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DVM - diel vertical migration

dw — dry weight

EBUE — Eastern Boundary Upwelling Ecosystem
fw — fresh weight

GDP — gross domestic product

IMP — intermoult period

INC — size increment at moult

LDH — lactate dehydrogenase

MS — moult stage

NBC — Northern Benguela Current

nBus — northern Benguela upwelling system
OMZ — oxygen minimum zones

Pc — critical oxygen pressure

RQ - respiratory quotient

SDS - sexual developmental stage

SST - sea surface temperature
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ww — wet weight






.Das derzeitige Wissen uber die Uberaus komplexesathmenhéange zwischen
Klima, physikochemischen Meeresbedingungen, mari®&osystemen und
Fischerei reicht nicht aus, um verlassliche Progrmosiber die Reaktion der

marinen Systeme auf Klimaverdnderungen abzudeligondergutachten der
WBGU 2006)

.The current knowledge about the complex interattiobetween climate,
physicochemical marine conditions, marine ecosysteaand fisheries are
insufficient to make reliable predictions about tlksponse of marine systems to

climate change.(special report WBGU 2006; translated from German)



Deutsche Zusammenfassung

Deutsche Zusammenfassung

Euphausiiden, auch Krill genannt, sind in fastral\deeresgebieten der Erde anzutreffen und
dort teilweise mit sehr hohen Individuenzahlen ne¢ein. Durch ihre Biomasse, ihre
physiologische Plastizitat und ihre vermittelndeell®@hg zwischen Primarproduktion und
hoheren trophischen Ebenen nehmen diese Tiere $Stidlsselposition in marinen
Okosystemen ein. Kenntnisse uber ihre Verteilumge iHaufigkeit, ihre Lebenszyklus-
Strategien, ihr Wachstum, sowie Anpassungen desiBlogie und ihres Verhaltens an kurz-
und langerfristige Veranderungen ihrer Umwelt kdngenutzt werden, die hohe Variabilitat
in den Krillbestdnden zu erklaren und Aussagen dbarEinfluss von Umweltveranderungen
auf die Krillbestande zu ermdglichen. Ein Okosystémdem die Zooplanktonbiomasse von
Euphausiiden dominiert wird, ist der ndordliche Beelgstrom bzw. das ndordliche
Benguelaauftriebsgebiet.

Der nordliche Benguelastrom ist ein hochproduktived stark stratifiziertes Auftriebsgebiet,
welches durch vielfache Planktonbliten im Jahrésuércharakterisiert ist (poly-gepulst).
Hohe Fischereiertrage und grof3e Populationen arschiedenen Fisch-, Vogel- und
Robbenarten veranschaulichen die wirtschaftlichal uikologische Bedeutung dieses
Gebietes. Wahrend der letzten Jahrzehnte kam esefgreifenden Verdnderungen der
physikalischen und biologischen Zustande in dieseebiet. In diesem Zusammenhang
konnen Euphausiiden, bedingt durch ihre zentralesitla im Okosystem und als
Schlisselarten in Nahrungsnetzen, als kennzeiclenémdikatoren fir die stattfindenden
Veranderungen in ihrer Umwelt genutzt werden. Ksilhd in der Lage sich schnell an
biotische und abiotische Bedingungen anzupassenBuphausiiden beeinflussen sowohl
niedere als auch hohere trophische Ebenen. Fubesseres Verstdndnis der Prozesse im
Okosystem ist deshalb eine Erforschung dieser Ssélérten, ihrer Biologie und
Lebenszyklusstrategien, sowie Anpassungen ihresiBlogie und ihres Verhaltens an die
vorherrschenden Umweltbedingungen von grundlegeri®iedeutung. Der Schwerpunkt
dieser Arbeit liegt dabei auf den Anpassungen dellakken an die stark schwankenden
abiotischen Parameter (Temperatur und Sauerst@ffiggehund biotische Faktoren
(Nahrungsverfiigbarkeit). Ein besseres Verstandesskinflusses dieser Faktoren kann dabei
helfen, die variable Verteilung und Biomasse dieGere im nérdlichen Benguelasystem zu
verstehen und mogliche klimabedingte VeranderurdgmnOkosystemstruktur und Funktion
vorherzusagen. Bis zum heutigen Tage haben dkoghgsche Anpassungen von Krillarten,
trotz der groRen Relevanz dieser Tiere im Benglkekstem, wenig Aufmerksamkeit

erhalten. Das Ziel dieser Arbeit ist es deshalbigei dieser Licken zu schliel3en, wobei das
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Deutsche Zusammenfassung

Hauptaugenmerk auf dem Einfluss der Temperatur, 8aserstoffgehaltes und der
Nahrungsverfugbarkeit auf die Physiologie und dasrhelten der dominanten Arten,
besonder&uphausia hanserfzimmer 1915), liegt.

Ein Vergleich der physiologischen Anpassungen dekskan dieses poly-gepulste System
mit Anpassungen an einfach gepulste Systeme, widldlsee, soll helfen, den Einfluss des
Nahrungsregimes, sowohl in Bezug auf dessen Lalsgaugh die zeitliche Koordinierung,
auf die Physiologie von Zooplankton im Allgemeinen verstehen. Diese Doktorarbeit
besteht aus funf Studien, die die Temperaturgreri2gndas Vertikalwanderungsverhalten
(3), die physiologischen Leistungsfahigkeit (4) sowdie Position der Krillarten im
Nahrungsnetz (5) des Benguela-Auftriebsgebietesersuthen. Ein weiteres Kapitel
beschaftigt sich mit der anaeroben Kapazitatizohansen(6).

Der Einfluss der Temperatur auf die metabolischévitkt, also Atmung und Exkretion, von
E. hanseniund Nematoscelis megalop&s.0. Sars 1883) wurde mittels bordgestitzter
Laborexperimente untersucht. Sowohl die Respirati@hs auch die Exkretionsraten beider
Arten nahmen mit steigenden Temperaturen zu, wsibhidie Arten allerdings hinsichtlich
ihrer Anpassungsfahigkeit unterschieddfagitel 1). N. megalopsist besonders gut an
niedrige und E. hanseni an héhere Wassertemperaturen adaptiert. Untediicihie
Respirationsraten zusammen mit unterschiedlichesffv@chselsubstraten fihren béi.
hansenizu einem hdheren Energie- bzw. Kohlenstoffbedar¥/ergleich zuN. megalopsDie
ermittelten Temperaturgrenzen beider Arten ent$nedabei ihrer vertikalen Position in der
Wassersaule.

Das Vertikalwanderungsverhalten von Tieren trageblich zu dem Kohlenstofftransport in
die unteren Wasserschichten bei (Tarling and John&®06). Der ausgepragte
VertikalwandererE. hansenispielt in diesem Zusammenhang, im Gegensatz zu dem
schwachen Wanderungsverhalten vidn megalops eine bedeutende Rolle. Beide Arten
nutzen die Sauerstoffmangelzone als ein Refugium sich vor R&aubern zu schitzen.
Allerdings miedN. megalopsdie Temperatursprungschicht wohingeden hansenidiese
regelmaRig durchquerte. Andere Krillarten, ZZBphausia americangHansen 1911 hielten
sich meist oberhalb der Sauerstoffsprungschichuadfmieden Wassermassen mit geringen
Sauerstoffgehalten. Entsprechend scheinen sichKdikarten im Benguelastrom in zwei
Okologische Gruppen zu unterteilen und zwar eime,die Sauerstoffmangelzone nutzt und
eine, die diese weitestgehend meidet. Saisonaler&ifiiede des Wanderungsverhaltens im
Bezug zur Temperatur, zum Sauerstoffangebot und Nahlrungsverfigbarkeit konnten

festgestellt werden und Berechnungen des Energaetesdzeigten, dass die Temperatur das
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Vertikalwanderungsverhalten bestimmt, das durch &hrungsangebot weitergehend
beeinflusst wirdKapitel 2).

Das Nahrungsangebot im nordlichen Benguelastromd wdlurch Auftriebsereignisse
bestimmt, welche fur einen erhéhten Nahrstoffegiradie oberen Wasserschichten sorgen
und somit Phytoplanktonbliten induzierels. hansenistellt seine Fortpflanzungs- und
Hautungsaktivitaten auf diese Ereignisse @apitel 3). Sexuell reifere Weibchen weisen
einen hoheren Sauerstoffbedarf auf und dementsgmdckann der physiologische Zustand
von E. hanseni als Indikator fur die vorherrschenden Nahrungsigaigen bzw.
Auftriebsereignisse genutzt werden. Der physioldugs Zustand der Tiere ist dabei durch
kurzzeitige Veranderungen der Umweltbedingungenft(®ilp) starker beeinflusst als durch
saisonale Unterschiede. Ein Vergleich der metatindis Anpassungen vdh hansenan die
schwankende Nahrungsverfiigbarkeit mit Anpassurggsgien anderer Krillarten, wie
Meganyctiphanes norvegi¢&ars 1857) anBuphausia superbéDana 1850) zeigte, dass der
physiologische Zustand von Euphausiiden als zussid@r Indikator auch fiur kurzfristige
und langerfristige Umweltveranderungen dienen kann.

Um die Interaktionen verschiedener Komponenten Makrungsnetzes zu verstehen und
raumliche und zeitliche Variationen in der trophisc Position der Euphausiiden beurteilen
zu konnen, kamen stabile Isotopenanalysen zur Adumn Krillarten des nordlichen
Benguela-Auftriebsgebietes unterschieden sich ¢htigzh ihrer trophischen Position, diese
lag im Untersuchungszeitraum zwischen 2 un(Kdpitel 4). Die deutlichen Unterschiede
weisen auf regional verschiedene funktionelle Rolle Nahrungsnetz und Verschiebungen
in den Nahrungspréferenzen hin. Alle untersuchtemerA sind demzufolge omnivor.
Wiederum waren Unterschiede in der trophischen tiasi durch unterschiedliche
Auftriebssituationen ausgepréagter, als saisonaie.Adten der Gattundzuphausianahmen
innerhalb der Euphausiiden die niedrigste PositianNahrungsnetz ein, wohingegen die
Arten Thysanopoda monacantti®rtmann 1893)N. megalopaund Uberraschenderweise die
kleine, filtrierende Art Nyctiphanes capensigSars 1883) deutlich hodhere Positionen
besetzten.

Die ausgepréagte und in ihrer Ausdehnung noch zueallen Sauerstoffmangelzone hat aller
Voraussicht nach einen deutlichen Effekt auf didikale Verteilung und den Lebenszyklus
von Krill. Arten, die regelmaldig in dieser Mangdisht anzutreffen sind, sollten folglich
morphologische, physiologische und Verhaltensanpegesn an die  niedrigen
Sauerstoffgehalte entwickelt haben. Die stark rargnde ArtE. hansenieigt sich in diesem

Zusammenhang als ausgepragter Regulierer, alsg, faimabhéangig von der Menge an
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Sauerstoff im Atemmedium, eine konstante Respmat@stung aufrecht zu erhalten. In den
Experimenten war sie in der Lage bis zu einem Stofégehalt, der deutlich unter 0.5 mg O
L, zu tiberlebetKapitel 5). Ihr kritischer Sauerstoffpartialdruck lag dabeischen 1.3+0.3
mg O, L™ und 2.0+0.4 mg L™, abhangig von der Jahreszeit und Temperatur. BXisdae
Sauerstoffpartialdruck wurde durch VeranderungenVdassertemperatur beeinflusst, wobei
hohere Temperaturen zu einer Erhéhung des kritis€hePartialdruckes fiihrten. Dies kann
maoglicherweise, vor allem im Zusammenhang mit deschriebenen Erderwarmung, einen
erheblichen (negativen) Einfluss auf die vertikated horizontale Verteilung dieser Art im
ndrdlichen Benguela-Auftriebsgebiet haben.

Zusammenfassend lasst sich sagen, dass die Eupeagsimeinschaft des nordlichen
Benguelasystems, in Bezug zu den artspezifischepagsungen des Verhaltens und der
Physiologie an die stark schwankenden Umweltbediggn in diesem System, sehr divers
ist. Entsprechend dieser artspezifischen Anpassuagelie Temperatur, den Sauerstoffgehalt
und die Nahrungsverfiigbarkeit zeigen die dominanfeten deutlich unterschiedliche
autokologische Strategien, welche die Krillgemeast des nBus klar strukturieren.
Physiologische- und Verhaltensanpassungen erfolgtiioei an kurzfristige, meist
auftriebsbedingte, Veranderungen in der Umwelt umcht an saisonale Unterschiede.
Krillarten des ndrdlichen Benguelastroms eigneh sis Indikatoren fir die vorherrschenden
Umweltbedingungen und dartber hinaus zeigen si®klkurzfristige als auch langerfristige
Veranderungen in der Umwelt an. Diese Indikatorfiork erméglicht es Euphausiiden als
Modellorganismen fir den Vergleich zwischen einfagpulsten und mehrfach gepulsten

Systemen in Schelfmeeren zu nutzen.



English summary

English summary

Euphausiids are distributed ubiquitously across tih@be and many krill species are
represented in extraordinarily high numbers in oasi ecosystems. Their biomass,
physiological plasticity and importance as a traplmk between primary production and
higher trophic levels enable these animals to Kiély positions in marine ecosystems.
Knowledge about their distribution, abundance, -fifgtory traits, growth patterns,
physiological and behavioural adaptations to shamd long-term changes in their
environment will help to understand both spatiatl damporal variability found in krill
populations. Changes in krill distribution and atdance may significantly impact the food
web and ecosystem structure and functioning. Omesystem, where euphausiids play a
pivotal role and can dominate the zooplankton b&snas the Northern Benguela Current
(NBC) also called the northern Benguela upwellipgtsm (nBus).

The NBC is a nutritionally poly-pulsed, highly protive and stratified coastal upwelling
system. High fishery yields and large populatiorisfish, birds and seals point to the
economic and ecological importance of this areaef physical and biological changes
have occurred over the last decades in this EaBeundary Upwelling Ecosystem (EBUE).
As a component keystone species in the food webeoNBC the dominant krill species may
serve as indicators for ongoing changes in therenmient since they are known to react
quickly to changes in abiotic and biotic conditiotisis therefore crucial to enhance our
understanding of the biology and life-history oé ttiominant krill species in this area and to
investigate their physiological constraints and dwebural adaptations to the prevailing
conditions. Most notable and important areas fath&r investigations are adaptations to
highly fluctuating abiotic parameters, such as terajure and dissolved oxygen , as well as
metabolic and life-history adaptations to shortrterpwelling pulses and seasonal differences
in terms of food availability. A better understamgliof how these parameters impact the
variable distribution and biomass of euphausiidsthe challenging northern Benguela
upwelling system will help to predict possible chitae induced changes in ecosystem structure
and functioning. To date, ecophysiological adaptetiof euphausiids from the NBC have
received little attention, despite their importaoie for this ecosystem. The aim of this thesis
is to fill some of these gaps and to elucidateittieence of temperature, oxygen and food
availability on the physiology and behaviour of tdeminant krill species, principally
Euphausia hanserfzimmer 1915)

Furthermore, a comparison between the physiologidaptations of krill to this nutritionally

poly-pulsed system and those to mono-pulsed systenth as the North Sea, will help to
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English summary

understand the impact of the productive regime ifigmand duration of pulses) on
physiological adaptations of zooplankton in gendrathis regard, euphausiids may serve as
useful model organisms with a great capacity fqylyapg general concepts to other similar
organisms. This thesis compiles five chapters fogusn (1) thermal constraints, (2) diel
vertical migration behaviour, (3) physiological foemance and (4) trophic position of krill
species in the nBus. Furthermore, a chapter comgethhe anaerobic capacity Bf hansenis
included (5).

The impact of temperature on the metabolic activigspiration and excretion rates, ©f
hanseniand Nematoscelis megalog$.0. Sars 1883) was determined through laboratory
experiments on board research vessels. Respinatiea and excretion rates of both species
increased with rising temperatureSh@pter 1). However, the impact of temperature on
metabolic activity differed significantly betweepexies.N. megalopshowed adaptations to
low water temperatures whergashansenivas better adapted to warmer temperatures. These
different thermal constraints correspond to thespective vertical positions in the water
column. Each species uses a different predominatabolic substrate. Thus the energy
demand, as measured by carbon demand, is muclegfeatt. hansenicompared ta\.
megalops

Diel vertical migration (DVM) of animals indirectlgontributes to downward transport of
carbon (Tarling and Johnson 2006). In this regdmel pronounced long range vertical migrant
E. hansenisignificantly contributes to the carbon transfesni the upper water layers to
deeper waters, relative to the weak migfdntmegalopsWhile both species used the oxygen
minimum zones (OMZ) as a refuge from predatibin,megalopsavoided the thermocline
whereasE. hanseniregularly crossed it. Other krill species, suchEaphausia americana
(Hansen 1911), remained usually above the oxycind avoided low dissolved oxygen
concentrations. Accordingly, euphausiids in the s\Bare separated into two ecological
groups; one that uses and one that avoids the (d@sonal behavioural differences, due to
differences in temperature, dissolved oxygen leaeld food availability were apparent and
energetic analyses suggest that temperature wastiling factor, with food supply further
modifying the DVM behaviour of kril{Chapter 2).

Food supply in the NBC is determined by upwellingergs which draw up deep-water
nutrients and favour subsequent phytoplankton b&oRavourable feeding conditions are
known to enhance growth and reproductive effort cfBwlz 2003). Consequently,
reproductive effort and moult activity &. hansenare determined by upwelling@hapter 3).

Oxygen demand oE. hansenifemales at later sexual developmental stages vwasted.

6



English summary

Differences in physiological performance were magparent on short time-scales than
between seasons. A comparison between the metaddiptations oE. hanseniand the
adaptations oMeganyctiphanes norvegid®&ars 1857) an&uphausia superb@Dana 1850)

to the fluctuating trophic environment indicatedtthdespite different adaptive strategies, the
physiological performance of euphausiids can beeduliindicator of the ongoing short- and
long-term changes in the environment.

To understand interactions between different cormepts of the food web and to assess
spatial and temporal variation in the trophic gositof the euphausiid community, stable
isotope analyses were conduct&te trophic position of krill species in the NBCrieal both

in space and time between levels 2 an{Chapter 4). These high variations suggested
regionally divergent functional roles and dietatyifts. All krill species are considered
omnivores, with species-specific variation in digtamphases. However, upwelling mediated
differences in the trophic level (TL) of euphausiidetween seasons were less pronounced
than regional ones. The species of the gdfwshausiaoccupied the lowest trophic levels
whereasThysanopoda monacantl{f®rtmann 1893)N. megalopsand surprisingly the small
filter-feeding specieblyctiphanes capens{Sars 1883) filled significantly higher TL.

