringférmigen Deckel (DO, DU) jaitiner Offnung (OE) eingeschlos-
sen sind.

6. Ringleuchte nach Anspruch 5,

dadurch gekennzeichnet, dass

die aufl’ere Wandung (WA) durch die als Hohlzylindt) ausgebildete Lichtquelle (LQ)
und die innere Wandung (WI) durch die als Hohlaydin (H3) ausgebildete weitere fokus-
sierende Linse (LW) gebildet sind.

7. Ringleuchte nach Anspruch 6,

dadurch gekennzeichnet, dass

die Aperturblende als an die Deckel (DO, DU) ans@®ande, in die Stirnseiten des die
weitere fokussierende Linse (LW) bildenden Hohlagérs (H3) als innerer Wandung (WI)
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eingelassene und und damit im Strahlengang detduelie (LQ) und des Linsensystems
(LY) angeordnete O-Ring-Dichtungen (OD) ausgebildiet

8. Ringleuchte nach einem der Anspriiche 5 bis 7,

dadurch gekennzeichnet, dass

der AuRRenradius (Al) des druckfesten Gehauses {D@ereich zwischen 100 mm und
150 mm und sein Innenradius (13) im Bereich zwisch® mm und 60 mm liegt und die
Lange der die Lichtquelle (LQ) und das Linsensys{éM) bildenden Hohlzylinder (H1,
H2, H3) nicht mehr als 10 mm und die GesamtlangeRilegleuchte (RL) nicht mehr als
40 mm betragt.

9. Anwendung der Ringleuchte nach einem der Ansgrichis 8gekennzeichnet durch
eine Anordnung als Beleuchtungsvorrichtung in einddeo-Plankton-Rekorder.

Zusammenfassung

Ringleuchten werden als Objektbeleuchtung an Kaspéd&roskopen usw. und bei Parti-
keldetektoren, z.B. Video-Plankton-Rekordern (VRRR)gesetzt. Ringleuchten mit nach
innen abstrahlenden Lichtquellen als ringférmigedtegstofflampen und ringférmig ange-
ordnete Leuchtdioden sind bekannt. Das Licht wiadhteilig beziglich des Einsatzes in
einem VPR nicht auf ein scharf begrenztes Volunmzkugsiert. Die erfindungsgemalie
Ringleuchte (RL) vermeidet diesen Nachteil, indéendss Licht (LL) der Lichtquelle (LQ)
mit Hilfe einer zylinderférmigen Fresnellinse (Fgleicher Lange exakt in Richtung ihrer
Radialebene (RE) fokussiert und so eine in allem dimensionen scharf begrenzte Licht-
scheibe (LS) erzeugt. Eine ringformige Aperturbker{@dB) im Strahlengang unterstitzt
diese Begrenzung. Die Lichtquelle (LQ) wird vonesm druckfesten Gehause (DG) zum
Unterwassereinsatz umgeben, das gleichzeitig ltrehisng in die Umgebung der Licht-
scheibe (LS) vermeidet. Die Dicke der Lichtscheib8) ist nur von der Lange der Licht-
guelle (LQ) und der Fresnellinse (FL) abhangig kadn fir die genaue Abbildung von
Partikeln sehr dunn, d.h. im Bereich der Dicke giéfiten zu erwartenden Partikel gehal-
ten werden.

Signifikante Figur fur die Zusammenfassufkgur 1
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5. Synopsis
5.1. Zooplankton of the Baltic Sea

5.1.1.Vertical distribution

To clarify the central hypothesis whether the wattizooplankton composition in the
Bornholm Sea changes with different hydrographiapeeters, it was necessary to deter-
mine whether samples from different layers canibnguished by their species composi-
tion. To achieve this goal multivariate statistieadalyses and conventional techniques
were used. The results show that the charactesstdification of the Bornholm Sea di-
vides the water column into zones, differently ipited by zooplankton species. The
physical outlines of these zones are defined bigmiht combinations of temperature and
salinity. Consequently, two zones are present dunimter, when the halocline separates
the high saline bottom water from the lower salintermediate winter water above. Three
zones are found after the formation of the thermectluring summer. The intermediate
winter water is then compressed by the seasonaih&unrwater. The inhomogeneous utili-
sation of the zones indicates that they are ofrbgéneous ecological importance and can
be conceived as distinct habitats. To survive urlese hydrographic conditions species
are impelled to utilise one or several of thesethtdbhaccording to their ecophysiological
tolerances (Paper Z1-Z3). None of the investigatezplankton species and developmental
stages utilised all available habitats. No diractience was found, that the inflow waters
differed significantly from the stagnant haline @rstin species composition. The limited
number of habitats results in five categoricalisdiion modes (Figure 5.1) that group simi-
lar strategies of utilisation. Every utilisation deo(mode I-V) is characterised by at least

one dominant species:

I. The first mode includes species which are most doinduring the warm season and
mainly restricted to the area above the thermodkigure 5.1a). Although they can
become an eminent part of the zooplankton commuinéy are only seasonally pre-
sent. The endemic and due to parthenogenesisefaisiducing cladoceraBosmina
coregoni maritimais the dominant species of mode |. Furthermore,dladoceran
Podon intermediusnd all developmental stages Edirytemorasp. are most abun-
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dant in the warm surface layer, but
more or less completely absent dur-
ing the rest of the year.

Species assigned to the second mode
are abundant the whole year round
and seasonally take advantage of the
warm surface layer. They access the
volume above the thermocline during
summer and reside in the winter wa-
ter for the rest of the year (Figure
5.1b). The copepod\cartia bifilosa

is the dominant species of this mode.
All developmental stages oA. bi-
flosa showed this behaviour. Also
Keratella spp. and the C1-C3 stages
of Centropages hamatumnd Temora
longicornis utilise the warm surface
water when present.

The third mode includes species pre-
ferring the lower temperatures be-
tween the thermo- and halocline.
They reside mainly in the intermedi-
ate winter water and are excluded
from the surface during summer
(Figure 5.1c). All developmental
stages of the copepodAcartia
longiremis are characteristic for this
mode. A. longiremis is abundant

throughout the year, but avoids the

Figure 5.1: The five different utilisation modes ofzooplankton in relation to hydrographic parame-

ters as revealed by Multivariate Discriminant Functon Analysis and traditional approaches. The
modes include species a) that are only present wharwarm surface layer is established and dwell
mainly in this layer, b) that utilise the warm surface layer but are also present prior to and after
the formation of this seasonally appearing habitatc) that are present the whole year, but reside in
the layer of the intermediate winter water betweerthermo- and halocline during summer, d) that

utilise the complete water column except for the wan surface layer in summer and e) that are

bound to the deep haline water:
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warm surface layer during summer. This was alsadoior Synchaetaspp. and the
C4-C6 stages dfentropages hamatadTemora longicornis

IV. Mode four includes species that utilise the wintater and the deep haline waters.
Characteristic for this mode is the appendiculaFaitillaria borealis. It mainly re-
sides in the winter water before the thermoclineettgps. With the formation of the
thermocline it migrates below the halocline. Thetewaabove the thermocline in
summer is the only unused layer (Figure 5.1d).

V. Mode five includes the species living mainly belde halocline (Figure 5.1e).
Oithona similisis a signature species of this utilisation modeo®ikopleura dioica
and the C4-C6 stages BSeudocalanusp. were mainly found in the high saline wa-

ters.

Most of the investigated zooplankton taxa couldclearly assigned to one of these five
modes. Different results between analyses of amt@st(Paper Z1) and the complete data
set (nine stations covering the Bornholm Basin,eP&3) were obtained only for the taxa
Bivalve larvae andPseudocalanusp. C1-C3 and the cladocerd®sadne nordmanrand
Podon leuckarti This might be explained by assignment problemmedn values for tem-
perature and salinity across clines. Every netshatples through a cline contains species
of two different habitats, while the algorithmi@sskification assigns the sample to the cate-
gory where physical parameters had the greatdsemfe. Most of these four taxa belong
to categories that usually inhabit the upper layleus show an indifferent behaviour com-
pared to the algorithmic definition of the layeBsvalve larvae utilise the warm surface
water, but seem to avoid the warmest and upperagsts.E. nordmanniandP. leuckarti
are most abundant when the thermocline developssappears. Therefore it seems appro-
priate to assign these taxa to mode Il. Furtheigtbeping of copepodids to only two dif-
ferent groups might impact the analysis, as sesraties show ontogenetic vertical dis-
tributions or sex differences. This applies attliéashe C1-C3 stages Bseudocalanusp.
(Renz & Hirche 2005). The data suggest that thexe t@ be assigned to mode V. As the
samples used for the analyses were taken regaaflelsg/time a possible diel vertical mi-
gration (DVM) might also have influenced the resuldowever, the DVM is reduced in
the Baltic Sea (e.g. Titelman & Fiksen 2004, Schra@D6) and has recently been reported
to occur only inAcartia longiremisand Temora longicornigSchmidt 2006). During sum-
mer the depth centroid @f. longicorniswas found at approximately 20 m at night and 60