The pronounced and expanding oxygen minimum zo@&4Z) in the nBus may severely
affect the vertical distribution and life history krill species. Yet, adaptations to low oxygen
levels should have evolved within species that leeuinhabit these areas. The pronounced
vertical migrantE. hansenishowed a high degree of regulation capacity and atds to
survive at an oxygen level well below 0.5 mg D" (Chapter 5). The assessed critical
oxygen pressure @Pvaried between 1.3+0.3 mg @™ and 2.0+0.4 mg ©L™ dependent on
temperature and season. Rises in water temperalenrated the £and thereby the oxygen
concentration at which the onset of the anaerolatabolism takes place. This may severely
affect the vertical and horizontal distributionfhanseniespecially in conjunction with the
ongoing climate change.

In summary, the nBus euphausiid community is highiserse with respect to physiological
and behavioural adaptations to prevailing and @latthg environmental conditions. Species-
specific adaptations to temperature, oxygen and gailability show that the predominant
species have distinct “autecological strategiesgding to a highly structured euphausiid
community in the NBC. Physiological and behaviowdéptations were driven by short-term
differences in environmental conditions mediated upyvelling and non-upwelling events
rather than seasons. Furthermore, krill speciesheén NBC are useful indicators of the

prevailing environmental conditions, both on shertm and long-term scales. This may allow
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euphausiids to be used as suitable model orgari@neemparison between mono- and poly-

pulsed systems.



Key findings

Key findings

l. Thermal constraints on the respiration and excretio rates of krill, Euphausia
hanseni and Nematoscelis megalops, in the northern Benguela upwelling
system off Namibia

Respiration and excretion ratestbfhansenandN. megalopwere positively
correlated with temperature.

The impact of temperature on the respirationsrate both species differed
significantly.

N. megalopshowed adaptations to low temperatures betweena&tiC10°C,
wherea<e. hansenshowed adaptations to higher water temperaturegeka
10°C and 20°C.

Physiological adaptations of both species cormedpd to their preferred
ambient temperatures as displayed by their diftereartical migration
behaviour.

E. hanseni predominantly metabolized proteins wheredls megalops
predominantly metabolized lipids.

Carbon demand ®i. megalopsvas lower than ifc. hanseni.

Il. Diel vertical migration behaviour of euphausiids ofthe northern Benguela
Current: Seasonal adaptations to food availabilityand strong gradients of
temperature and oxygen

Euphausiids were divided into two different ecadad groups: species that
enter and species that avoid the oxygen minimune zo

Energy budgets foE. hanseniand N. megalopsindicated that the vertical
position of krill species was controlled by tengiere and further

influenced by food abundance. This was apparemt Beasonal differences in
their vertical position due to variations in termgdere, oxygen- and food
availability.

E. hansenis a strong vertical migrator, regularly crossthg thermocline and

leaving the OMZ for short feeding excursions.

In contrastN. megalopshowed marginal diel vertical migration, avoidithg

thermocline and staying in the OMZ at all hoursheaf day.



Key findings

I1I. Regional and seasonal differences in physiologigaérformance of Euphausia

hanseni in the northern Benguela ecosystem, influenced hypwelling

Upwelling pulses, which induce sudden changesh@ttophic environment,
appeared to control reproduction and moult agtimite. hanseni

Metabolic rates were more influenced by eventhatt-time scales rather than
differences between seasons.

Females oE. hanseniwith high sexual developmental stages (SDS) showed
higher respiration rates than those with low SDS.

Moult stages did not affect oxygen consumptioesahE. hanseni

Euphausiids were identified to be useful indicatof the current hydrographic
and trophic conditions and indicators for shortie changes in the

environment.

IV.  Trophic position of euphausiid species of the norrn Benguela upwelling

system determined by stable isotopes — a regionaldaseasonal comparison

Regional differences in the trophic position opkausiids in the nBus were
more pronounced than seasonal ones, leading tonedly divergent roles in
the food web.

All krill species showed omnivorous feeding.

N. capensis,a comparably small filter-feeding species, occupiad
unexpectedly high trophic level, apparently duétding on micro-plankton.
Trophic levels of euphausiids ranged from 2.1.fg dharacteristic for primary

to tertiary consumers.

V. First results on the anaerobic capacity oEuphausia hanseni in the NBC

E. hansenimaintained a constant oxygen uptake irrespectivihe® ambient
oxygen levels over a broad range of oxygen saturatihich was demonstrated
by a high regulation index (RI) of 0.7+0.2.

The critical oxygen pressure JPwhich marks the onset of the anaerobic
metabolism varied between 1.3+0.3 mg O! and 2.0+0.4 mg © L%,
dependent on temperature and season.

The R was influenced by temperature, illustrated by i& $sbwards a higher

Pc at higher water temperatures.
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This cumulative PhD thesis consists of four maripserthat contributed to the GENUS
project (Geochemistry and_d&blogy of the _Mmibian pwelling System) and one
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manuscript was prepared and written by T. Wernéh wontributions by all co-

authors listed.

Il. Werner, T. and Buchholz, F. (2012) Diel vertical migratiorehaviour in

Euphausiids of the northern Benguela Current: Sedsadaptations to food
availability and strong gradients of temperaturd arygen.Journal of Plankton
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The ideas and concepts for this manuscript werepdechby T. Werner and F.
Buchholz. Sampling was done by T. Werner and FhBalz during winter 2010
and by F. Buchholz in 2004/2008. Enumeration ofsereed krill samples was
conducted by R. Schumacher. The applied conceptodel was designed by T.
Werner. The manuscript was prepared and writtef. /erner with contributions
by F. Buchholz.
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Werner, T. and Buchholz, F. (2012) Regional and seasonakrdifices in
physiological performance oEuphausia hansenin the northern Benguela
ecosystem, induced by upwelling. Marine  Biology (submitted)
The ideas and concepts for this manuscript werepdethby T. Werner and F.
Buchholz. The moult stages and the sexual develofahstages oEuphausia
hanseniwere determined by F. Buchholz and C. Buchholgisted by T. Werner.
Metabolic measurements were conducted by T. Werfike manuscript was

prepared and written by T. Werner with contribusidry F. Buchholz.

Werner, T. and Buchholz, F. (2012) Trophic position of eughialuspecies of the
northern Benguela upwelling system determined lplstisotopes — a regional
and seasonal comparison.

The ideas and concepts of this manuscript were dedhpy T. Werner and F.
Buchholz. Preparation of samples was done by T.néfefThe manuscript was
prepared and written by T. Werner with contribusidny F. Buchholz.

The data shown in this manuscript will be used domodeling approach with
ECOPATH/ECOSIM in order to describe the trophicemattions and energy
fluxes in the pelagic food web. This will be done gombination with other
GENUS sub-projects.

Werner T. First results on the anaerobic capacitfEaphausia hanserm the

NBC

The idea and concept of this chapter were compidgdT. Werner and F.
Buchholz. Respiration measurements and calculatwaeee conducted by T.

Werner. The chapter was prepared and written MWy/d&rner.
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Introduction

Introduction

Coastal waters and environmental changes

Coastal and shelf waters play an important roladtrient cycles as well as the uptake and
discharge of climate relevant gases. Approxima&6B6 of organic carbon runoff from land is
stored in the sediments of coastal oceans. Duehighabiodiversity and rich fishery yields,
these areas are of great ecological and socio-etorimportance. Although coastal (shelf)
areas account for only 7% of the ocean surface, ¢batribute up to 90% of global marine
fish catches and contain the bulk of primary ancbsdary production. Moreover, they are
often rich in natural resources, such as ore, gasal. Coastal marine ecosystems have
therefore been greatly exploited by humans andhmeatened by the ongoing anthropogenic
induced climate change (IPCC 2001 and 2007). Rbgetiitere has been an increasing
scientific effort to evaluate the impact of champgienvironmental conditions on the
physiological state and population dynamics of oigras, which will permit more accurate
predictions of changes to ecosystem structure anctibning. Such research has been largely
motivated by preserving the commercial resourced antrition security that these

ecosystems provide to adjacent countries.

The combined effects of anthropogenic disturbarmed climate related changes affect
marine ecosystems, primarily through their highephic levels, and these effects may
cascade down to lower trophic levels (Casini e2@D8). In turn, lower trophic levels, e.g.

zooplankton, may channel the environmental changeshigher trophic levels, like

commercially important fish species (Mélimann et24105). Accordingly, zooplankton play a

decisive role in the impact of changing environmaérgonditions on pelagic ecosystems
(Molimann et al. 2003 and Chiba et al. 2006). Hogvgehanges in environmental conditions
can alter the strength of interactions betweenispén the food web of pelagic ecosystems at
all trophic levels and lead to alterations in theuradance of species and changes in
community compositions.(Kraberg et al. 2011) Thelects may be direct, e.g. through the
expansion of oxygen minimum zones, elevated watemperatures, ocean acidification and
changes in hydrodynamic conditions or indirect tigto alterations in food web dynamics
(Portner and Peck 2010). In this regard, the sgcoésan individual, and by extension a
species, is determined by its physiological plastiln responses to changes in abiotic
conditions such as temperature, ocean carbon dioewdels and oxygen availability. The

occurrence, distribution patterns and survival gabé pelagic species are determined by
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environmental conditions (Bakun and Broad 2003)cléfsely interlinked species differ in

their plasticity and sensitivity to changes in tphysical environment, the interactions
between them will also be affected (Walther et28l02) and indirectly alter interactions
through the entire food web (Edwards and Richard20@4). Taylor and Rand (2004)

provided evidence that hypoxia can lead to a ddooymf predator-prey interactions and
change trophic fluxes within the food web. In gahethe warming of water masses is
associated with latitudinal displacements of popaites, particularly phyto- (Richardson and
Schoeman 2004) and zooplankton (Richardson 2008§deéh shifts in structure and

functioning of a marine ecosystem from one alterrstite to another and physical driven
shifts in biological systems are referred to asmegshifts (Kraberg et al. 2011). Recently,
several anthropogenic and climate related changesarious marine ecosystems were
detected (cf. Walther et al. 2002, Cury and Shar2@®, Smetacek and Nicol 2005, IPCC
2007, Portner and Peck 2010, Kraberg et al. 2011).

For example, a trend towards a greater number boddance of warm water species has
been observed in the North Sea (Beaugrand 2004 pecmdingly, species abundance and
composition had changed (Alheit 2009). Rising watmperatures affected timing and
abundance of plankton species and thereby redeedurvival of young cod (Beaugrand et
al. 2003). In the Baltic Sea, temperature and Gtmn changes are assumed to be
responsible for diatoms no longer dominating thengpbloom, having largely been replaced
by dinoflagellates (Wasmund and Uhlig 2003). IntArevaters, declines in sea ice coverage
and warming water temperatures affect the curremhgry production regime, timing of
phytoplankton blooms and functioning of sea-ice oamities (Sgreide et al. 2010). Changes
within the composition of the euphausiid communmitya high Arctic fjord, with more species
from an Atlantic origin (Buchholz et al. 2010), atiek first observation of krill spawning in
this area (Buchholz et al. 2012, see attachmemt)iraticative of on-going (temperature)
changes, which may affect the Arctic food web ametdfore, influence ecosystem structure
and functioning. In the Antarctic, the abundandstritbution and life cycle of Antarctic krill
(Euphausia superaare most likely negatively affected by declinessea ice coverage and
warming of water (Flores et al. 2012, see attaclm&foreover, changes in krill abundance
and distribution drastically affect food-web intetians (Atkinson et al. 1999, Reid and
Croxall 2001, Atkinson et al. 2004) and alter pted#oraging ecology (Fraser and Hoffmann
2003). In the Humboldt Current periodical regimétsHrom sardines to anchovies appear to
be driven by temperature and oxygen availabiliBertrand et al. 2011). The highly

productive coastal upwelling system of the NortheBenguela Current (NBC) has
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experienced a decline in sardine and anchovy stdekgely replaced by gobies, horse
mackerel and jellyfish (Cury and Shannon 2004),clwhincurred severe costs to the pelagic
fisheries of Namibia (Fig. 1). Euphausiids oftemeate zooplankton communities, show
high abundances and biomasses throughout the wartetans and form a central component
of many food webs (Ekau et al. 2010). Thus, they re@rve as indicators for changing

environmental conditions in pelagic systems

This thesis focuses on the impact of fluctuatingtad (temperature and oxygen supply) and
biotic (food availability) parameters on euphausiighysiology and behaviour, and assesses
the trophic position of krill species in the comuially important marine ecosystem of the
northern Benguela off Namibia. Furthermore, diffexes in the physiological and behavioural
adaptations of euphausiids between nutritionallyyjpoilsed systems, like the northern
Benguela, with mono-pulsed systems, like the N&#a will be elaborated. The following
chapter summarizes the physical and biological adtaristics of the nBus along with
anthropogenic and climate related changes on-gairiige ecosystem. A general description

of krill biology and a detailed description of theedominant krill species of the nBus are also

provided.
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The northern Benguela upwelling system (nBus)

The Benguela upwelling ecosystem located off thetweast of South Africa, Namibia and
Angola is one of the four major Eastern Boundarywelting Ecosystems (EBUE) in the
world's oceans. EBUE form less than 1% of the wasttbans by area, but provide
approximately 11% of the global new production (Epaimary production associated with
newly available nitrogen (Chavez and Toggweiler3)®%and up to 20% of the global fishery
catches (Pauly and Christensen 1995). The NortBerrguela Current (NBC) is divided in
two sub-systems by the strong permanent upwellgtigat Lideritz around 26°S (Boyer et al.
2001), namely the Northern Benguela Current (NB@) Mamibia and Angola and its
southern counterpart, the southern Benguela Cuafér8outh Africa (Fig. 2). The northern
Benguela upwelling system (nBus) extends from thegoda-Benguela front (16°-17°S)
southwards to the strong Luderitz upwelling celut{¢hings et al. 2009), is characterized by
cool, nutrient-rich upwelled waters and a high pipjankton biomass (500-600 g C*rpear*
Lalli and Parsons 2006), which largely determiresyteld of local and commercial fisheries.
Primary production is mainly dependent upon théane upwelling of cold, nutrient-rich
waters because of the enduring SO trade winds,hadriwe the seaward advection of surface
waters due to strong Ekman transports. These ntHigh upwelled waters induce intensive

primary production, characterized by diatoms, fawrgushort food chains.
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Every year, warm, highly saline water is advecteamf the Angolan Dome into the NBC
(Boyd et al. 1987). These southward intrusions s@yetimes range as far as 25°S and are
called Benguela Nbs, analogous to Pacific El fiti events (Shannon et al. 1986). However,
these events are less frequent and less intensehbm Pacific counterparts (Shannon et al.
1986).

The nBus is a nutritionally poly-pulsed and higlslyatified environment characterized by
perennial upwelling and strong winds, which makenié of the most productive areas in the
world’s oceans. Accordingly, interest in this aireen commercial fisheries is high. Fisheries
in the nBus provide Namibia with a gross annuafipod US$ 592 million (FAO 2004-12).
Fisheries contributed approximately 7% to the GD& approx. 15% to total export earnings
for Namibia in 2005 (FAO 2004-12). Howeyeluring the last decades substantial changes
have been observed in the nBus. From the 1970ssticidecline in sardine biomass caused a
shift from a sardine-dominated system to a systdrareva suite of planktivorous fishes, like
horse mackerels and pelagic gobies, prevail (BaperHampton 2001). Historically, sardine
fisheries have always been important to Namibidh wp to 1.4 million tons caught in 1968
(Boyer and Hampton 2001), however, yields of snpalagics have declined and have
remained below 100 000 tons since the early 1988s (ler Lingen et al. 2006, Fig. 1).
Accordingly, the importance of small pelagics, |g#&dines $ardinops sagalenyns 1842)
and anchoviesEngraulis capesis (Gilchrist 1913)), for fisheries has decreaaad larger
fishes, like horse mackerel$rachurus trachurugLinnaeus 1758)) and hakesvigrluccius
capensis(Castelnau 1861) anMlerluccius paradoxugFranca 1960)), have become more
important (van der Lingen et al. 2006). Overexpioan is believed to be accountable for the
decline in sardine stocks and physical environmertamalies, such as the intensification of
hypoxic conditions and strong Bengueldidé are believed to be responsible for poor sardine
recruitment (Cury and Shannon 2004). Changes irrdaychamics can directly influence
oxygen levels over the shelf. Oxygen levels aresallt of several processes, including the
decay of organic material on the shelf, the infif>oxygen-depleted water masses from the
Angolan dome and well-oxygenated waters from thpeCRasin (cf. Monteiro et al. 2008).
Moreover, upwelled low oxygen waters on the innleelsmay interact with naturally or
eutrophication-induced hypoxic waters (Strammal.eR@10). However, Cury and Shannon
(2004) showed that climatic driven changes in tin@drenment can lead to alterations at the
base of the food web and affect higher trophic lkeby favoring e.g. gelatinous organisms.
The two jellyfish specie€hrysaora hysoscelldLinnaeus 1766) andequorea forskalea

(Forsskal 1755, previousli. aequorea became noticeably more abundant (Boyer et al.
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2001) and jellyfish biomass is now estimated toeexicthe biomass of once abundant fish
species (Lynam et al. 2006). Clearly the ecosysttocture and functioning of the NBC has

changed over the last three decades (Heymans2z£Gal). The removal of certain species and
age classes, due to a overfishing may further shadtte food chain and reduce ecosystem
resilience (Hutchings 2000).

In the northern Benguela ecosystem, omnivore elgiidiguform a pivotal component of the
mesozooplankton community (Barange et al. 1991) ean dominate the zooplankton
biomass. They are an important food source forpigalators such as fish (Macpherson and
Roel 1987, Roel and Macpherson 1988) and facilithee energy flow between primary
production and higher trophic levels (Ekau et &1@. Thus, euphausiids may be useful
indicators of changes in food web composition amdrenmental conditions over short- and
long-term periods. The lower trophic level of tleod web in the nBus is mainly dominated
by diatoms, which are preferentially eaten by capksp like Calanus carinatusand
euphausiids, liké&. hanseniandN. capensiswhich in turn are eaten by horse mackerel and
clupeoid fishes (Fig. 3). Changes in krill popwas may thus have dramatic impacts on the
ecosystem and vice versa, ecosystem changes maystgaffect krill populations.
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T Figure 3 Conceptual model of the northern Benguela food ambits trophic interactions
(Figure taken from the project proposahef GENUS project)
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Krill biology

Euphausiids, or so called krill, are relativelygarshrimp-like holoplanktonic, eucaridean
crustaceans. The word krill" refers to the Nonaegword ‘krill” for “'small fish® and was
first introduced by Norwegian whalers who foundsiaesmall fishes™ in huge amounts in the
stomachs of baleen whales (Nicol 1994). There &@especies included in the order
Euphausiacaeadistributed between two families and 11 generiblfGns 1997). Euphausiid
life spans vary with the latitude; subtropical darapical species haveliée span of approx. 6-

8 months, whereas high latitude species ltksuperbacan live for more than 6 years (Siegel
2000). Krill are exclusively marine and distributedridwide in high abundances, ranging
from tropical to high latitude polar regions (Sied00). While they inhabit various
ecosystems with marked differences in environmeotaditions, krill are able to quickly
react and adapt to changes in their environmenthi{Boiz 2003). Euphausiids compromise
major proportions of the zooplankton biomass in Mwrth Pacific Euphausia pacifica
(Hansen 1911)), North Atlantid\. norvegicd, Antarctic Ring OceanH. superbajpnd NBC
(E. harseni andN. capensis A better understanding of krill population paeters will help

to assess their importance in the energy flow betvteophic levels and to predict the impact
of climate variability on euphausiid populationse@el 2000). Spatial distribution patterns of
euphausiids are influenced by several factors, saghcirculation patterns, temperature,
recruitment success and behaviour. iAnse vertical migrators, krill play an important
role in the downward transport of carbon. Migratiegphausiids have to cope with large
physical variations in their environment, espegitdimperature, food and oxygen availability.
Despite their ecological importance for marine gsteams, euphausiids have become a target
for human exploitation (Siegel 2000) and are majpmgcessed for the diets of farmed fish
(Lalli and Parsons 2006). Euphausiids are genecatiigivorous. Their diet consists largely
of detritus, phytoplankton and a variety of zooglam species. Larger species, like
hansenj are also capable of feeding on fish larvae. Heredifferent genera are prone
towards either herbivory or carnivory (Pillar et 5992).

The generallife cycle of euphausiids has been studied intensively (&grney 1942,
Mauchline and Fisher 1969, Iguchi et al. 1993, PBakbv 2000) and despite minor
differences between species, is relatively wellaratbod. Krill are gonochoric. During the
mating process a spermatophore is transferred fnenmale via modified *1pleopods to the
thelycum of the female. The fertilized eggs aréhegitcarried in an ovigerous sac (sac
spawners) or are directly released into the watdunen (broadcast spawners). Euphausiids

20



Introduction

have a discontinuous development through sevemallatages from the first nauplius stage
to the last furcilia stage before they reach thvenile phase, each stage being sub-categorized
further. The exact sequence and number of laraglest vary within species and depend on
the prevailing environmental conditions. The filastval stages lack developed mouthparts
and a digestive tract and are therefore considéremh-feeding” stages. The earliest
development of mouthparts can occur at calyptogers furcilia) stages. It would be
evolutionary favourable to time these developmemstalges to occur during favourable
feeding conditions. Krill can havaultiple broods during a year. The timing and length of
the spawning season vary interspecifically but ddpgtrongly on environmental conditions,
like temperature and food availability (Siegel 2000arling and Cuzin-Roudy 2003).
Euphausiids therefore adapt their reproductive esydb local feeding conditions artkde
recruitment success of krill species depends bothdequate condition of the females prior to
spawning and favourable trophic conditions duriagydl development (Tarling and Cuzin-
Roudy 2003).According to Mauchline (1980) observing a diversifylarval forms at any
given time is an indicator of suboptimal or varyiegvironmental conditionssrowth and
moulting in euphausiids species under various ¢mmd has been intensively studied (e.qg.
Mauchline 1985, Buchholz 1985 and 1991, Buchholaletl996, Iguchi and Ikeda 1995,
Atkinson et al. 2006 and Pinchuk 2007). Temperatmd food availability are the main
drivers (Huntley and Boyd 1984). In some euphasgsasten shrinking has been observed
under adverse conditions (Buchholz 1985, Shaw. &0dl0). Krill are able to quickly react to
changing environmental conditions, particularlydieg conditions, by adjusting both their
size increment at moult (INC) and the intermoultriget (IMP) (Buchholz 2003).
Synchronization of moulting within a krill swarm snae a common strategy (Buchholz et al.
1996, Tarling and Cuzin-Roudy 2003), possibly teigggl by favourable feeding conditions. A
cyclical coupling of moult and reproduction typically occurrs (Cuzin-Roudy 1993 and
2000) with both processes being influenced by ezlefiactors like temperature and nutrition
(Cuzin-Roudy and Buchholz 1999Metabolic adaptations in euphausiids have been
identified in relation to several internal and ewrtd stimuli, including temperature (e.qg.
Hirche 1983), pressure (e.g. Teal and Carey 19@hY, (e.g. Pearcy et al. 1969, Teschke et
al. 2007), and nutrition (Buchholz and SaborowsBD®. Thus, metabolism is species-

specific and influenced by numerous processes.
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Euphausiids of the northern Benguela upwelling gstesn

In the nBus, krill occupy an important niche asoad source for top predators such as fish
(Pillar et al. 1992). For exampll, capensiss the dominant food source of young Cape hake
(M. capeni} and adult horse mackerelB. trachuru$ feed almost exclusively on euphausiids
(Andronov 1983, Konchina 1986). Anchovies feed premhantly on large zooplankton
including euphausiids (James 1987). As omnivorephausiids are capable of using
fluctuating food conditions, characteristic of tNBC, to their advantage (Pillar et al. 1992).
They can switch from one food source, such as pigtiton, to another, such as
zooplankton, and thus exploit the NBC plankton camity efficiently. However, despite
their ecological importance in most of the worldeeans, research attention has not been
distributed evenly (Siegel 2000) and knowledge alsayhausiids of the nBus is relatively
scarce. For example, detailed information on grow#production and metabolism as a
function of temperature and oxygen levels are lagkiOf the eight species regularly
occurring in this ecosystem, three of thdbuphausia hansenNematoscelis megalo@nd
Nyctiphanes capensghow high abundances and biomasses (Barange aad $991, pers.

obs.) and will be described in more detail below.

Euphausia hanseni (Zimmer 1915):
Despite its high abundance and biomass
the northern Benguela upwelling

ecosystem, relatively little is known abou

this species. The only publications abol

Euphausia hanseni

adults of E. hanseni(Fig.4) concern its

reproductive potential (Stuart and Nicol
. ) T Figure 4 Lateral view ofEuphausia hanseni

1991), distribution patterns (Barange and

Stuart 1991, Barange et al. 1992), maintenance améins (Barange and Pillar 1992), and
diel vertical migration behaviour (Barange 199B).hansenis a comparably large species
(adults: 19-27mm and up to 33mm in the nBus (pels.)) with a life span of at least 6
months (Barange and Stuart 1991, own observatofisyear).E. hansenattains a maximum
body size in September, coinciding with the maximuatensity of upwelling, and maximum
densities coincide with seasonal warming (Barang# Stuart 1991). It lives in the coastal
south-east Atlantic from 26°N to 33°S. In the nBigsnales reach a larger size than mdtes.
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hanseniis an omnivorous species, with swarms stronglglleed around the shelf break and
most animals occurring at depths of 200-1000m (Bggaand Stuart 1991). Feeding
appendages (mouthparts) ih hanseniare well adapted for filter feeding (Mauchline and
Fisher 1969) mainly on copepods, dinoflagellates tmtinnids. However, prey selection in
E. hanseniis basically passive (Barange et al. 1991). Ifqrers pronounced diel vertical
migration (up to 400m) with different night-timertieal distributions differing between sexes
(Barange 1990). Accordingly, this species encosnéewide range of ambient temperatures
and oxygen levels, which can strongly affect itdabelism, physiological performance and
behaviour.E. hansenishows continuous breeding with broods compromisiedelatively
large eggs, which are broadcast after fertilizatiio the water column (Barange and Stuart
1991). Its larval development is comparable to dfaither neritic and shelf species (Barange
1990.

Nematoscelis megalops (G.O. Sars 1883)
Possibly due to its wide distribution rand =t - D
N. megalopgFig. 5) is comparably we i—i ==
studied. Various papers about T
abundance and distribution patterns (g
Mauchline and Fisher 1969, Lindley 198
Wiebe and Boyd 1979, Cartes et al. 1994,

Nematoscelis megal ops

. . ] T Figure 5
Gibbons et al. 1995), its dietary | ateral view ofNematoscelis megalops

preferences (e.g. Barange et al. 1991, (Baker, Boden and Brinton 1990)

Gurney et al. 2001 and 2002, Richoux

2011) and its biochemical (elemental) compositiery.( Gorsky et al. 1988, Lindley et al.
1999) have been published. However, data ablouhegalopsn the nBus and physiological
adaptations to environmental conditions, in genena still missing.

N. megalopccurs in the warm-temperate belts of the north south Atlantic. It has been
sampled in the Indian Ocean, south Pacific, an@pfears also in the Mediterranean Sea.
Migration across the Gulf Stream has led to isdlgtepulations in northwestern Atlantic
cold-core rings\Wiebe and Flierl 1983 Recently,N. megalopsvas observed in a high Arctic
fjord in West Spitsbergen (Buchholz et al. 201)eThorizontal distribution oE. hanseni
andN. megalopsn the nBus largely overlaps (Barange et al. 198dults of N. megalops
achieve a length of 22-26mm and several publicatreport a high degree of carnivory in this

species (e.g. Barange et al. 1991, Gurney et &2)2@vhich is further supported by their
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extremely elongated"? thoracic leg equipped with a group of long, stnsiglistal spines

(Fig. 6).
These elongated limbs and into two lobes

divided eyes are supposed to represen
adaptations to carnivorous feeding (Mauchling
1980). In contrast to their feeding ecology their
DVM behaviour is still unclear (Wiebe et al.
1982, Roe et al. 1984, Barange 1990), but

preliminary reports regardN. megalopsas a

weak migrant. Larval development consists of  Figure 6

four different phases: metanauplius, calyptopsis, View of distal end of the"2 thoracic leg of
. . . . N. megalopgquipped with spines
furcilia and juvenile (Gopalakrishnan 1975).

Nyctiphanes capensis (Hansen 1911):

~

N. capensigFig. 7) shows extraordinaril

high abundances over the Namibian sh
However, as in the case fd&. hanseni,
knowledge of its autecology is relative

poor. Most publications to date studied &%

distribution patterns (Barange and Stu Nyctiphanes capensis Q

1991, Barange and Pillar 1992, Barange and
] T Figure 7
Boyd 1992, Cornew et al. 1992), life- | ateral view ofNyctiphanes capensismale

history (Barange and Boyd 1992, Pillar (Baker, Boden and Brinton 1990)

1985, Stuart and Nicol 1986), trophic

ecology (Pillar et al. 1992) and DVM (Barange andlaP 1992). This coastal species
regionally dominates the NBC zooplankton commuaitg occurs in shelf and slope waters
to about 250mN. capensisabundance considerably drops near the shelf-bffegilar and
Stuart 1988, Barange and Stuart 1991, Barange #élad F992). It can be encountered in the
South African coastal region, Cape Verde Islandjr&n and Cape Blanc. Adults reach a size
of 12-21mm in the NBC, which is in contrast to otteeas, where the maximum size
recorded was only 13mm total length (Barange andr61991). Their life span is estimated
to be approximately 6 months (Barange and Stua®tlJl9Males are larger than females,
suggesting different growth rates or a differefg §pan. Maximum body sizes M capensis,

like in E. hansenicoincide with the maximum intensity of upwellingd maximum densities
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with seasonal warming (Barange and Stuart 19913tribution patterns remain constant
throughout the year and biomass is compared tor abphausiid species in temperate
regions, exceptionally high (Barange and Stuartl199. capensislike E. hansenidisplays
continuous breeding in the nBus. HoweverNincapensighe spawning frequency is lower
and spawning takes place in neritic waters withsecayried in a brood pouch until they are
released as metanauplii into the water column (Bpgraand Stuart 1991). As suggested by
these authorBl. capensigemales may use cross-shelf transport for spawtoimgaintain high
abundances in this area. DVM behaviour is stillartain. Due to its high biomass this species

is an important diet for several fish species tdwaur in this area.
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Objectives

The results and conclusions of this thesis areepted in the following chapters and in the
form of four manuscripts and one additional chapiealing with seasonal adaptationsEof
hansenito low oxygen levels. This is the first study fegwy on the impact of environmental
conditions on the physiology of euphausiids innB&is. Emphasis is laid on the influence of
the nutritionally poly-pulsed system on the behawviand the physiology oE. hanseni
Further attention was turned on the assessmetiegbdsition of krill in the food web of the
NBC. Attached are the abstracts of two additioregdgrs concerning the impact of climate
change on krill species in the Arctic and Antarclibese papers are not principal parts of this
thesis; however, they highlight the importance rif kpecies in various ecosystems and point
out the impact of climate change on euphausiidsh Bapers were written during my PhD
studies.
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Chapter 1

Thermal constraints on the respiration and exanaties of krill, Euphausia
hanseniandNematoscelis megalops, the northern Benguela upwelling system

off Namibia

Thorsten Werner, Kim Huenerlage, Hans Verheye ai@tifich Buchholz

Abstract

Rates of respiration and ammonia excretiok@wbhausia hansemndNematoscelis megalops
were determined experimentally at four temperatuepgesentative of conditions encountered
by these species in the northern Benguela upweklingironment. The respiration rate
increased from 7.7 umol®™* g at 5 °C to 18.1 pmol £h' gww ™ at 20 °C inE. hanseni
and from 7.0 pmol &h™* guw™ (5 °C) to 23.4 pmol &h™ guww™ (20 °C) inN. megalopsThe
impact of temperature on oxygen uptake of the tpeces differed significantly\N. megalops
showed thermal adaptations to temperatures bet&vé€nand 10 °C (©=1.9) and metabolic
constraint was evident at higher temperatureg=26). In contrastgE. hansenishowed
adaptations to temperatures of 10-20 °GofQ.5) and experienced metabolic depression
below 10 °C (@=2.6). Proteins were predominantly metabolizedbjansenin contrast to
lipids by N. megalopsCarbon demand dfl. megalopdetween 5 and 15 °C was lower than
in E. hanseniversus equal food requirements at 20 °C. It isckaled that the two species
display different physiological adaptations, basadheir respective temperature adaptations,

which are mirrored in their differential verticabgitioning in the water column.
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Chapter 1

I ntroduction

The Benguela Current off the west coast of soutlddrita is one of four major upwelling
systems in the world with the northern BenguelaNaMibia (16 - 26° S) being characterized
by strong upwelling events throughout the yearwshg a maximum in austral winter and a
minimum in summer (Hutchings et al. 2009). It isypical coastal upwelling system with
equatorward winds, cool nutrient-rich water, hidganton biomass and moderate to high fish
stocks (Hutchings et al. 2009). Substantial enwvitental changes, such as the intensification
of hypoxic conditions (Ekau et al. 2010) are cutlsemaking place. Within the Benguela
Current system euphausiids form a pivotal compooérhe zooplankton and an important
food source for top predators such as fish (Magureand Roel 1987, Roel and Macpherson
1988). Changes in this ecosystem may have far-egqosffects on fish-stock dynamics
(Barange and Stuart 1991). Euphausiids can play@at role in regions affected by Oxygen
Minimum Zones (OMZ), including the northern BengueTurrent system, because some

species can tolerate hypoxic conditions (Antez&@9}p

In terms of biomass and abundance, the euphaldsjthausia hanserfzimmer 1915) is the
major krill species in the northern Benguela andtlpashares its habitat with another
euphausiid speciedlematoscelis megalogSars 1883) (Barange 1990, Barange et al. 1991)
Both species show pronounced seasonal and inteahriluctuations in abundance and
biomass in this region (Buchholz pers. obE.).hanseniis associated with the shelf break
whereasN. megalopss indicative of the transition between the shelfl ahe open ocean.
According to Barange (1990) and Barange et al. I)98orizontal distributions largely
overlap and they display vertical space partitignihat is likely to reduce competitiok.
hansenishows pronounced diel vertical migration (DVM) lwdan amplitude of up to 400 m,
N. megalopdisplays only limited DVM with the thermocline #se upper migration limit
(Barange 1990, Buchholz and Werner unpublished)d&aring descent and ascelf,
hanseniexperiences a wider temperature range (approX. 82 depending on the upwelling
phase) thamN. megalopgapprox. 8-10 °C). In additiof;. hansenis reported to be a filter
feeder in the upper mixed layer, wher®@asmegalopss an active hunting species below the
thermocline (Barange et al. 1991). The differentragratory behaviours of the two species
are reflected in their cyclic feeding behaviourd &od preferences (Barange et al. 1991).

Temperature is one of the most important factdiesciihg the respiration rate of zooplankton
in general (lkeda 1974, lkeda and Motoda 1978, Mi@80, Ikeda et al. 2000, Castellani et

al. 2005), particularly euphausiids (Buchholz arab&owski 2000). Knowledge about the
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respiration rate of a species at different tempeeat is important because it provides basic
indications of its metabolic requirements in diffiet environments (Castellani et al. 2005).
Euphausiids may encounter both spatial (seasondljeanporal (during DVM) differences in
temperature (Spicer and Saborowski 2010). Accoliriigis not surprising that the impact of
temperature on metabolism (i.e. oxygen uptake)exudetion rates of many euphausiids has
been intensively studied. However, few studies Haen conducted over a wide temperature
range (Mayzaud 1973, Sameoto 1976, Stromberg amrSP0O00, Saborowski et al. 2000

and 2002) and data on the metabolisriz adfiansenandN. megalopsre lacking.

In this study the effects of temporal temperatuagiations on oxygen uptake, ammonia
excretion rate (NEN) and O:N ratio of these two euphausiids weresuesd experimentally

to determine their metabolic level and to disceiffedences in acclimation and adaptation
strategies within their respective ambient tempgeategimes. Furthermore, we calculated
their Qo values and their energy and carbon requirementsedated these to their respective

migration behaviour.

Material and Methods

Field sampling -Krill was collected during Cruise MSM17-3 on boatte RV Maria S.
Merian between Lideritz (26.6° S) and Kunene (17.2513ate austral summer of 2011 (30
January — 7 March) under low to moderate upweliogditions. The animals were caught at
different depths at six stations (Fig. 1) duringhitime with a 1-h MOCNESS (Multiple
Opening and Closing Net with Environmental Sen$iygtem) with a large mesh size (2000
pum) fitted with a large, soft, closed cod-end budkereduce stresses on the experimental

animals.

Immediately after capture the animals were gemégdferred into aerated 20 | plastic aquaria
filled with sea water atn situ temperatures (8-10 °C). After approximately 12 th o

acclimation, animals in good condition were selédte respiration measurements.
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¥ Figure 1 Location of the northern Benguela upwelling systenthe Southwest Atlantic Oce:i
(inset A) and the station positions sampled E. hanseniand N. megalog (B). Circles denote
locations of sample stations, triangles geografamdmarks. The black line indicates the positiol
the hydrographic transect.