m during the day, whilé\. longiremisperformed DVM in the depth range of the thermo-
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cline (Schmidt 2006). Both species showed lowerndances in the uppermost layer,
when temperatures were highest. Therefore therassigt to vertical distribution modes
defined by the ambient temperature and salinity bea simplification and not necessar-
ily the primordial causal connection. This can bersinFritillaria borealis, a presumptive
glacial relict species, which is capable of utilgithe low saline surface layer. During
summerF. borealis protrudes down into the haline waters, althoudhyar of the cool
intermediate winter water is still present (Pap2y. Zhis may be due to the fact that in the
density gradient of the halocline organisms andiges of size classes sufficient for its
feeding can accumulate (Lande & Wood 1987, Mactnst al. 1995, Vallin & Nissling
2000). The period during whicKeratella spp. showed high abundances was found in a
time frame that started a few weeks prior and tastdew weeks longer than the persis-
tence of the algorithmic defin€clUMMERcategory. The temperature threshold of 8°C for
this category was chosen for proper identificatibrthe thermal stratification. The begin-
ning of this stratification was already observedblethe chosen temperature threshold.
Thus, it can be suggested tlkaratella spp. should be seen as a summer species and as-

signed to mode 1.

5.1.2.Ecological implications

The modes identified during this study can be cweckas functional groups representing
major life strategies of the zooplankton specieggh@Bornholm Sea. Subsequently, species
within the same group share equal environmentatlitions and compete with each other
for resources during times of synchronous appearanmtersection of their habitats. This
results in a concept similar to the definition aflds® and is of importance for a variety of
different processes. Beside a direct impact orfabd web structure it bears also implica-
tions for theoretical ecology and modelling aspette assignment of the dominant zoo-
plankton species to vertically separated habitalgshto explain differences in zooplankton
distribution between shallow and deep sites. Spesmsitive to higher temperatures are
expelled from shallow areas where the thermoclorgacts the seafloor (Figure 5.1c-d). A
stable stratification reduces vertical mixing axdledes species of the modes Il and IV
for a longer period from the surface. A similar im&aism is obvious for the species of

mode V, captured below the halocline in the troofithe basin. In this case the inhabit-

8 A guild is defined as a group of species that@kphe same class of environmental resourcessiméar
way. This term groups together species, withouanedgo taxonomic position, that overlap signifidgrin
their niche requirements.” (Root 1967).
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able volume is lower at shallower sites when tHediiae is close to the seabed or absent
(e.g. Hansen et al. 2004, Schmidt et al. 2004)réfbee, the invasion of shallow areas is
only possible when the halocline is elevated. Dyiimmflows haline waters often cascade
over the sills, which separate the basins of théd&ea. Thus, it is reported that species
assigned to mode V are found in higher abundamce®re eastern parts of the Baltic Sea
after inflow events (e.g. Mankowski 1951). The earmental gradient from marine con-
ditions in the Skagerrak towards an almost frestemdominated system at the north east-
ern end that is found in the surface waters cam laésseen in an alleviated form in the
deep layers of the Baltic Sea (Bonsdorff 2006). $itle being higher than the halocline
form natural barriers for the saline deep watetse findered exchange of these waters
also avoids advection of zooplankton specimengyaedi to mode V. Thus, the topog-
raphic separation of local populations in the ttmgnay enforce local differentiation of
sub-populations that may subsequently constitutetigally independent lineages. A simi-
lar effect has recently been described for her(@igpea harengus.) in the Baltic Sea
(Jargensen et al. 2005). In this species the sapatay the basins seems to induce barriers
to gene flow. This may also apply to less mobileptankton species living in the troughs
and being constricted in their horizontal dispearsio