Metabolic measurements On-board respiration measurememsre performedusing a
closed respirometrgystem withoxygen-microsensors (PreSem&erman) and a 4-channel
micro<fiber optic oxygen transmitt (Oxy-4-micro, PreSens, Germanymall tube-shaped
chambers (volume 20 mlyere usecas respiration chambers optimizixat krill; they were
specially designed tmeasure the respiration rate of a single specimdri@reduce possible
differences in individuabwimming activit. Whereashe length of the chambe(60 mm)
allowed to some extent backnd forward movements of the anim(15 -28 mm) their small
diameter (20 mm) preventegbpreciabl up- and downward movemeniial measurement
showed that substantidifferences iractivity of the krill were avoidd withoutcausing stress
to the animals. These resultere considereto be the normainetabolism of th animals, i.e.
“the oxygen consumption rate measured with uncbedrdut minimum motor activity of th

specimens’, according tkeda et al(2000).
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To assess the metabolic rates of the two krill gseander ambient thermal conditions,
respiration measurements were conducted for 3e®Wwn to approx. 60% oxygen saturation,
at four temperatures (5, 10, 15 and 20 °C), cogettie range of average water temperatures
in the northern Benguela between 400 m depth aeds#a surface. Before starting an
experiment, the specimens were acclimated to tiperexental temperature for 1-4 h. The
acclimation period chosen was a compromise betwaen natural migration behaviour (in
the case oE. hansenion the one hand and avoidance of a temperatwekgN. megalops

on the other. In order to minimize bacterial oxygemsumption and/or nutrient excretion,
filtered seawater (0.2 pm Acropak1000 Capsule, Pall Filtersystems GmbH, Germany) wa
used in all experiments, which were conducted endhrk to standardize the measurements
and to avoid activity differences due to changiigitl conditions. Three animals and one
control (without animal) were tested in each expent. In addition, all measurements were
performed under constant thermal conditions innaptrature-controlled room. A water bath
controlled by a laboratory cooler (Julabo F25, Gary) provided stable temperatures. The
sampling stations, experimental temperatures amchtimber of replicates f&. hansenand

N. megalopsre given in Table 1. A comparison of respiratiates of animals from different
parts of the study area, showed no regional afbecthe rates (Mann-Whitney U-test or
ANOVA, depending on the number of groups (statipnGjven thatN. megalopss a weak
migrator and avoids the thermocline and remainglees close to 200 m during the day,
whereas. hansenexhibits pronounced vertical migration, typicallgttveen a depth of 30 m
at night and 200 m during day time, the two spetiesefore experience different water
temperatures (Werner and Buchholz, pers. obs.)olaogly, temperatures at depth vary by
<3.0 °C between stations, but vertical excursionsEofhanseniresult in a regional
temperature differential of max. 5.6 °C for halftok day. Therefore, to avoid acclimatory
differences in respirations rates of krill fromfdient regions, specimens were maintained at
temperatures around 10 °C for 12h. This ensuredasitonditions for all animals tested. In

addition, the animals were acclimated to the expenital temperatures for another 1-4 h.
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8 Table 1 Experimental temperatures and the number of rajglgcat each of the sampling stations of
E. hanseniand N. megalopsin the northern Benguela system (see Figure 1§ Whter column

temperatures at approximate daytime residence sleptihe two species are also given.
Sampling stations
E. hanseni L2 WLT 4 T8-1d T1-3a n
5°C 4 9 7 20
10°C 7 5 12
15°C 8 8
20°C 5 10 15
Temperature at 30 ng 15.2 155 18.5 20.8
Temperature at 200 10.5 114 11.7 13.5
N. megalops WKT- 2a T5-2 T1-3 T1-3a
5°C 6 6
10°C 4 4 5 6 19
15°C 5 6 6 17
20°C 6 6
Temperature at 200 12.6 12.2 13.0 13.5

After each experiment, specimens were frozen at°@Q@or subsequent determination of
their size, sex and fresh weight in order to exanpassible allometric and/or sex-dependent
differences. To allow a comparison between diffe@pre or weight classes the respiration
rates were normalized to a “standard krill" of et weight. To describe the relationship
between respiration rate and temperature the \offt rule (van't Hoff 1884) was used,

which is described by the following;gapproximation:
QlO: (kllkz)lO/(tl-IZ)

where respiration rates; kand k correspond to temperatures dnd t (Prosser 1961).
Subsamples of 2 ml were taken from the same rdgpireahambers, using a small plastic
pipette for ammonia (NHN) determination, providing simultaneous measur@sieof
respiration and excretion rates were possible. SEmples were immediately frozen in liquid
nitrogen for subsequent laboratory analysis on lasithg the phenol-hypochlorite method
according to Solorzano (1969). The respiration exctetion rates were used to calculate the
atomic O:N ratio in order to distinguish betweertpm- and lipid-oriented metabolism
(Mayzaud and Conover 1988). The carbon and catauifits were then calculated according

to Gnaiger (1983) in order to assess the carbonemmigy demands of each species at
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different temperatures. Minimum food requiremeneravcalculated by converting oxygen

uptake from metabolic rates to units of carbondet al. 2000), using the equation:
ml O, (gww h)* X RQ x 12/22,4 = mg C (g h)*

where RQ represents the ‘respiatory quotient nthkar ratio of carbon dioxide produced to
oxygen consumed (0.71 for lipids, 1.0 for carbolayels and 0.84-0.97 for proteins,
depending on the excretory end-product) and wh2fg2]4 is the weight of carbon in one
mole (22,4 1) of carbon dioxide. These data werdtiplied by 24 to standardize the carbon
demand per 24 h day. The nitrogen losses per day (ere calculated using the following

equation:
Nagj (MG Gw " 0%) = Eagj(mol NHsN h* gy ™) * 24 *14

where Egqj is the excretion rate measured, multiplied by @4dnsider the daily loss and
multiplied by 14 (the molar mass of N) to convemiql to pg. Assuming a dry weight (dw) of
25% wet weight (ww) in both species, these nitrofgmses can be related to the nitrogen
content of the animals (N %dw) and expressed.gq% body N o).

Chemical composition In the land-base laboratory the cephalothorakthe first abdominal
segment of the frozen specimens were weighed onceolbalance (Sartorius LA 230 S,
Germany; d=0.1 mg) and freeze-dried for 24 h uaimg\LPHA 1-4 LSC freeze-drier (Christ
GmbH, Germany). The other parts of the animal’'sybwedre used for biochemical analyses
(data not shown here). The samples were groundani#ipered glass pestle. For C/N analysis
(Euro EA CHNS-O elemental analyzer, HEKAtech Gmi@€rmany), 1-2 mg of powdered
samples were used. For comparison between spéugesjtrogen (N %dw), carbon content
(C %dw) and the ratio of carbon to nitrogen by m@ ) was calculated. After 12h of
acclimation time, the stomach and gut contentshefdpecimens were evacuated, ensuring

that the C/N measurements were not biased.

Statistical treatment of data For statistical analyses, a t-test or a one-waglysis of
variance (ANOVA) with Tukey's multiple comparisgost hoctest was performed. Data
were tested for normality using a D Agostino ané@rBen omnibus normality test and/or a
Shapiro-Wilk normality test. If the data failed Heetests, they were normalized using log-
transformation. If it was not possible to normalike data, a Mann-Whitney U-test was used.

For analysing the effect of two factors a two-walN@VA was performed. Analysis of
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covariance (ANCOVA) was used to tdnterspecific differencem the effec of temperature
on respiration ratélhe significance level was generally set at p < and the SD of the me:

is used throughouit.

Results

Hydrography— A detiled description of the hydrograprconditionsduring the cruiseis

provided in Lahajnar et a2011.In general, surface water temperatushswed a we-east
gradient, with ooler water masses occing along the coast indicatincweak coastal
upwelling. In additionthere wasa northsouth gradient due to the transition from trop

conditions in the nortmear Kunene (17.2 S; approx. 18-24 °C), teubtropical wate south
of the area of investigatiof26.6° S; approx. 15-19 °C). The ofhore waters north of ° S

had higher seasontmperaturethan normal (Lahajnar et &011). Thevertical distributiois

of temperature and salinigion¢ the Walvis Bay transect (22.57° 8yrinc 5-9 February
2011 are shown in Fig. &ea surfaceemperature (SST) rangémm approximately 2 °C in

the open ocean to T& near the coasThe depth of thenixed layer decread eastward from
50 m to 20 m. Onlyweak active upwellin cells were observed ne#ite coasialong this

transecin a thin layer of about 40 i(Lahajnar et al2011).

Salinity [PSU]
22 23 24 25 28

Temperature [°C]
20 21 22 23 24

25 2@7 28

- 36.5
36.3
3B
20 100 259
" 150 35.7]
35.5
14 200 36.3)
3641
34.9)
300 : 34.7
34.5
& 350 : sl
400 N 400 S

12.0 12.5 13.0 13.5 14.0 12.0 12.5 13.0 13.5 14.0
Longitude [deg] Longitude [deg]

* Figure 2 Temperature and salinisections along the Walvis Bay transdotage is based on CT
data (Lahajnar et al. 2011).

Allometric effects and sex differen— There wereno significant difference between sexes
in terms ofbody mass, oxygen uptake, excretion iand O:N ratio l[lann Whitney -test,

p>0.09. Male and female data wetherefore pooled for subsequemalysis

Temperature effects on the oxygen up and ammonia excretion re — There were no
regional differencedn the respiration ratein animals fromdifferent sampling statiol

(Mann-Whitney U-test oIANOVA, p>0.05). Accordinglythe data were pooledn both
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species the was a pronounced effeof temperature on respiraticeind excretionrates
(Fig.3).

30 4
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T Figure 3 Nondinear regressions of oxygen uptake (ume h* gu, ' means + SD, left) an
excretion rates (umol NH* g, ", means + SD, right) . hansen{n=820) andN. megalopgn=6-
19) at different experimental temperatures. Thati@hships presented here are based on mean
Error bars denote SD.

In E. hansenthe oxygen uptakincreased from a mean of 7.7 + 2.9 p@lh™ g, at 5 °C
to 18.1 + 2.7 umol @ h’ guw™* at 20 °C (ANOVA, F=18.96, df=55,0<0.001,). InN.

megalopshe respiration ratincreased from a mean of 7.0 + 1.1 pmelf® g (5 °C) to
23.4 + 2.7 pmol ®h™* g™ (20 °C) (ANOVA, F=26, df=46, p<0.001(see Fig4). The Qo

value was 1.8 foE. hanseniand 2.2 forN. megalopsetween 5C and 2! °C respectively
(Figure 4).

respiration rale (umol O ;h™" g.")
o
—
respiration rate (umol O .h" g..")
o

0 T T T T 0 T T

‘;O \60 -\450 qsgo ‘_;O \60 {;O [LQGC;

Temperature (*C) Temperature (°C)

1 Figure 4 Weightspecific respiration rates (umol, h* g, ) of E. hansen{left) andN. megalops
(right) versus temperature (T, °(Groups were tested by omey ANOVA. Different letters indicat
significant differences between temperatures (ANOM#h Tukey's Multiple Comparison Te). Qo

values are given for each temperature, error bars denot SD.
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Generally, the oxygen uptake M. megalopswvas slightly lower compared with that &f
hanseniat temperatures between 5-10 °C. At 10 °C, oxygeake was significantly lower in
N. megalopghan inE. hansenit-test, t=2.528, df=37, p<0.05). At 15 °C, botlesies had
the same oxygen consumption (t-test, t=0.0198, 2if$20.05). The oxygen uptake at 20 °C
was significantly higher ifN. megalopghan inE. hanseni(t-test, t=0.023, df=23, p<0.01).
The influence of temperature on the oxygen uptalterdd between species, the steeper slope
in N. megalopsndicating a stronger influence at increasing watenperatures (ANCOVA,
F=10.12, df=98, p=0.0002; Figure 3). A summaryld tespiration and excretion rates and

O:N ratios at different temperatures is given iml€a2.

8 Table 2 Respiration rates (&), excretion rates () and O:N ratios oE. hansenandN. megalops

at different experimental temperatures. Given heemheans + SD and the number of replicates (n) in
parentheses. ww = wet weight. NS: not significésterisks indicate significant differences between
species (*, £0.05; **, p<0.01; ***, p<0.001).

E. hanseni N. megalops
Radij Eag; Rad Eag
Temperature| (umol O2 it | (umol NH-N h* (umol 02 At | (umol NH,-N h*

(°C) G ) G ) O:N G ) G ) ON
22 59

5 7.7+2.95(12) 0.940.5 (8) (8)" 7.0+1.1 (6) 0.3+0.03(6) | (6)
22 53

10 12.443.7(20) 1.3+0.57(20) | (20)" | 9.6+2.7 (19) 0.4+0.1 (19) | (19)
17 56

15 14.2+3.8°(8) 1.7+0.3" (8) (8)" | 14.5+4.0 (17) 0.6+0.2 (17) | (17)
15 73

20 18.1+2.7 (15) 2.2+0.4(6) (6)” 23.4+2.7 (6) 0.7+0.1 (6) (6)

There was an increase in the ammonia excretion iwtiteasing temperature in both species
(Figure 3). The excretion rate fluctuated betweemean of 0.9 pmol NHN h* g, ™* (SD
0.5) and 2.2 pmol NHN h* gw* (SD 0.4) inE. hanseniat 5 and 20 °C respectively
(ANOVA, F=9.54, df=39, p<0.001). IMN. megalopsthe values ranged between 0.24 (SD
0.03) and 0.65 (SD 0.1) pmol N h™ gww > (ANOVA, F=12.58, df=46, p<0.01). There was
a significantly lower overall excretion iIN. megalopghan inE. hanseni(unpaired t-test,
t=3.597, df=6, p<0.05). The ;@ value for excretion is 1.8 if. hanseniand 1.9 inN.
megalops There was no effect of temperature on the atdnid ratio; however, significant
differences were found between the two species g2-ANOVA, F=105.1, df=80 (row
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factor), p<0.0001, Table 2). A mean O:N ratio of(3D 9) was calculated f&. hansenand
57 (SD 21) forN. megalopsA high variability of the O:N ratio was found both species.
This ratio ranged between 9 and 4Eirhansenand between 29 and 118Nh megalops

Elemental composition Both species had the same N content, but differdzbth C content
(unpaired t-test, t=3.511, df=46, p=0.001) and @aio (unpaired t-test, t=3.086, df=46,
p=0.0034, Table 3).

8 Table 3 Carbon (C) and nitrogen (N) content and C:N (bysshaatios ofE. hanseniand N.
megalopsn the northern Benguela during February and M&@hl. Given are the means + SD and
the number of replicates (n) in parentheses. wwetweight. NS: not significant. Asterisks indicate
significant differences between species (*01).

E. hanseni N. megalop

[%2)

C (%dw)| 40.4+1.5 (24) 41.8+1.1 (24
N (%dw)| 11.2+0.8° (24) 11.320.3 (24

C:N | 3.6+0.f (24) 3.7+0.1 (24

The nitrogen content i&. hansenranged between 10.4 and 12.6 %dw (mean + SD =#1.2
0.6) and between 10.8 and 11.9 %dw (11.3 £ 0.8).imegalopsThe carbon content differed
significantly between species (unpaired t-test,5%3, df=46, p=0.001), ranging from 39.5 to
43.2 %dw (40.4 £ 1.5) ik. hansenand from 38.5 to 43.8 %dw (41.8 + 1.1)Nn megalops
The C:N ratio by mass also differed significanttween species (unpaired t-test, t=3.086,
df=46, p=0.0034) ranging from 3.3 to 3.8 (3.6 +)QrlE. hansenand from 3.6 to 3.8 (3.7
0.1) inN. megalops

Diel variation in energy demand Oxygen consumption was converted to carbon and
calorific units according to Gnaiger (1983), baseda RQ of 0.97 ifc. hanseniwith an O:N
ratio of <24, indicative of a protein-dominated atmilism (Ikeda 1974) with ammonia as the
excretory end product, and a RQ of 0.7ANinrmeg@lops, with an O:N ratio of >24, indicative
of a lipid-oriented metabolism. The energy demanH.ihanseniaried from 81.6 J Uguw™

at 5 °C to 194.4 J g™ at 20 °C and ilN. megalopsrom 74.4 J & guw ™ to 249.7 J ¢
gww - Expressed in calorific units, this was 19.2 calggw* for E. hansenat 5 °C up to 45.6
cal d* g’ at 20 °C and 16.8 cal’dy.w " to 59.1 cal & g respectively foN. megalops
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A summary of the energy demand expressed in jqudesf the two species is given in Table

4.

8 Table 4 Energy demand (E[J), carbon requirements (G4 and nitrogen losses () of E.

hanseniandN. megalopst different experimental temperatures (°C).

E. hanseni N. megalops
Temperature EDqq CAy Nagj EDqq CAyg; Nagj
(°C) @d'gwD|MmgCd gw™| @bodyNd) | Jd g™ | (Mg Cd gw™ | (% bodyN &)
5 81.6 2.2 11 73.8 15 0.3
10 132.0 35 1.6 101.1 2.0 0.5
15 151.2 4.0 2.1 153.0 3.0 0.7
20 194.4 51 2.7 247.4 4.9 0.8

The migratory behaviour &. hansenandN. megalopsas observed by Barange (1990) and
Barange et al. (1991), served as a pattern toa#isesliel variability in the energy demand of
the two species, assuming a temperature profileetbebin Figure 2 with a hypothetical SST
of around 20 °C. Our observations showed thahansenidescended within 2 h from the
surface to 400 m at dawn where they spent the ltlayas assumed that during the migration
period euphausiids had a 2.7 times higher respiratite than at rest (Torres and Childress
1983, Buskey 1998). Our calculations were basetherassumption th&. hansenremains
for 12 h at 400 m depth at a temperature closeOt6Q during the day and that it takes
another 2 h to migrate to the surface where theyane during the the night (8 h) at a
temperature of around 20 °C. As proposed by G€l1&86), a major advantage of diel
vertical migration (DVM) is to gain energy thatrist available in the cold, deep waters, e.g.
to avoid delayed development at lower temperatufds. hansenwere to stay permanently
in the upper layers at approx. 20 °C, it would cone 434 pmol @d* g, or 45.6 cal @
gww . The daily costs for migration would amount to 44¥iol G d™* gu™* or 47 cal & g .
According to Barange (1990) and Buchholz (pers)olise migration behaviour imN.
megalopss not as clear as iB. hanseniand appears to be irregular at times. The migratio
amplitude ofN. megalopsppears to be around 100 m with the thermoclintbesipper limit

of their vertical distribution (Barange 1990). Acdmgly, we assumed a residence time of 22
h at depth at a temperature of about 10 °C andgsatory time of 2 h. The energy demand
for migration was calculated to be 263 pmeldd g .
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Additional energetic considerations Fo assess minimum food requirements we converted
oxygen uptake from metabolic rates to units of carfikeda et al. 2000). Accordingly, daily
losses of body nitrogen were estimated by combipimgdata of metabolic rate with those of
elemental body composition (C, N). Over the temjpeearange examined. hansenithus
requires 2.2 to 5.1 mg C'dgw ' andN. megalopsl.5 to 4.9 mg C d gw >. Hence, daily
nitrogen losses due to ammonia excretion were Z%dody N & in E. hanseniand 0.3—
0.8% body N & in N. megalopsit temperatures ranging between 5 and 20 °C (#jblét 5
°C, the oxygen uptake ik. hanseniwas 10% higher than that N. megalops At that
temperature, minimum food requirementskof hanseniin terms of their carbon demand,
were 48 % higher compared with megalopsAt 10 °C the respiration rate Bf hansenwas
29 % higher and its carbon demand 75 % higher #&&n°C. At 15 °C the oxygen uptake of
both species was similar, but the carbon requirésnerc. hanseniwere 32 % higher than in
N. megalopsAt 20 °C,E. hansenhad a lower oxygen uptake but the carbon requinesrfer

both species were comparable (4 %; Figure 5).