Significant changes in the zooplankton structureesithe 1980s (Mdllmann et al. 2000,
Lehman et al. 2002, Méllmann et al. 2003) are ssiggeto be influenced by climate
changes (Alheit et al. 2005). Increasing tempeeatyrolonged the periods of warm sur-
face layers (Alheit et al. 2005) and fostered stookAcartia sp. (Mdllmann & Koéster
2002). The large scale atmospheric conditionsrdhgeinced by the North Atlantic Oscilla-
tion (NAO, Lehmann et al. 2002). Years with highsiige NAO indices are correlated
with stronger than average westerly winds, as wasglimild winters in Western Europe
(Hurrell 1995). Mild winters prevent deep mixingdawith the first signs of solar heating
the water column stratifies again (Alheit et al02) The summer 2002 was characterised
by high temperatures and calm weather. As windsstigwelling of the thermocline is
inversely proportional to the strength of stratfion (Gill 1982), the 2002 summer condi-
tions led to a shallow and strong thermocline. éasing rainfalls decreased salinity and
induced a shift towards oligohaline species, sisctha endemic cladocer&wosmina core-
goni maritima It is the most abundant species in the upper ldyeing summer, where
high temperatures foster its parthenogenetic remtozh and help to outgrow competitors
and predators (Viitasalo et al. 200B). coregoni maritimaabundances at levels of ap-

proximately 300.000n° in the upper 10 m of the Bornholm Sea are soméaehighest
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values on record (Paper Z3). As this recordingesgmts an integrated value from a haul,
it can be expected that the abundance of thissdpecies showed a gradient with even
higher values closer to the surface. The shall@wntiocline narrowed the habitat for spe-
cies assigned to mode | and Il and consequentlycesti the inter- and intra-species dis-
tance, which may have increased niche competitiah @redation pressure by fish. The
hydrography in the deep layers is also related italvand sea level pressure, which are
coupled with the NAO (Matthdus & Schinke 1994, 8kki& Matthaus 1998, Lehmann et
al. 2002). These atmospheric conditions drive large extend the inflows from the North
Sea that renew the waters in the basins (Matthadsatack 1992, Matthaus & Schinke
1994). During periods of stagnation the deep wetaditions deteriorate (Fonselius 1970)
and narrow the volume of this habitat for sensispecies. The decreasiRgeudocalanus
sp. stock in the Baltic was related to the decngpsalinity, as a consequence of the re-
duced frequency of inflow events since the 19808liwann et al. 2003). After inflows
species assigned to mode V find an increased voluitiefavourable conditions, which
fosterOithona similis(Hansen et al. 2004) am$eudocalanusp. (Renz & Hirche 2006).
The introduction of functional groups, which shdipe zooplankton community vertically,
fulfils the basic criteria of théex parsimonia@for modelling aspects. Based on this con-
cept the estimation of available resources frormdbaoce data can be assigned to different
depths. As vertical distribution patterns differpaels concerning the availability of prey
fields require the consideration of seasonal cyatewell as the inhabited strata. Therefore,
2D approaches should be treated with care in higtitified systems. They may not be
capable to differentiate resources in the depthrevipeedators linger and need a careful

interpretation respecting the spatial overlap efators and prey.

5.1.3.Food web implications

Important consumers of the zooplankton productiothe Baltic Sea are a minor number
of fish species. Larvae and young-of-year of thérfiah species cod3adus morhud..),
sprat Sprattus sprattug.) and herring Clupea harengus.) take up a large portion of the
zooplankton production (Arrhenius & Hansson 1998) their recruitment is related to the
availability of these resources. Since the 198@sdirt composition of fish larvae showed

distinct changes (Voss et al. 2003), while the lsteize of cod decreased and sprat in-

° “Entia non sunt multiplicanda praeter necessitateEmtities should not be multiplied beyond necessity
(William of Ockham, 14th century).
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creased. In addition to fisheries pressure (Bagge 4994) interactions between the zoo-
plankton composition in different strata of the Boolm Sea and the depth preference of
larval fish seems important, as they bias the aldity of resources. Cod larvae need
higher salinities for development and their mailbitsd is close to the halocline, where
older stages oPseudocalanusp., assigned to zooplankton utilisation mode M\, the
most important food items (Voss et al. 2003). Adwld is the main piscivorous fish spe-
cies in the central Baltic Sea, with sprat andihgras the dominant prey (Rudstam et al.
1994, Bagge 1989). Young and larval sprat concenirashallower layers (Wieland &
Zuzarte 1991, Makarchouk & Hinrichsen 1998, Dickmah al. submitted). Thus, the diet
of larval sprat is dominated by the zooplanktoncggseof the modes | and I, close to the
surface. Analyses of larval sprat gut contents shigh feeding rates oAcartia spp. and
lower onTemora longicorniswhile Pseudocalanusp. is absent in the diet (Voss et al.
2003, Dickmann 2005). This may help to explain, whars with highAcartia spp. abun-
dances are correlated with strong year classeprat €Dickmann 2005). Another surplus
can be the temporal match of tBecoregoni maritimgpeak (Paper Z3) and the growth of
sprat larvae in July, when the larvae become largrigh to ingest this cladoceran (Dick-
mann 2005). Adult sprat has a shallow verticalrifistion in summer, while they concen-
trate below 50 m the rest of the year (Koster &riaatk 1994). In these depths sprat com-
petes with herring foPseudocalanusp. andTemorasp. (Mollmann & Koster 2002). Fur-
thermore, both clupeids feed on cod eggs with rat&d to 100%, depressing the recruit-
ment success of cod (Schnack & Kdster 1994). Thesefan increase in clupeids de-
presses the probability of strong year classe®dfand vice versa (Rudstam et al. 1994).
The improved conditions for zooplankton specieshef modes | and Il, in concert with
deteriorating conditions for species of mode V,rbadbviously an at least partial explana-
tion of the observed ecosystem shift from a gatimichrds a clupeid dominated system as
a result of changes in hydrography. Furthermore,idiea of active selection (Viitasalo et
al. 2001) appears as not sufficiently concise whih knowledge of the spatial predator-
prey overlap. Thus, selection indices calculatedhfunstratified zooplankton samples not
necessarily reflect active behaviour, but rathetiapheterogeneity of prey distribution in
relation to the preferred depth of the predatorsfdPence for more active prey, due to
hydrodynamic detection, is obvious (Viitasalo et E98), but needs to consider the re-
spective prey field in the vicinity of a predator.
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5.2. I nvestigative approaches

5.2.1.Numerical ecology

The approach of a Multivariate Discriminant Funatinalysis (MDFA) was successfully
used in this thesis to differentiate between distamoplankton assemblage patterns. Today
the application of this statistical approach to imampelagic data is not common and the
papers and manuscripts in this study are probdidyfitst published applications in the
field of zooplankton ecology. The MDFA turned oatlte an adequate method to identify
heterogeneities in the vertical distribution of #e®plankton community, in relation to the
hydrography of the Bornholm Sea. In contrast toilamity based methods (Clarke &
Warwick 1994) MDFA takes abundance variations iatzount and is less sensitive to
joint absence or presence between two sites (dualk & press). The method allows de-
termining the impact of a single variable and tkangination of proportional differences.
Abundance variations are retained and not reduxédhary flags during the identification
of similarities (e.g. adjacency matrices and sinalpproaches, like Jaccard-Index, Séren-
sen-Index; confer Legendre & Legendre 1986). Astmudtivariate methods MDFA re-
quires to satisfy initial assumptions and the powafethe model is prone to a violation of
these. Collinearities may be present when two orenvariables respond equally to the
same combination of parameters or may be artifjc@kated when integrated or averaged
values are linked. Artificial dependencies can ltasuill-conditioned matrices and lower
the statistical power of a model. Multivariate naitity is also seldom achieved in ecologi-
cal data and often seems to be ignored. The adyaofethe MDFA is that normality is not
required for the method itself (Hair et al. 1998)normality is not achieved the signifi-
cance of the model can be determined by other rdsthike Wilk’'s Lambda (Rao 1951).
The modules included in the software package O&aaker's Tool (OST) reflect the
requirements that arose during the analysis angalgation of several parameters pre-
sented in this thesis (Paper S1). As the speatfgria are not restricted to this thesis it was
made available to the publifc Today OST is referenced by several internatiomstitutes,
projects and data centres. Among these are thedA\Wegener Instituty Censof?, Pan-