300

- N. megalops & E. hanseni

200+

100+

C demand (ug C h"' guw™")

0 T T T
0 5 10 15 20 25

Temperature (°C)

T Figure 5 Non-linear regressions of the mean carbon demér. thanseniand N. megalopsat
different experimental temperatur@he relationships presented here are based on vahzas. Error
bars denote SD

Discussion
Differences in physiological adaptations, with mspto temperature constraints and food
requirements oE. hansenandN. megalopsare discussed in terms of the differences irr thei

behaviour and vertical distribution in the north&enguela upwelling system.

Respiration and excretion Variation in environmental conditions and swimmiactivities
affect the metabolic level of animals (Hirche 198Bjowever, the respiration rate of

zooplankton is strongly influenced by temperatira#él 1980, Ikeda et al. 2000). Whereas
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respiration rates have been measured previouslysewveral krill species at various
temperatures, to our knowledge, this study is th& fo examine effects of temperature
constraints on the respiration and excretion rat&s hansenandN. megalops

Whereas our data may well compare with, for instatitose of Saborowski et al. (2002) who
examined effects of temperature over the same rasgen our study, on oxygen uptake in
Meganyctiphanes norvegicas well as other studies and species, a diregtpanson
between species is often difficult due to differeman their nutritional status, ecology and/or
life history.

Several studies have shown that seasonality hasaact on the respiration and excretion
rates of zooplankton (cf. Meyer et al. 2010), Inig is beyond the scope of the present study.
However, euphausiids in the northern Benguela upwekystem are subject to frequent
upwelling pulses that lead to rich plankton bloo@ensequently, changes in metabolism in a
nutritionally multi-pulsed and stratified environmteshould be related to upwelling intensity
and thus to strongly variable food availabilitylrat than to seasonality alone.

The strongly migrating specieE. hansenishowed a near-linear correlation between
temperature and metabolism between 5 and 20 °Coritrast, the weaker migrating species
N. megalop®xhibited a steep exponential correlation, so tiainfluence of temperature on
the metabolism of both species differed signifiganAccording to Barange (1990), and
supported by our own observatiohs,megalopspends day and night in deeper waters at low
temperatures of between 7 and 10 °C, thus avoiduagmer conditions above the
thermocline. Different krill species adjust theariical position according to the structure of
the water column (Barange 1990), showing a preterdor specific temperature regimes
(Wiebe and Boyd 1978). Thus, M. megalopsa Qo value of 1.9 between 5 and 10 °C
suggests an adaptation to lower temperatures wheregg, of 2.6 between 15 and 20 °C
indicates possible energy constraints at higherpegatures (Figure 4). IfE. hanseni
however, the g values suggest a metabolic depression at tempesattiO °C (@ = 2.6
between 5 and 10 °C) and thermal adaptation betd@emd 20 °C (¢ = 1.5). But, contrary
to several other invertebrate species, e.g. cogegdoiomi 1988, Gaudy 2000), neithEr
hanseni nor N. megalopswere able to maintain constant metabolic ratesdifierent

temperatures.

Both, E. hanseniand especiallyN. megalopshave to adapt to periods of low oxygen

conditions prevailing in their environment. This ynhe facilitated by a shut-down of
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metabolic activity inE. hansenor low oxygen demand iN. megalopsOther processes, like

a high anaerobic capacity, should be considdfadhermore, a highly variable system such
as the northern Benguela Current, with substassgalsonal and interannual variability in
atmospheric forcing, water mass properties, upagiintensity, sea surface temperatures and
food availability may not allow for narrowly pretgemined thermal adaptations. However,
both species appear to be capable of adjustingotoesextent their overall metabolic
processes to the prevailing ambient temperaturdyaasbeen shown also fM. norvegica
(Saborowski et al. 2002).

A comparison of @ values ofE. hansenandN. megalopgrom this study with those of other
euphausiid species shows highep¥lues in the latter species, e.g. 4.3 inongipedIguchi

and lkeda 2005), 2.0-2.4 5. pacifica(lguchi and Ikeda 1995) and 2.0-3.5 in a number of
species (Teal and Carey 1967),@alues at temperatures below 10 °C support theeguirof
energy conservation iB. hansen(Qi=2.6; 5-10 °C), whereas temperatures above 15 °C in
N. megalopg@1=2.6; 15-20 °C) lead to a possibly deleteriousghlenergy demand (Figure
4). In general, @ values <2 indicate a weak influence of temperaburenetabolism or rather

a temperature-independent metabolism over the tetye range measured. Accordingty,

hanseniandN. megalopgan be considered eurythermal species.

Considerations of the O:N ratioSeasonal changes in chemical composition of anarane
linked to food availability, which in turn affedsirespiration and excretion rates and thus the
O:N ratio (Conover and Corner 196&uphausia hansershowed an increase of the NN
excretion rate with increasing temperature, Wumegalop$ad a significantly lower overall
excretion rate thag&. hanseniN. megalops$ndicated reduced use of nitrogen-rich compounds
(e.g. proteins) or alternatively, an elevated denahessential amino acids (Mayzaud and
Conover 1988). The high abundance and biomads. dfansenitogether with their more
intensive excretory activities may be indicativetlod possible role of this species in nitrogen
regeneration in the northern Benguela upwellingesys Further quantitative investigations
would be useful to assess this fraction of nitrogeaycling, e.g. in relation to nitrogen
demand of phytoplankton (cf. Ikeda and Motoda 197&:kcroft and McLachlan 1993, Kim
et al. 2010).

Moreover, the O:N ratio reflects changes in thech@mical composition of zooplankton that
store large energy (lipid) reserves (Mayzaud anddo®er 1988). In contrast, in zooplankton

with low energy reserves, as reported kar megalopgCartes 2011) an&. hanseni(W.
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Hagen, Marine Zoology, University of Bremen, Germagmers. comm., K. Huenerlage,
unpubl. data), this ratio rather reflects the dquadind quantity of available food (Mayzaud
and Conover 1988). Carbohydrates account for ondgrg small fraction in krill (Buchholz
and Prado-Fiedler 1987). Although significant difieces in carbon content and the C:N ratio
of the two species were detected, both specietistare considerable amounts of lipids (8-
9% dw inE. hanseniK. Huenerlage pers. obs. and 7-11% dwimmegalopsCartes 2011).
Therefore, simultaneous measurements of oxygerkegiad ammonia excretion allowed the
calculation of the O:N ratio as an indicator of theedominant substrate metabolized.
According to Conover and Corner (1968) and Mayzad Conover (1988) a phytoplankton
bloom accelerates both respiration and excretionopepods, where the oxygen uptake is
more enhanced than the ammonia excretion, becaaseahthe ingested food is utilized in
somatic growth or reproduction. However, lower Ordtios are typical of herbivorous
zooplankton (copepods) during a phytoplankton blpowing to a low lipid content of algae.
Saborowski et al. (2002) found the same relatiotMaganyctiphanes norvegidaom the
oligotrophic Ligurian Sea showing highest excretrates and lowest O:N ratios during the
short phase of high food supply in spring. In casiy Ikeda and Kirkwood (1989) showed
that during a phytoplankton bloom in the Southeoe&h the O:N ratio dEuphausia superba
increased as a result of depressed ammonia excrdiese authors argued thatsuperba
do not store large lipid reserves and rather ueartbested food to replenish body protein,
which had been catabolized during the previous ewinkKim et al. (2010) confirmed this
(seasonal) pattern for the euphausiitigphausia pacificaand Thysanoessa inspinataut
failed to find significant relationships betweentatmlic rates and environmental parameters
such as chlorophylh and temperature. However, in our study the ave@dératio of 20 in

E. hansenindicated a protein-oriented metabolism, wherga®©a\ ratio of 57 found irN.
megalopsindicated a lipid-oriented metabolism, accordinglkeda (1974). In both species
there were strong fluctuations in the O:N ratiotween 9 and 49 ik. hanseniand between
29 and 118 inN. megalopsIndications for rapid changes in the ammonia exan rate,
which were likely due to the different quality agdantity of the available food, support the
idea of opportunistic feeding in both species. Idriay shift their diet according to changing
proportions of prey types, as has been showi ftmcensn the southern Benguela upwelling
region (Stuart and Huggett 1992). An accurate asseist of the trophic position of
euphausiids is often difficult, because they addifferent feeding strategies to adapt to

changes in food composition (Gurney et al. 200ll)megalopss described as a carnivorous
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feeder (Barange et al. 1991, Gurney et al. 2001Gartes 2011), in contrast Ea hanseni,

which appears to be more omnivorous.

In summary, the differences in the O:N ratio of th species suggested different food
preferences and dissimilar metabolic pathways. Aigk fluctuations in O:N ratio suggested
that the metabolism of the two species was closglgted to ambient temperature and the

immediate food supply. Therefore, they were strgrdiected by environmental changes.

Energetic considerations By integrating the results of the respiration measients with the
O:N ratios, some estimations of the energy andatartlemands of both species under
different temperature conditions were made thatlmanelated to their migration behaviour.
At 5 °C, the carbon demand &. hanseniwas about 10% higher than M. megalops,
assuming they used the same metabolic substraie.difference increased substantially to
48% when considering different substrate metalglitethich was evidenced by the
significantly different O:N ratios of the two spesi This highlights the importance of
simultaneously measuring the oxygen uptake andnttrtegen excretion rate in order to
identify the substrate predominantly used and toutate minimum food requirements.

The carbon demand ®f. megalopsat 5, 10 and 15 °C equated to slightly lower nedjn
rates at 5 and 10 °C than i hansenipossibly indicating an adaptation to their ndtura
environment in deep waters where temperature arygeox content are low and feeding
conditions are less favourable compared to the upaeer layers. According to Teal and
Carey (1967) DVM allows euphausiids to conservergneand food availability was

identified as a possible trigger for migration.

N. megalopshowed lower minimum food requirements thanklichanseniAccordingly, the
latter species had a higher carbon demand andhigdisnore need to migrate to the upper
layers where food conditions are more favourabiecdntrast, owing to their low carbon
demandN. megalopscould benefit from low water temperatures in tleem According to
Barange et al. (1991), the two species are sephrhte vertical space partitioning.
Considering their temperature constraints and gneéegnands, physiological adaptations are

likely explanations for their differential verticpbsitioning in the water column.
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Chapter 2

Diel vertical migration behaviour in Euphausiidstioé Northern Benguela
Current: Seasonal adaptations to food availakalitgt strong gradients of

temperature and oxygen

Thorsten Werner and Friedrich Buchholz

Abstract

The Northern Benguela upwelling system is the seconst productive upwelling system of
the world where euphausiids can dominate the rielsanooplankton community and may
contribute substantially to the vertical flux ofganic carbon. The diurnal vertical distribution
of four euphausiid species was observed over tbeasons from different years. The most
abundantEuphausia hansenshowed pronounced long range vertical migrati@gutarly
crossing the thermocline and retreating again te txygen minimum zone (OMZ).
Nematoscelis megalopsas a weak migrant, avoiding the thermocline aerbipting in the
OMZ throughout 24h. Euphausiids were divided intffedent ecological groups using or
avoiding the oxygen minimum zones. Diel verticabration (DVM) behaviour differed due
to seasonal variations in water temperature, oxyged food availability. The energetic costs
for migration, as part of the total daily carbonm@dnd, were 24+6% i&k. hansenand 6+2%

in N. megalops Further energetic considerations showed that ¢eatpre acted as a
controlling factor but did not alone determine geasonal vertical positioning of the krill
species. Food abundance further modified the DVNBak®ur, but the vertical distribution of

krill did not stringently coincide with food maxintaroughout the water column.
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I ntroduction

The Northern Benguela upwelling systen (NBus) ledait the west-coast off Namibia is one
of the four major eastern boundary upwelling regiofHutchings et al. 2009) and
characterized by high productivity. It is charated by strong temperature and oxygen
gradients in the water column and a high seasamhirgerannual variability in atmospheric
forcing and water mass characteristics (Hutchingsd.e2009). Euphausiids and copepods can
dominate the mesozooplankton communities in thggoreand are an important trophic link
between primary producers and higher trophic lethelsughout the world oceans (Ekau et al.
2010). Eight different euphausiid species reguladgur in the NBus witltuphausia hanseni
andNematoscelis megalogsiowing highest biomass and abundance (Baran§6).1Bue to
different diel vertical migration (DVM) behaviouriffrent euphausiid species occupy
divergent vertical strata (Barange, 1990). Accaytinkrill species in this system encounter
various water masses during their ascent and deandrhave thus to deal with a wide range
of temperatures, pronounced oxygen minimum zoneMZ)O and different trophic
environments. Euphausiids, or in general zooplankt@ave to adapt to these variations to
some extent or have to avoid conditions which atesnitable for them. Vertical migration in

krill can substantially contribute to the vertidlaix of organic carbon to deeper layers.

The typical pattern of the diel vertical migratiohzooplankton consists of an ascent during
dusk and descent during dawn with shallow residaiceight and deep residence by day
(Andersen et al., 1992; Timonin, 1997; Taki, 2008pwever, also several observations of a
‘reversed’ migration were reported (Ohman et 8831 To explain the benefits of vertical
migration, competing hypotheses like metabolic ahemographic advantages, energy
conservation, resource related hypotheses andridgited mortality were proposed (Lampert,
1989). Predator avoidance, food availability andamelic capacity modify patterns of DVM
in many zooplankton taxa (Buchholz et al., 199%adE-offs between these different aspects,
e.g. maximum energy input versus maximum protecti@ve to be considered. However, a
general concept or unifying theory is still lackifigampert, 1989) and the possibility to build
such a unifying theory is doubtful because of tighhadaptive flexibility in behaviour and
physiology of species. Thus each species shows digtinct DVM patterns when inhabiting
different environments. The DVM of euphausiids, particular, was targeted by several
studies (Brinton 1967; Barange, 1990; BuchholZ.et1895; Tarling et al., 2000; Yoon et al.,
2007; Taki, 2008). Some krill species migrate isteely while others migrate only to a small

extent. In some krill species, eN. megalopsthe migration behaviour is irregular (Barange,
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1990). In the current study the DVM behaviour otirfaifferent krill speciesEuphausia
americana, Euphausia hanseni, Euphausia recurva &mnatoscelis megalopsf the
Northern Benguela upwelling system, was examinédtifed net catches were conducted
during three different cruises in summer 2004, runt2008 and winter 2010 at two locations
over a period of 36h. The data were related tatmeurrent temperature and salinity profiles
and the oxygen content of the water column. Funtloee, metabolic rates at different
temperatures were measured during shipboard expetsnto assess the energy demand in
krill and the trophic environment was observed émdnstrate possible food induced changes

in the DVM behaviour of these species.

The aim of this work was to investigate the diettieal migration behaviours of various, co-
occuring euphausiids in the NBus and to relateeti®$M behaviours to seasonal differences
of vertical gradients of food availability, temptne and oxygen constraints. Furthermore,
energetic calculations were conducted in order taluate possible trade-offs between
different proximate factors. The vertical migratistudies conducted at three seasons and at
two different stations were evaluated within theNEES project (&@ochemisty and &logy

of the Namibian _Lpwelling System), over a period of six years, with concurrdata of
hydrographic and trophic conditions and subsequaitulation of energetic trade-offs in
krill.

Material and Methods

Vertical distribution and migration behaviour ofpdausiids were investigated over a time
period of 36h during three different cruises in M&us during (late) Austral summer, autumn
and (late) winter. Sampling was carried out atdhdédferent locations from RAlexander
von Humboldtin 2004 (Cruise AHABO4, Kunene-Transect at T2.2 @8.-04. February
2004), RVMaria S. Merianin 2008 (Cruise MSMO07/3, Kunene-Transect at T D2.-02.
April 2008) and RR®iscoveryin 2010 (Cruise D356, Walvis Bay-Transect at T@y 07.-
08. October 2010; Fig.1).
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T Figure 1 Location of the northern Benguela upwelling systenmhe Southwest Atlantic Ocean
(inset A) and the station positions sampled (BJcl€s denote locations of sample stations, triangle
geographic landmarks.

Net catches targeting euphausiids were conducténgus 1 i MOCNESS (Multiple

Opening and Closing Net and Environmental SenseteB®y, Wiebe et al. 1985) with a large
mesh size of 2000 um and a soft cloth cod-enddmease the catchability of the net and to
reduce damage to specimens at the same time. THEN#SS was deployed every six hours
close to the bottom then hauled obliquely to thdase while opening and closing nets in a
pre-set sequence (Table 1). Zooplankton sampleddscription of the trophic environment
were further taken with a double MOCNESS (mesh 8&@ pm) at fixed stations every 6h
over a 36h time period during autumn 2008 and wi2@10, always starting at dusk.
Sampling was done day and night at six differeratatin the water column: 350-300 m; 300-
250 m; 250-200 m; 200-150 m; 150-100 m; 100-50 ;25 m. The towing speed for both
nets was 2 knots and after catch the samples wesemwed in 4% buffered formalin and
shipped to the laboratories in Bremerhaven, Germanyoverview of the sampling stations,

strata and times are given in Table 1.
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8 Table 1 Sampling stations, strata (depth (m)) and timesa{ltime; LT) at different stations with a
MOCNESS in the northern Benguela system duringetlor@ises in 2004, 2008 and 2010 including
astronomic times for dusk and dawn.