gaed® and the Ocean Teacher Program of the Intergover@h®ceanographic Commis-

10 hitp://www.awi.de/Software/OST
1 http://mww.awi.de

12 hitp://www.censor.name

13 http://ww.pangaea.de/
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sion/lUNESCQ*, where it is listed as one of the official toatsdonvert different formats
of geographic positions (Paper S1). Further devetogs are in progress and include a
numerical library. Emphasis is put on the multiggeiinvestigation of data from the zoo-
plankton imaging system under development (Chap®). This allows combining obser-
vations on single species with the ambient enviremta conditions. An observation on
variables can be conceived as an object in-dimensional space. In terms of species it is
able to correlate ambient environmental parameters for every observaf an individ-
ual. Plotted in the multidimensional space obs&aatwith similar properties form clus-
ters and groups. Significant differences betweesa t&sult in discriminable clusters in
such a space. Along the axes for which a specmsssh stenoecious capability small scat-
ter is expected, while scatter increases on axeshich species show euryoecious toler-
ances. The fringes of the cluster span the ec@bgiange that a species tolerates on the
observedc parameters. Distances between single observatimhshe centroid of a respec-
tive cluster can be expressed as the observatrohsipility to belong to this cluster. Inter-
actions between two or more species can only beated when at least small intersections
in the multivariate space exist and allow a mortaitl insight than with broad integration

intrinsic to sample sets collected by plankton .nets

5.2.2.0ptical methods for the remote sensing of zooplan&h

The developments conducted during this thesis heaehed a status to image species and
particles in relation to the ambient parametershtuld help to gather auxiliary informa-
tion on the fine scale distribution of zooplank&pecies. With the introduced illumination
devices (Document T1-T5) it is possible to captuéiciently illuminated images of tiny
zooplankton species. The aim to image volumes oftimes two centimetres with a small
depth range is close to the limit that can be agdeunder the principal laws of optics
(Paper T2). While laboratory conditions deliver egkable results (Figure 5.2), under in-
situ conditions debris and suspended sedimentsirolges. Therefore, it seems impossi-
ble with current day technology to achieve the sémenomic identification rate as with
conventional enumeration under a microscope. Teatgrdvantages however, are small
scale investigations over short periods of timeegions inaccessible with plankton nets.
Images are digitally linked with the environmergarameters and can easily be sorted by

individual parameters and investigated for charastie species compositions.

1 http://ioc.unesco.org/oceanteacher/oceanteacheHiM
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Figure 5.2: Examples of North Sea plankton includig differ-
ent species and size classes. Images were takenabgircular
LOKI system and the developed prototype.

5.3. Outlook

To understand the inhomogeneous distribution ofisgan stratified systems and the con-
straints set up by the clines improves our idehow¥ physical forcing and climate can af-
fect food web structures. Interactions betweerethffit trophic levels can be triggered by
the segregation of the zooplankton community ane lprofound impact on the ecosystem
functioning. It can be expected that the properiestified for the central Baltic Sea,
might also be found in other seas and aquatic akd@asever, the ultimate characteristic
depends on the strength of the formed gradientdmrivwwo strata. It has been noted for
different parts of the world that climatic changggpear synchronously with alterations in
hydrography and the zooplankton compositions itirdislayers (e.g. Barents Sea: Orlova
et al. 2002; California Current: Roemmich & McGowEd05; Fjords: Gorsky et al. 2000).
Especially climatic influence that prolongs theipérof a warm surface layer can drive
elusive ecological effects cascading throughouwtifgd marine systems. The complex
interactions that are induced by an increase irp&ature are often less obvious and just
allow to consider that changes appear (e.g. Roem&imcGowan 1995). In the adjacent
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North Sea profound changes in the fish communitsehaeen observed too, but can not
directly be related to a change in temperature r@etal. 2004). Also in frontal systems
horizontal and vertical gradients determine thetritigtion of different taxa (e.qg.
Neuenfeldt 2002, Escribano et al. 2004). Thus,deatification of functional groups like
the five utilisation modes in the Bornholm Basinym@prove the understanding of food-
web structures.

To overcome the limitations of sampling zooplankieith nets, the introduced optical
methods for remote sensing of zooplankton may eenasca promising option. A universal
interface allows the connection of a variety offetiént sensors for measuring environ-
mental parameters. Due to the standardised comatioricprotocol between the devel-
oped equipment and a remote control station ib&sible to deploy the units continuously
on unmanned platforms. The merging of data frorfedk#ht positions and the evaluation
can then be performed by operators in a data gemitigout time consuming and expen-

sive cruises (Figure 5.3).
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Figure 5.3: A possible zooplankton observing netwdrto enhance traditional methods of zoo-
plankton sampling.
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