AHAB 04 MSMO07/3 D356
Dates 03.02.2004- 01.04.2008- 07.10.2010-

04.02.2004 02.04.2008 08.10.2010
Season summer autumn winter
Location 17°10 S; 11°18 E  17°46 S; 11°00E  23°00 S; 13°02 E
Dusk/dawn (LT) 20:35/07:36 18:28/06:09 20:04/05:47
Dusk 1(LT) 19:33-21:29 18:06-19:51 18:32-19:33
Midnight (LT) 00:12-01:51 00:00-01:26 01:05-01:54
Dawn(LT) 07:06-08:55 06:01-07:24 06:44-07:34
Noon(LT) 11:24-13:11 12:02-13:35 12:41-13:39
Dusk 2(LT) - 18:05-19:26 18:38-19:39
Strata sampled 600-400; 400-300; 600-400; 400-300; 380-350; 350-300;
(m) 300-200; 200-120; 300-200; 200-150; 300-200; 200-100;

120-80; 80-40; 40-0 150-100; 100-50; 100-50; 50-25; 25-(
50-25; 25-0

In the laboratory, juveniles and adults of euphdssivere separated, counted and their
lengths were measured between the front of the teye tip of the telson using a millimeter
scale under a stereomicroscope. The wet weightdesmined on a microbalance (Sartorius
LA 230 S). The relation between length and weighs wharacterized by regression analysis
(Table 2). Biomass of each species was calculasgtg uspecies-specific weight to body
length correlations. The abundances of the kribcggs were standardized to a volume of
1000 nf (Ind. 1000 ). In order to describe the vertical migration bebar of euphausiids
the weighted mean depths (WMD) were estimateddohdow after Barange (1990):

Equation 1:  WMD3 (ni x di)/N

where di corresponds to the mean depth of the sastmtum; ni corresponds to the number
of individuals at that depth and N is the sum a@fividuals over all sampling depths. WMD
estimation was done for each species and for fifferent size classes (5-10 mm, 11-15 mm,
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16-20 mm, 21-25 mm and >26 mm) in order to revealsible differences between different

size classes.

8 Table 2 Species-specific length-weight regressions fofedsnt krill species in the Northern
Benguela upwelling system.

species regression ‘R n
E. hanseni  y=0.0084x~**"  0.939 110
N. megalops y=0.0103%%’  0.929 58

Before the nets were deployed the hydrographic itond, i.e. temperature (°C), salinity
(PSU), oxygen (mL ©L™) and fluorescence (Chl_a; mg3n were recorded with a CTD-
probe (Sea-Bird). In parallel to the 36h statiansept AHABO4, the vertical distribution and
abundance of the zooplankton community was invaettdy Copepod biomass was
determined in order to further describe the vekttcaphic environment during the D356
cruise (Karolin Bohata, Hamburg, pers. comm.). €hdsatasets were related to the DVM of
krill species. Samples were preserved in 4% butfeé@malin for further analysis. The
zooplankton samples were divided into four sizes#a: <0.5 mm; 0.5-1mm; 1-2 mm and 2-5
mm. Furthermore the abundance of five dominant pog@especies during D356 in the NBus
was calculatedCalanoides carinatus, Eucalanus hyalinus, Metritliaens, Pleuromamma
sp.andRhincalanus nasutus.

Chl_a data (mg i) were taken from CTD casts and converted with mversion factor of
F=70 (Carbon Chl 3§ into carbon content (mg C ¥ In the literature the conversion factor
F varies between 10 and 150 in general and betw®eand 130 in the Benguela region
(Pitcher 1988). However, medium conversion facteese given for diatoms which prevailed
in the NBus between Walvis Bay and Kunene River\(casmund, Rostock, pers. comm.).
Accordingly, a conversion factor of F=70 was used.

Temperature/oxygen consumption equationgfdnansenandN. megalopgiven by Werner
et al. (2012, in press) were used to calculate dkggen consumption at a specific
temperature. It was assumed that during migratiophausiids had a 2.7 times higher
respiration rate than at rest (Torres and ChildrE883). Euphausiid swimming speed is about
0-10 body lengths (bl)s with most of the observations at the lower endhig range (de
Robertis et al., 2003). Multi-beam acoustic daeng§dOtto Krakstad, IMR — Bergen, RV Dr.
F. Nansen, cruise report) showed a clear diurndkepamost probably due to the vertical
migration ofE. hansenias indicated by control net catch&s.hansenidescended within 1h

from 30 m depth to 170 m depth at dawn (Fig. 2dusgh permission). From the migration
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pattern recorded at the kriélevant frequency, 120 kHz, descent and ascerddspeere

assessed at 2.3 bt,sassuming a body length of mm.

(0400 0220 12:00 1600 20:00 0020

T Figure 2 Multi-beam acoust backscatter profile (120 kHz) during a cruise wthe RV Dr. F.
Nansen in March 200BENEFIT Survey, 23/07, 7..- 23.3.2007)

We developeda conceptual model to investigate the effect of perature and foo
availability on the migration behaviour (E. hanseniand N. megalop, accordingly.
Temperatures known to have a strong impact metabolic ratesTherefore temperature
may influence the DVM behaviour of krill species (Lamg, 1989) due to different therm:
adaptations of species, different energy expereitfiWerner et al., 2012 (in press))g.
swimming costs and a variety of other physiologipabcesses, e.g. moult activiti
Accordingly, the different temperati profiles at the sampling stations must be consaito
calculate the energy demand or more specificaly dkygen uptake of phausiids during
DVM. Using the respiration rates, O:N ratios antineated minimum food requiremen
published in Werner et aM(erner et a, 2012 (in press)), we assessled costs of DVM irE.
hanseniandN. megalopsAccordingly, different temperare regimes at the sampling static
were used as references for calculating the cadeomand of different DVM behavioult
was assumed that krill species migrated with a swimg speed of 2.3 bI™* in one “step”
between their shallowesind deepest residence depthurthermore, a swimming speed
approx. 1 bl § was assumed to represent the routine metaboliseadaf species (Torres a
Childress, 1983)Although Price had shown that the euphauspeciesThysanoessa rasc
doubled its swimming spdewithin an algal patc (Price, 1989), itvas further assumed tha
swimming speed of approg.bl <! was fasenough to perform their regular feeding activit

Price stated that thebservedincreased swimming speed contradectoptimal foraging
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considerations and that, following the assumptiofsKils (Kils, 1982), the increased
swimming velocity observed, may be a consequencehefchange in swimming path
orientation (Price, 1989) rather than increasedopgue beating. “Migration time” was
estimated by dividing the differences between WMDtiame 1 (average of duskl+2 and
midnight) and time 2 (noon) by a swimming spee®&f bl §* (Fig. 3). The oxygen uptake
and carbon demand was calculated over 24h in dal@stimate the energetic costs of a

whole vertical migration cycle. The calculation wesed on the following equation:
Equation 2:  Bym (LMOl G Gww ") = Rremp (WMol G h™* gu™) X h (X 2.7)

where Remp corresponds to the oxygen demand at a specifipaéesture, where “h” is the
amount of time spent at that temperature/depth @ignd 2.7 corresponds to the behaviour
whether the animals showed “normal” swimming spéethl s*) or “increased” swimming
speed (2.3 bl Y. These calculations were repeated until a wholgration cycle was
completed (24h) and then the differenfyR were summed up. These results were converted
from pmol to mL and then the carbon demands «fJAas indices for minimum food

requirements, were calculated using:
Equation 3:  CAg (Mg C g d%) = Rovm (ML Ox g™ d) x RQ x 12/22.4

where RQ represents the 'Respiratory Quotient ptbkar ratio of carbon dioxide produced
to oxygen consumed (0.97 far hansenand 0.72 folN. megalopssee Werner et al. in press)
and where 12/22.4 is the weight of carbon in onéen(@22.4 L) of carbon dioxide. Assuming
a dry weight (DW) of 25% wet weight (WW) and a aamtcontent of 40% DW ii. hanseni
and 42% DW inN. megalopgWerner et al. in press), we calculated the daitio of carbon

losses due to vertical migration expressed in %yld™.
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¥ Figure 3 Migration behaviour oE. hanseni{100 mg weight) depicted as migration model. Given
are the assumed swimming speeds ) eesidence time (h), temperatures (°C), accortinGTD
data from the D356 cruise, and calculated carbonadels (mg C). Broken line indicates position of
the oxycline during the 36h station T8.4a, Walvas/B ransect winter 2010.

The minimum food requirements, necessary to covetabolic energy demands, were related
to the trophic environment at the different stasian order to assess energetic trade-offs
between temperature and food availability. To aspessible (dis-)advantages, e.g. energetic
trade-offs, from the oxygen demand during differddYM behaviour and different
temperature profiles, the minimum carbon uptake e@hsulated according to the assumption
that assimilation efficiency is similar to that®@iphausia pacificathus 0.8 for phytoplankton
and 0.9 for carnivorous diets (Ross, 1982). Duéh#ohigh variability of filtration rates for
euphausiids given in the literature (Morris, 19843 the uncertainty of (maximum) ingestion
rates in krill (Pakhomov et al., 1997; Atkinsoraét 2006), filtration rates d&. hansenivere
assessed assuming phytoplankton feeding to meet aft®650% of the daily metabolic
requirements during nighttime. One calculation Wwased on the average amount of Chl_a in
the upper 50m of the water column during winter.other approach using the highest
concentration of Chl_a found in the upper 50m dynwhich was applied assuming that
euphausiids were capable to detect rich algal patqPrice, 1989). Filtration rates were

assessed using the equation:
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Equation 4:  F = CAy;X 0.75x (h X CppyioX 0.8)"

where F represents the filtration rate (Ll),hCAadj the daily carbon demand (mg' the
value 0.75 describes the fraction of phytoplankeeding when this meets 75% of the daily
metabolic requirements. This value is set 0.5 wbtgrtoplankton feeding meets 50%. Where
h depicts the amount of time between astronomiesk @nd dawn, &y reflects the average
or maximum carbon concentration (mg®ndue to phytoplankton in the upper 50 m of the
water column and 0.8 is the assumed assimilatidiciezicy. Accordingly, zooplankton
ingestion rates, e.g. copepod ingestion rates, wadoellated by the equation given in Tarling
et al. 2000 foMeganyctiphanes norvegica

Equation 5: LogG = 0,746 x log,C + 1.092

where G is the ingestion rate of copepods and tGecopepod/zooplankton biomass (<500
pm — 5 mm) in the upper 50m of the water columrwihin 50 m around WMD during
nighttime. The calculated time to cover the carldemand by a carnivorous diet was then
divided by 0.9, because an assimilation efficieo§.9 was assumed (see abo¥e)hanseni

is known as a filter feeding omnivorous speciesreagN. megalopsloes not have a feeding
basket adapted to filter feeding (Mauchline, 1980) N. megalopsadults are described as
carnivorous (Gurney et al., 2001, 2002). Feeding.imanseniwas presumed to take place
during nighttime whereadl. megalopsfed throughout a 24h cycle, as was suggested by
Barange (Barange et al., 1991) Hnhansenfeeding time, to cover carbon demand over 24h,
was calculated using different ratios of herbivaroand carnivorous diets (100%/0%;
66%/33%; 33%/66% and 0%/100%). The calculated feptime in both species was used as
an index for “optimal” migration behaviour in termagfood availability and temperature. An
overview of the presumed residence times, temp@&stmigration amplitudes and swimming

speeds oE. hansenandN. megalopsiuring the three different cruises are given ibl&&.
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E. hanseni night| 47 155 9.7
winter 2010 day | 325 278 9.8 10.9 34 127
E. hanseni night| 158 14.3) 11.7
autumn 2008 | day| 326 167 108 105 1.8 126
E. hanseni night| 44 15.5 11
summer 2004 | day| 249 205 11.2 106 24 11.2
N. megalops | night| 105 13.5 9.7
winter 2010 day | 289 184 9.8 11.y 26 117
N. megalops | night| 202 134, 11.7
autumn 2008 day 177y 25 14{2 12 0.3 13.8
N. megalops | night| 212 11.8 11

summer 2004 | day| 249 37 112 1244 0.6 115

TTable 3 Assumed residence times (h), temperatures (°Cighted mean depth (WMD; m) and
migration amplitudes (m) dE. hanseniandN. megalopaused for calculation of the oxygen uptake
(carbon demand) under different hydrographic caoraist

Results

During the three vertical migration studies in NiBus six euphausiid species were caufht:
americana; Euphausia gibboides; E. hanseni; E. reay Nyctiphanes capensiand N.
megalops,where E. hanseniand N. megalopsshowed by far the highest biomass and
abundance. An overview of the biomass at diffetiem¢s and depths during autumn 2008 and
winter 2010 are given in Figure 4.
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T Figure 4 Biomass/depth plots &. hansen{A, C) andN. megalopgB, D) during the D356 cruise
in winter 2010 (A, B) and the MSMO07/3 cruise inw@auan 2008 (C, D). Data were standardized to a
volume of 1000

Length frequency distribution for the most abundspécies during each cruise is given in

Figure 5.
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T Figure 5 Length frequency distribution &. hansenigrey),N. megalopgblack),E. recurva(light
grey) ande. americanglight grey) at station T8.4a, Walvis Bay-Transeatter 2010 (top), at station

T2.2, Kunene-Transect autumn 2008 (middle) andaios T2.2a, Kunene-Transect summer 2004
(bottom).

Hydrographic conditions

The sea surface temperature (SST) and salinity igheest during autumn 2008, followed by
summer 2004. During both seasons the SST was b@ea20°C and salinity close to 36. In
contrast, during winter 2010 SST data and salwitye significantly lower, with 16.4°C and
35.57 respectively. In summer and autumn a 20-3fick surface layer was bordered by a
strong thermocline. During autumn the thermocliaeged from 30-60 m (gradient: 0.25°C
m™*) where temperature decreased to 16.5°C. In suramere intense thermocline (gradient:
0.5°C mi") prevailed between 22-33 m where temperature dserkto 16.3°C and salinity to
35.57. In winter 2010 no thermocline could be det@nd the hydrographic data showed a
steady decline in temperature and salinity fromsingace to a depth of around 280 m. Below
280 m, salinity and temperature were constant 8da87 and 10°C. During all seasons
moderate to strong oxyclines were detected. In ewirgt strong oxycline was identified
between 66 m and 79 m, with oxygen levels declifiogy 5.51 mL Q L™ to 3.54 mL QL™
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(gradient: 0.15 mL ©m™). Below 250 m depth the oxygen content was stabéound 1 mL
O, L™ In autumn a strong oxycline (gradient: 0.15 mi r@") appeared from 50 to 70 m
where the oxygen level decreased abruptly from 4@alL™ to 1 mL Q L™ An oxygen
minimum zone (OMZ) was developed between 70 and M5@here the oxygen level was
well below 1 mL Q LY. A moderate oxycline between 22-62 m (gradiert: AL O, m™)
was detected during summer. From 66 to 400 m aididecrease of temperature to 8.9°C and
salinity to 34.80 was observed, with an almost tmtsoxygen level of 0.87 mL Q™
Oxygen depletion was most serious between 300-3%here oxygen content below 0.4 mL
O, L™ was noted. Detailed descriptions of the differphysical parameters during winter
2010, autumn 2008 and summer 2004 are given indhresponding cruise reports (Buchholz
et al. (2010), Ekau et al. (2004) and Ekau et24108)).
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T Figure 6 Hydrographic conditions (temperature (°C), safinibxygen content (mL ©OL™) and
Chl_a (mg ri)) at the 36h station T8.4a, Walvis Bay-Transeatteri 2010 (top), at station T2.2,
Kunene-Transect autumn 2008 (middle) and at stafi@®a, Kunene-Transect summer 2004
(bottom). Broken line indicates position of the obiye. Dotted line indicates position of the
thermocline.
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Trophic conditions

During winter the phytoplankton community in thepep 20m at station T8.4a (Walvis Bay-
Transect) was dominated by dinoflagellates withea weight of 117.9 mg Fhcorresponding
to 15.5 mg C ni and diatoms showed a wet weight of 33.9 mg on 1.8 mg C i1 (N.
Wasmund, IOW Warnemunde, Germany, pers. comm.). @dtA showed the highest Chl_a
concentration between 20-48 m with a maximum oB0wg Chl_a rif at 44 m depth. In
autumn highest Chl_a and Phycoerythrin concentrativere found at around 20 m depth
(CTD data; Fig. 6), with a Chl_a maximum of 0.98 mg at 24 m. Chl_a concentrations
above 0.2 were found till 60 m depth. In summehbgj Chl_a concentrations were observed
between the surface and 38m where the Chl_a conm@nialways above 0.2 mgimwith a
peak at 15 m showing a Chl_a content of 0.69 riig@hl_a concentrations above 0.1 mg m
were observed down to 46 m depth.

Highest copepod abundance (73%) in winter 2010fauasd close to the surface between O-
50 m during nighttime. However, approx. 10% of Wigole copepod community was found
between 250-300 m. During the day most of the cogep(81%) were found at depths
between 250-350 m (Fig. 10). The copepod commuutysisted of 94.5+0.5% Calanoidea
and 5.5+0.5 Cyclopoida (Harpacticoida were not mered). The size classes between 0.5-2
mm made up to 91% of the copepods investigated doting day and night (Fig. 7). The
most abundant copepod species at all depths Metsidia lucens(69.5+14.5%; Fig. 7),
followed by Calanoides carinatug20.0+18.5%) andPleuromammasp. (7.0£5.9%). In
autumn the highest zooplankton biomass occurreappitox. 300 m during daytime (65 mg
ww m®) and 500 m during nighttime (159 mg ww’npB. Martin, Hamburg, pers. comm.,
Fig. 10). No zooplankton sampling was done in pelrab the 24-hour station in summer
2004.
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T Figure 7 Copepod species abundance (left) and size classlabce (right) at the 36h station T8.4a,
Walvis Bay-Transect winter 2010.

Species’ vertical distribution

In winter E. hansenidisplayed a “normal” migration pattern with an exsicat dusk and a
descent at dawn. During daytime the animals resideatie oxygen depleted waters around
325 m (<1 mL @ L™Y). At nightE. hansenimigrated out of the OMZ entering the upper layers
of the water column (WMRdnigh= 68 m).E. hansenshowed a migration amplitude of 306
m. A similar pattern was observed M1 megalopsand E. recurvawith deeper residence
depths during dusk (WMisk= 54 m and 75 m respectively) and shallower residatepth
during day inN. megalopgWMD o= 289 m) compared t&. hanseniN. megalopstayed in
the OMZ throughout the day but at dusk (1) the afsmvere out of the OMAN. megalops
showed a migration amplitude of up to 235Hn.recurvastayed in or close to the oxycline
during nighttime (WM~Dignigh= 71 m) but entered the OMZ during dawn (WME= 250 m;
Fig. 8), suggesting pronounced vertical migratiothis small species (Fig. 8).

In autumn the WMD data d&. hansenshowed a migration pattern with an ascent stading
dusk (WMDy,sk= 204 m) and a descent beginning at dawn (WMEB 123 m) with
persistence in deep waters during daytime (W2 325 m) and a migration amplitude of
up to 200 m (Fig. 8). The animals stayed in the Otlidughout 24h and migrated into
severely oxygen depleted waters (<0.3 mi.Ld) during daylight. InN. megalopsvertical
migration, with a “reversed” migration pattern, wasserved. Small differences of approx. 60
m between day (WMRo= 171 m) and night (WMRanigh= 234 m) was noted in vertical
distributions.N. megalopslike E. hansenidid not leave the OMZ at all and both species
avoided the thermocline. Vertical migration wasdevit in E. americanawith a migration

amplitude of 56 m from midnight (WMRunighe= 27 m) to dawn (WMIgw+ 83 m). At dusk 2
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(WMD gaw= 63 m), contrary to dusk 1 (WMRk= 120 m), the animals entered deeper waters
below 100m and therefore crossed the oxy- and tbeme (Fig. 8).

In summerE. hansenioccurred between 0 and 400m depth. Their vertraglkation pattern
showed a descent from midnight to dawn with pe¥arst in deep waters during daytime
(WMD 00= 249 m) and a migration amplitude of up to 214Enhansenappeared to stay in
the OMZ throughout the day and did not migrate abihne oxy- and thermocline (WMR=

29 m, Fig. 8). Vertical migration behaviour M megalopshowed an ascent starting at dusk
(WMDgus=227 m) with the shallowest vertical distributionroand midnight
(WMDmidnigh=198 m) and deep residence during daytime (WMPB 348 m). Accordingly,
the migration amplitude was 150 m (Fig. 8). Mostt jud the population stayed in the OMZ
throughout the day and did not cross the thermechmimals were found between 0 and 600
m depth (Fig. 10).
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T Figure 8 WMD of E. hansenired line),N. megalopgblue line),E. recurva(yellow line) andE.
americana(black line) at the 36h station T8.4a, Walvis Bagnsect winter 2010 (top), at station
T2.2, Kunene-Transect autumn 2008 (middle) andaiios T2.2a, Kunene-Transect summer 2004

(bottom). Broken line indicates position of the obye. Dotted line indicates position of the
thermocline.
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Size class distribution

Due to the 2 mm mesh size of the net our datasdtswat provide enough data for the
residence depth of smaller size classes < 5 mnmglaaytime. However, iik. hansenihe
migration amplitude of size classes 21-25 mm a6 mm was 310+3 m in winter. Krill of
all size classes, except those at 5-10 mm and Ihri5entered the upper 50 m of the water
column during dusk 1 or 2 and migrated close tosin¢ace (WMD= 15+2 m). However,
both size classes reached their shallowest disimibat midnight ( WMD= 37+1 m). All sizes
classes, except 5-10 mm (no data), were found @in28lepth at dawn and the size class 11-
15 and 16-20 mm may have entered deeper waterslalygimg the day since these classes
were not found at noon. WMD of size classes 21-2%and >26 mm was 325 m (Fig. 9). In
autumn the migration amplitude of size classes ab® and 11-15 mm dE. hansenwith
129+14 m was rather small. In contrast, the lasyee classes showed a migration amplitude
of 229+£16 m (Fig. 9). The latter migrated deepewclido 350 m (WMD) and some animals
were also caught at a depth of 500 m. Additionathg bigger size classes reached their
shallowest distribution at dawn whereas the twe siasses 5-10 mm and 11-15 mm arrived
there at midnight. In summer the biggest size a8 mm) migrated into shallower waters
during the night and into deeper waters at dawnpawed to the other size classes (11-25

mm). Therefore its vertical migration range wagldly bigger, 350 m compared to 317+2 m
(Fig. 9).

In winter N. megalopssmallest size class (5-10 mm) reached its shafibwstribution at
dusk 2 (141 m) whereas the bigger animals readhisdobint already at dusk (505 m). In
general, smaller animals tended to have smalleratign amplitudes than bigger ones, from
159m in size class 5-10 mm up to 263 m in sizescl&®&20 mm. The 11-20 mm size class
showed a shallow residence at night (dusk: 50+5amj deep residence by day (dawn:
278%£39 m). After reaching their shallowest disttibn at dusk 1 (53 m) the 21-25 mm size
class descended to 270 m depth and then ascendieduggto 140 m during dawn (Fig. 9). In
autumn the size class of 11-20 mm Nh megalopsperformed only weak diel vertical
migration (30+1 m), whereas animals between 21-2% showed a migration amplitude of
111 m. We cannot provide data on the persistent¢beo5-10 mm size class during daytime
because it was caught only during dusk. OveratgelaN. megalopanigrated deeper than
smaller ones, but only animals between 11-25 mnev@rnd at a depth of 500 m in autumn
2008. In summer all three size classes investigsitedved similar depth distributions during

dusk, dawn and noon, but a clear separation wasrgdxs at midnight, where smaller animals
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were found around 167 m and bigger animals aro@2dn2 (Fig. 9). The migration amplitude

in all size classes was 153+24 m.

In E. americanahe smallest size class (5-10 mm) conducted thikest migration down to
274 m in winter 2010. However, no migration pattesas found for this size class. Animals
of 11-15 mm size showed a small migration amplitatié0+3 m. A “reversed” pattern was
noted in animals between 16-20 mm. They residgterupper water layers (13+0 m) during
dawn and noon. During dusk and midnight the animadee located deeper at 38 and 75 m
respectively. No differences in the vertical distition between size classes were observed in
E. recurva(Fig. 9).
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¥ Figure 9 WMD of different size classes d&. hanseni(top), N. megalopgmiddle), E. recurva
(bottom, left) ande. americanabottom, right) at the 36h station T8.4a, WalvisyBlransect winter
2010 (left), at station T2.2, Kunene-Transect am2f08 (middle) and at station T2.2a, Kunene-
Transect summer 2004 (right).
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During all seasonk. hansenshowed significant differences between day andtnigrtical
distributions. During the night the animals appdaehave spread more than during the day
(Fig. 10). No differences in the daytime versushttighe vertical distribution oN. megalops
were found. During winter 2010 and summer 2004|earcvertical separation betweén
hanseniandN. megalopgiuring night appeared, wheke hansenstayed in the upper water
layers, whereadl. megalopgesided in deeper waters (Figure 10). In contrdst, vertical
distributions ofE. hanseniand N. megalopsduring autumn 2008 partly overlapped during
nighttime (Fig. 10). During the day, vertical segagon between these species was evident
during all seasons but less marked than duringniigét. In winter 2010, the vertical
distribution of E. hanseniand E. recurvalargely overlapped during night. Both species
occupied the upper layers of the water column @5¥§, whereasN. megalopsersisted
between 50-380 m (Figure 10). In autumn 2008, thexe a clear vertical separation Bf
americana E. hansenandN. megalopsluring the day (Fig. 10E. americanaoccupied the
upper layers of the water column (0-50 M),megalopgersisted between 125-250 m &nd
hansenispent the day at a depth between 250-500 m. Dargig the vertical separation was
blurred. Vertical distribution oN. megalopgndE. hansenpartly overlapped, buE. hanseni
showed its highest abundance around 150 m whéreamgalop®ccurred mainly at a depth

of 250 m.E. americanastill persisted in the upper water layers (0-75 m)
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T Figure 10 Day (solid line) and night (broken line) distritrt of E. hansenired line),N. megalops
(blue line), E. americana(black line), E. recurva (black line), phytoplankton (green line) and
zooplankton (orange line) at the 36h station T8Walvis Bay-Transect winter 2010 (top), at station
T2.2, Kunene-Transect autumn 2008 (middle) andaios T2.2a, Kunene-Transect summer 2004
(bottom).

Energy demand and diel vertical migration behaviour

Oxygen consumption and carbon demands over 24hstéradardizedE. hanseni(100 mg
ww) and standardized. megalopg50 mg ww) over 24h are given in Table 4. Filatrates
in E. hanseniwere assessed at 0.9 — 1.1 L (@ L h?), assuming phytoplankton feeding to
meet 50% of the daily metabolic requirements ar&gl-11.6 L i (1.45 L h'), assuming
phytoplankton feeding to meet 75%.
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& Table 4 Calculated carbon demands (mg €),dcarbon demand due to migration (mg ©),d
assumed food ratios and calculated feeding timeadépending on the average and maximum Chl_a
concentration in the upper 50m of the water coluassuming a filtration rate of 1.45 L*fof E.
hanseniandN. megalopsluring the 36h studies in summer 2004, autumn 20@Bwinter 2010.

carbon carbon demand food ratio calculated
demand for migrating feeding time
(phytoplankton/  min-max
(mg C d) (mg C d" zooplankton (h)
E. hansenwinter 0.44 0.13 (30%) 100/0 9.3-11.4
66/33 10.3-11.6
33/66 11.3-11.9
0/100 12.5
E. hansenautumn 0.4 0.07 (18%) 0/100 9 (day)
0/100 19.9 (night)
E. hansensummer 0.44 0.1 (23%) 100/0 6.2-9.8
66/33 9.0-11.4
33/66 11.7-12.0
0/100 14.7
N. megalopsvinter 0.15 0.01 (7%) 0/100 8.5 (day)
0/100 4 (night)
N. megalopsutumn 0.19 0.005 (3%) 0/100 10 (day)
0/100 16.3 (night)

The daily ratio of carbon losses due to verticagnatiion inE. hansenvaried between 4.0%
body C d" during autumn and 4.4% body C during summer and winter. M. megalopshe
daily ratio of carbon losses due to vertical “mtigra” was 2.9% body Cdduring winter, 3.0
% body C & during summer and 3.6 % body C during autumn. Due to the differences in
the migration amplitudes observed, the percentdgeigration of the daily carbon demand
increased. Accordingly, the percentage of migratibthe daily carbon demand i hanseni
was 18% during autumn, 23% during summer and 308nglwinter. InN. megalopghis
fraction was 3% during autumns, 7% during summer & during winter (Table 4). During
all seasons both species were able to cover tlady thinimum food requirements within
24h. InE. hansenithe calculated feeding time, to cover its carbemand, varied between
6.2h during summer (F= 1.45 [*h100% phytoplankton) and 16.6h during winter (Fk &

- 100% phytoplankton). Although the vertical distriion of E. hanseniduring autumn
prevented feeding on living phytoplankton, it wolldve been able to cover its carbon
demand by daytime feeding within 9h, exclusivelgd®mg on copepods. However, 19.9h
were necessary assuming nighttime feediigmegalopsneeded to feed between 6.2h+2.1
during winter and 12.8h%3.2 during autumn.Bf hanseniwould have shown a migration
behaviour like that during winter and summer, a@ntgithe upper water layers, assuming

hydrographic and trophic conditions like those obseé during autumn, its carbon demand
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would have increased to 0.53 mg C' @23% higher compared to winter+autumn),
corresponding to 5.3% body C'.dThe estimated feeding time for such a scenariolaveary
between 5.3h (F= 1.45 L'h 100% phytoplankton) and 14.6h (F= 1 L%:;h100%
phytoplankton). The same scenarioNn megalopsshowed a 47% higher carbon demand
compared to wintertime with a daily ratio of 4.2%dy C d*. Estimated feeding time would
be 7.4h£2.9.

Discussion

Each euphausiid species occupy different verticata as a result of diel vertical migration in
the northern Benguela upwelling system (Barang®019In the current study the vertical
migration behaviour of four euphausiid specteshanseniN. megalopsk. americanaandE.
recurvaand their susceptibility to being constrained katev temperatures, oxygen and food
availability, was compared. The results will becdssed in the following sequence: (1)
species-specific diel vertical migration, (2) veali segregation among species, (3) DVM and
hydrographic conditions, (4) DVM and trophic envineent, and (5) DVM energy demand.

(1) Species-specific diel vertical migration

Animals do diel vertical migration to exploit thedd rich upper water layers during the night
and to decrease mortality from visual predatorsindguthe day. However, pronounced
migration (DVM) leads to higher energy consumptiothje to exposure to higher
temperatures, low oxygen concentrations and ineteawimming speeds during upward and
downward migration (Torres and Childress, 1983; party 1989). In contrast, persistence in
the cold deep during daytime may lead to low groant reproduction rates (Lampert, 1989).
Vertical migration inE. americanavas not pronounced here, in contrast to Jame<[19i8o
reported that this species do extense DVM (190430@er day). During night maximum
abundance was observed in the top 25m. Sihcamericanamay avoid nets (James, 1987)
the abundance estimated in the upper layers din@glay may be underestimated. In the
current study most of the population stayed in upper 150 m of the water column both
during day and night and only a small part was tbletween 150 and 350 m by day.

Accordingly, we sugged$. americanao be a weak-migrating species in the NBus.
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Differences in vertical distribution between duskdadawn were distinct irE. recurva
suggesting pronounced diel vertical migration. Te¢ositradicts Griffiths (1979) who found
only little migration IinE. recurva However, Griffiths noted that most of the animedsight
were in reproductive state, with females carryipgrsmatophores and most of the males
having spermatophores in their ejaculatory duck &pendent differences in the migration
amplitude, with females migrating closer to thefaste and using the energy supplement for
reproduction, was also shown figkr. norvegica(Tarling, 2003). Accordingly, the differences
between Griffiths (1979) and our study could belaxed by divergent reproductive status

which was not analysed here.

In E. hanseni aclear day/night difference was observed duringcallises, indicative of
intensive migration with a migration amplitude gqf to 306m. Regular DVM was observed
where animals ascended to the upper layers durgigtime and descended to deeper layers
during the day. This is in accordance with Baraft@90). WMD plots suggested some
degree of midnight sinking (cf Tarling et al., 1998 winter 2010E. hansenireached its
shallowest distribution at dusk and deepest digtioim at noon. During autumn 2008 the
observed DVM pattern oE. hanseniwas distinctly different in that the animals didtn
migrate into the upper water layers and reacheid shallowest distribution already at dawn.
E. hansendistributed below the thermocline, thus avoidinghler water temperatures in the
uppermost water layers, may lead to lower oxygemb@n) demand over 24h. However, in
this case the omnivorous specdieshanseniwas not able to feed, or only to a small extent, o
living phytoplankton, as the phytoplankton commuriEhl_a content above 0.1 mgjnwas
restricted to the upper 80 m. Accordingly, a misshatetween adequate food conditions and
a higher energy expenditure, due to elevated wateperatures in the upper water layers,
was assumed (see below). However, other factaeshigh predation pressure should be taken
into account. Differences in the migration behavibatween different size classes were not
obvious. The migration amplitude of size classd$%nm were less pronounced compared to
the size class 16- >26 mm. This may have refleittecbility of larger animals to swim faster
and more efficiently. Additionally, smaller animatsay attain higher survival rates when
avoiding larger individuals, i.e. as “predator” &ence, since cannibalism was observed in
several euphausiid species (Buchholz, 2003 and pless). Different swimming performance
would explain why smaller animals reached theitleteest distribution at midnight, whereas
bigger individuals already arrived there at duslowdver, prey-size spectra differ with
euphausiid size (Barange et al., 1991). Accordingéytical segregation between different
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krill species, as a matter of competition avoidaand optimized foraging, may also play a

role between different size classes.

Vertical migration inN. megalopsis yet unclear (Wiebe et al., 1982; Roe et al8419
Barange, 1990) but its migration amplitude is iy aase smaller than . hansen{Barange

et al., 1991). These findings are in accordanch waitr study, where day/night differences in
N. megalopsvere less marked than B2 hanseniand their migration amplitude was small.
Although Wiebe et al. (1982) argued that day/nigjfferences were due to net avoidance in
N. megalopsand Roe et al. (1984) suggested that these diffeseresulted either from net
avoidance, patchiness, vertical migration or a doatiobn of all three, we suggest a regular
migration pattern with persistence in the upperetayduring the night and persistence in
deeper layers during the day, however, normalhheut crossing the thermocline. During
summer 2004N. megalopsnigrated within a layer of approx. 60 m, whereasrdy autumn
2008 the animals showed enhanced vertical migratfonp to 150 m. In winter 2010, a
migration amplitude of 235 m was observed. As sdtée Mauchline (Mauchline, 1980) and
Barange (Barange, 1990) the upper limit of itsigaltdistribution is related to the position of
the thermocline. The hydrographic conditions durimgnter 2010, without a clear
thermocline, may have supported more pronounceticaemigration with animals entering
the upper 20 m of the water column. In gendidalmegalopsvas distributed over the water
column between approx. 50—-400 m during the niglitereasE. hanseniwas restricted to
better defined strata. Size-dependent differencd¥M were obvious, where small animals
(5-10 mm) stayed above the rest of the populatioeven showed a reversed migration
pattern. Again, larger animals showed more pronedneertical migration. Accordingly,
different swimming performance could explain whyasinanimals showed less pronounced
migration amplitudes compared to larger ones. FEeuntiore, different size-dependent prey-
size spectra (Barange et al., 1991) and possibtargishifts from omnivory to carnivory with
an increase in size could lead to different strataupied, depending on the vertical

distribution of varying prey sizes.
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(2) Vertical segregation among species

Barange (1990) showed that the euphausiid commumitile northern Benguela upwelling
system, regardless of migrating or non-migratingcsgs, is segregated in space during night.
Water column structure and reproductive strategigzarticular species were responsible for
this pattern. Vertical space partitioning was sstg@ to be a strategy of sharing highly
productive areas, like the northern Benguela stiefié region, thus avoiding intraspecific
competition (Barange et al., 1991). Vertical sepanabetweerE. hansenandN. megalops
was evident in this study, but it appeared not @hlging nighttime, as suggested by Barange
(1990), but also during daytime hours. This différénding could be caused by that Barange
(1990) only sampled the upper 200 m and did notigeodaytime distribution data for most
of the species investigated. Interspecific vertisagregation occurred also betweEn
americanaE. hansenandN. megalopgiuring day and night, but vertical distributiomgaly
overlapped betwee. hansenandE. recurva at least during nighttimé&. hansen{Barange

et al., 1991) ancE. recurva (Suh and Choi, 1998) feed omnivorously and theegfo
competition for food sources is likely. However, recurvais a small species (max. length in
this study was 17 mm, average 12.7 mm) whekabanseniis comparably large (max.
length 27 mm, average 20 mm). Assuming size-depgmtey-size spectra, this competition
may be diminished and co-occurrence in the fool tap layers may not result in food
limitation in these species. AS hansenidescended to deeper layers by day and the position
of E. recurvaduring daytime is still unknown, food competitiahleast during the day may
not take place. Furthermore, as different feediagepns, and thus diel periodicity in feeding
activity, could not be excluded, competition forofb resources may have been further

dampened.
(3) DVM and hydrographic conditions

Abiotic factors like temperature and dissolved axygoncentration are known to influence
the vertical distribution of euphausiids (Buchhetzal., 1995; Antezana, 2009; Escribano et
al., 2009). A comparison of the hydrographic candg found at the sampling stations during
the cruises in summer, autumn and winter are ginerable 5. During autumn and summer
the water column at the Kunene-Transect was coveyeal warm surface layer (24.7°C and
22.3°C). This area lies within the Angola-Benguetmtal zone and is often influenced by a
warm water intrusion from the (tropical) Angola denin contrast, SST at the Walvis Bay-
Transect during wintertime was only 16.4°C. Heratex temperatures in summer are higher,
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but temperature profiles of the upper water lay@es mainly determined by irradiance, air

temperature and upwelling intensity.

8 Table 5 Comparison of hydrographic and trophic conditidosing winter 2010, autumn 2008 and
summer 2004 (nd — not detectable; nda — no daitable).

winter 2010 autumn 2008 summer 2004

temperature

SST (°C) 16.4 24.7 22.3
at 400m depth (°C) 9.8* 9.3 8.9
depth of thermocline (m) nd 30-60 22-33
thermocline (°C ) nd 0.25 0.50
oxygen level

min (mL O, L) 0.98 0.21 0.37
max (mL Q LY 6.01 4.80 5.10
depth of oxycline (m) 66 - 79 50-70 22 -62
oxycline (mL @ L™ m™) 0.15 0.15 0.10
phytoplankton

min (0-50m; Chl_a mg i) 0.32 0.19 0.10
max (0-50m; Chl_a mg 1) 0.46 0.98 0.69
average (0-50m; Chl_a mgin| 0.38+0.03 0.5240.25 0.45+0.24
zooplankton

min (0-500m; mg dw ) 1.2%* 1.4 nda
max (0-500m; mg dw ) 31.6% 39.8 nda
average (0-500m; mg dw 8.0+7.6%* 10.6+10.5 nda

euphausiid species

E. americana + + +
E. gibboides - + +
E. hanseni + + +
E. recurva + - -
N. capensis - + -
N. megalops + + +

* Bottom depth was 390m. Therefore, temperatub@m depth was used.
** Bottom depth was 390m. Therefore, data are gifeer-300m depth.

According to the vertical distribution found Ex hansenithis species may have entered the
uppermost water layers at the Kunene-Transect mnser 2004. However, its WMD

suggested that most of the population stayed closer within the thermocline. These
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findings were in accordance with Barange (1990) whmd thateE. hansenremained above
and within the thermocline during nighttime. Thesddo cross the thermocline, as stated by
Ohman (1990), represents major energy expenditwtalaus carries a fitness cost and not a
benefit. Accordingly, we presume that crossing tiiiermocline and entering warm waters
above the thermocline may take place only for sh@eeding) excursions or for
reproductively-active females (Tarling et al. 1998yling, 2003). During winter 2010, when
no thermocline was detectable, hansenentered the upper 20m of the water column. Here,
in contrastN. megalopsvoided the thermocline and its shallowest diatrdm during winter
2010 was up to 50 m (Fig. 8 & 9), where water terapges were comparatively low and
without a thermocline. Its “normal” vertical didittion ranged between 150-350 m depth,
where temperature was below 15°C. A high conceotrabf euphausiis below the
thermocline, as reported by Barange (1990), wa®bsérved during our studies. Differences
in the vertical distribution between the two spesciaay be explained by their different
thermal adaptations witk. hansenishowing adaptation to temperatures between 10 an
20°C, as indicated by a lowQof 1.5, andN. megalops’'sadaptation to lower water

temperatures with a;Qof 1.9 between 5°C and 10°C (Werner et al., isgre

Irrespective of the small vertical migration amydie, E. americanacrossed the thermocline
twice during nighttime and remained in or closéhe thermocline during the day. Singe
recurva was caught only during winter in 2010 when no iaeline was found, vertical

distribution of this species in adjustment to thertocline could not be shown.

Oxygen levels below 1 mL£.™" are common in the northern Benguela upwellingesysE.
americanaE. hanseniE. recurvaandN. megalop&ntered the OMZ but onk. hansenand

N. megalopspent most of the time in the OMZ, irrespectivata low oxygen level (Table
5). This may have indicated that krill was divideto different ecological groups using or
mainly avoiding the OMZ, as shown for copepodshim NBus (Auel and Verheye, 200B.
hanseniand N. megalopdeft the OMZ during winter 2010, but did not cras®e oxycline
during autumn 2008. In summer 2004 megalopsstayed in the OMZ throughout 24h
whereastE. hanseniwas found in the oxycline but not above it. Stgyin oxygen depleted
waters may be a common behaviour to avoid predati@n from oxygen-dependent fish and
was described for other euphausiids E«gphausia mucronatéescribano et al., 2009).
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(4) DVM and trophic environment

N. megalopss known as an omnivorous species, with a highrekegf carnivory. No clear
diurnal pattern in the feeding activity was found this species but higher numbers of
copepod fragments were found in the late afterremoty evening in its gut (Barange et al.,
1991; Gurney et al., 2002). Chlorophyll pigmentstle stomach of this species were of
secondary origin (Gurney et al., 2002). Accordingjyt fluorescence, as an index for in situ
grazing rates, reflected the pigment content ofpresy items (Pakhomov and Perissinotto,
1996). However, due to the fact thvit megalopslid not enter the phytoplankton rich layers
and their feeding appendages lack a real filtekdéta@viauchline, 1980)N. megalopsadults
are considered carnivores (Gurney et al., 20B1)hanseniis known as an omnivore that
opportunistically feeds on copepods, dinoflagefiatand tintinnids (Barange et al., 1991). Gut
fullness and number of copepods consumed, suggesgdtime feeding in this species
(Barange et al., 1991). During the vertical migratistudy in winter 2010 the vertical
distribution ofE. hansenilargely overlapped with the highest abundanceamipiankton in
general and copepods in particular, both during aag night. Vertical distribution oN.
megalop<oincided with maximum copepod distribution durthg day but did not during the
night. However, during autumn 200B, hansenpersisted at approximately the same depth as
the main concentration of zooplankton by day, bydim no overlap was observed during
nighttime. By night,N. megalopsshowed no accordance with the zooplankton digicohu
and also during the day only a small proportion feasd at the same depth as the maximum
zooplankton abundance. During winter in 2010 thecimam prey concentration may have
regulated the vertical distribution of both krifpexies.E. hansenifollowed its prey by day
and night wherea®N. megalopsstayed at a specific depth and may have expldited
migrating copepod community, as suggested by Baratal. (1991). In 2008 both species
did not enter the upper water layers and compliamitke the vertical distribution of prey
items was low. However, zooplankton abundance Etw90-500 m depth was very high
and persistence in the vicinity of prey maxima rhaye been sufficient to cover their daily
carbon demands. Accordingly, the necessity to rtegraas only poor. The vertical
distribution of euphausiids and the vertical dsition of its prey were investigated by
Sameoto et al. (1987) who suggested that prey otrat®n may be more important than
temperature in determining the vertical positioniridgrill. In contrast, a re-evaluation of field
data on DVM inDaphniaby Loose and Dawidowicz (1994) supported the apsiom that
vertical temperature gradients are more importdwaintfood gradients. Gibbons (1993)

suggested th&uphausia lucens the southern Benguela reacts to food conceotiin two
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different ways. He stated that the vertical disttibn of food determines the depth Bf
lucensduring nighttime and the amount of food affects éxtension of the DVM response.
For Meganyctiphanes norvegica the Danish Las6-Deep, Buchholz et al. (1999wad that
the upper temperature limit excluded this specresfrich food sources (copepods and
phytoplankton) near the surface. However, with alaum food, other constraints, like water
column structure, may act as controlling factoraré®ige, 1990). Nakagawa et al. (2001,
2002) showed thatEuphausia pacificamay switch their feeding preferences from
phytoplankton to zooplankton during DVM. AccordiggE. hansenmay be able to cover its
carbon demand in the deep, if food conditions vegneropriate and water column structure
may have prevented immigration into the upper wdgers. As a consequence, vertical
migration may have been suspended for an unknowrbauof diurnal cycles.

(5) DVM energy demand

Torres and Childress (Torres and Childress, 19@®)ahstrated that DVM is energetically
expensive. Staying in the cold deep during theidassociated with low food concentration,
low growth, fecundity rates and prolongation of ttevelopmental time of eggs (Lampert,
1989).

The influence of temperature on the metabolismabh Ispecies differed significantly (Werner
et al., in press). Accordingly, variations in the/Nd behaviour, thus facing different
temperatures over a diel cycle, lead to divergemban demands. In addition, a protein-
oriented metabolism ifE. hanseniand a lipid-oriented metabolism . megalops with
deviating RQs, accounted for an approx. 35% higlabon demand, thus minimum food
requirements, ifc. hansenthan inN. megalopsThe proportion needed for swimming up and
down on the total daily carbon demand was 24+6%.ihanseniand 6+2% inN. megalops
Thus, "swimming costs” were 300% higheEinhansenthan inN. megalopsDuring winter
2010, with lowest water temperatures, both spestiesved the least carbon demand over 24h.
During autumn 2008, with highest water temperatupesh species avoided the upper water
layers, and both results are indicative of tempeeatis a controlling and limiting factor.
Despite great behavioural and temperature varigitithe carbon demands calculated for both
species showed only small differences between sur@f@t, autumn 2008 and winter 2010,
with 4.2%20.2 body C din E. hanseniand 3.2%+0.4 body C'din N. megalopsindicative

of a species-specific energy (carbon) expenditdomd concentrations during the different

82



Chapter 2

seasons were high enough to cover their daily cad@mands within a reasonable amount of
time. However, during autumn 2008 food concentrettifor E. hansenduring nighttime were
comparably low and feeding time would have beernldag. If E. hansenivere able to switch
their nighttime feeding activity from phytoplankterear the surface to daytime feeding of
copepods in deeper layers, as shownHotucens(Stuart and Pillar, 1990) arfel. pacifica
(Nakagawa et al., 2002), feeding time would be camaiply short. IfE. hansenhad migrated
into the warm upper water layers during autumn 2088carbon demand would have been
23% higher. However, Chl_a concentrations in thpeapbOm were approx. 37% higher,
counterbalancing the higher carbon demand duegteehiwater temperatures (Table 5). If we
use the estimated feeding times as indices foruialde migration behaviour in terms of food
availability and temperature, we should expect thahansenimigrated into the food rich
upper layers during each season and should prétdhemave fed on phytoplankton. These
assumptions contradict our observations and maexXpained by the different calorific
content between metazoan food sources and phytdptaand the suggested species-specific
energy (carbon) expenditure. An individual feedoagnivorously may need to ingest less
material than one feeding on phytoplankton. Addiidy, metazoan material may be digested
more readily and numbers on the carbon ratio basedeight may be fairly underestimated
(Gurney et al., 2002). However, favourable fooddibons in the deep may prevent animals
from migrating into upper food rich water layersakdgawa et al. (2003) have shown thBat
pacificacan gain energy in deeper layers during the dagnwhe ambient food concentration
is suitable. This behaviour may change if individuaf different physiological states require
higher water temperature, e.g. egg bearing femBlag.and night distributions &. hanseni
indicated that only part of the population was i¢aity migrating. Accordingly, differences in
the DVM behaviour of individuals may be an activehavioural response to internal
physiological processes and external intraspesifiouli, as suggested forl. norvegicaby
Tarling et al. (1999). Energy budgets fdr megalopsndicated that persistence in the deep
lead to low carbon demands which can easily besfsati by exploiting the migrating

zooplankton community while staying constantlyhe tleep.

The data provided by this study should help tohertunderstand the driving forces in the
variable DVM patterns observed und will be impleteenin a numeric modeling approach as
a next step. Such a DVM-model will be integratecbtoader scale modeling of ecological
processes and trophic interactions and their ratesiogeochemical cycles aiming at
assessing status and impact of climate variabtityhe Northern Benguela upwelling eco-

system. In general, the energetic considerationsb@h species showed that temperature
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acted as a controlling factor but could not be wede to explain the vertical positioning and
DVM behaviour of krill species in the NBus. Fooduadance influenced the DVM behaviour
of krill species, but the vertical distribution lfill did not always coincide with highest food
concentrations. However, trade-offs between foodndhnce and temperature constraints
suggested that different migration behaviours wamergetically feasible. Therefore, other
factors like predation pressure should be takenm aticount. In the highly productive poly-
pulsed NBus, where food abundance is seldom aitignfactor over longer periods, vertical
distribution may result primarily from competitiand predator avoidance. In other (mono-
pulsed) systems, with sometimes limiting food seardrade-offs between temperature and
food may result in different behaviours. The cutrstudy did not consider sex-dependent
differences, predator abundance, or net avoidandegithe day as a common capability in
large euphausiids and this may have biased obsamgab a certain extent. Accordingly, the
observed differences may be influenced by yet otfaetors. However, the approach
evaluating different proximate factors and caldafattheir energetic trade-offs may be
considered as a suited tool to enhance understadithe simultaneous effects of all these

factors on the DVM behaviour of zooplankton.

Conclusion and perspective

The main results of this study showed seasonaéréifices in the DVM behaviour &.
hanseni and N. megalops due to different water temperatures, oxygen-depie food
availability and energetic trade-offs. Despite hetaral differences between seasoks,
hanseniis a pronounced long range vertical migrant, radgylcrossing the thermocline and
retreating again to the oxygen minimum zone whefgasnegalopsis a weak migrant,
avoiding the thermocline and persisting in the OMdughout 24h. Predator and competition
avoidance were ultimate cues which may determiadd¥iM behaviour of euphausiids in the
NBus. The relative change of light intensity (dagiht differences) was the principal
proximate cue controlling the timing of upward addwnward migration. Temperature
profiles, position and intensity of the OMZ and doavailability were further proximate

factors which influenced the behaviour.
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Chapter 3

Regional and seasonal differences in physiologiediormance oEuphausia
hansenin the northern Benguela ecosystemiuenced by upwelling

Thorsten Werner and Friedrich Buchholz

Abstract

Variability in upwelling events can lead to periodf constrained food availability in the
northern Benguela upwelling system (nBus), theraffgcting the physiological state and
metabolic activity of euphausiids. Most researdierdion has so far been paid to seasonal
effects and thus little is known about short tincals effects. Accordingly, metabolic activity,
as expressed through respiration and excretiors,rated the physiological state, through
reproductive effort and moult activity, iBuphausia hansenwere scored in relation to
upwelling pulses, e.g. food availability. Upwellingulses appear to control moult and
reproduction inE. hanseni Additionally, higher respiration rates were fouiod females in
higher sexual developmental stages. Moult stagendidaffect oxygen consumption rates
however. Overall, short time-scale events had atgreimpact on metabolic rates than
differences between seasons. Thus, physiologiassbfE. hansenmay be useful indicators

of the current hydrographic and trophic conditionthe nBus.
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I ntroduction

One of the four major Eastern Boundary upwellingtesns, the Northern Benguela upwelling
system (nBus) is located off the west-coast of Ngemilt is bordered in the north by the
Angola-Benguela front (~17°S) and in the south by strong upwelling cell at Lideritz
(26°S). The nBus is characterized by perennial Ulpwewith a maximum during austral
winter/spring and a minimum during austral summeétmn. Influenced by several
atmospheric and oceanographic processes the nBws demplex and highly variable
ecosystem (Shannon and Nelson 1996). Further winesd coastal upwelling makes this
area one of the most productive ecosystems in trdi® oceans. Fluctuations in upwelling
intensity correlate with variations in the magn#udnd direction of winds. Timing and
duration of upwelling events influence the physiaatl biological properties of coastal seas,
including the population biology of krill (Dormarnt @l. 2005). Upwelling events favour
phytoplankton growth through nutrient input andréiyy support omnivorous species, like
Euphausia hansenthe dominant krill species in the nBus, with cameat food supply.
Consequently,E. hanseni may show physiological adaptations to these palged,
upwelling-mediated, plankton blooms. The adjustnodhetabolic rates in krill to (seasonal)
differences in abiotic, e.g. temperature, oxyged hiotic, e.g. food availability, factors was
the target of several studies (e.g. Buchholz arfib®avski 2000; Saborowski et al. 2002;
Kim et al. 2010; Meyer et al. 2009 and 201Bpwever, the effects of short time scale
changes in the physical and biological environmamteuphausiid physiology are largely
unknown (cf. Dorman et al. 2005).

Different physiological processes, such as growtt eproduction, are influenced by food
availability. Accordingly, euphausiids adapt the®productive cycles to local feeding
conditions (Tarling and Cuzin-Roudy 2003); both epggpduction and length of the
reproductive period are controlled by temperatureé tophic conditions (Cuzin-Roudy and
Buchholz 1999). Furthermore, the recruitment sucosfs krill species depends both on
adequate condition of the females prior to spawaing favourable trophic conditions during

larval development (Tarling and Cuzin-Roudy 2003).

Growth in euphausiids is controlled mainly by tempere and food supply (Huntley and
Boyd 1984) and moulting accelerates both respmadiod excretion rates (Ikeda and Mitchell
1982). Furthermore, seasonal changes in food dil#yacan alter the chemical composition
of zooplankton, which in turn affects respiratiomdaexcretion rates (Conover and Corner

1968). Spring plankton blooms enhance metaboliesrah Meganyctiphanes norvegica
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where otherwise no respiratory adaptations ocawutihout the rest of the year, under stable
food conditions. Thus, during the short productseason in the Ligurian Sea, growth and
reproduction are maximized I§. norvegica(Buchholz and Saborowski 2000). Buphausia
pacifica and Thysanoessa inspinafeom the Oyashio region (North Pacific Ocean, dpa
excretion rates and O:N ratios under constant feopply suggested preferential use of
dietary proteins for growth and reproduction (Kitraké 2010). Thus, the spatial and temporal
availability of food often constrains the physialmay state of zooplankton. In the nBus, the
plankton biomass and distribution is mainly deterxdi by short time-scale upwelling events
rather than by seasonality and thereby displaysgh degree of variability. To better
understand this variability i&. hansenifurther study on the impact of upwelling pulses o
the physiology of krill species is crucial. Suclvestigations are also necessary, to better
predict the effect that krill physiological statashon higher trophic levels and the food web

structure in the nBus.

In the present paper regional differences in mdialbativity and physiological states, moult
activity and reproductive state, Bf hansenwere examined in relation to upwelling pulses
and food availability. Seasonal variability in teeparameters between maximum and
minimum upwelling intensities (winter and late suerin were also investigated and are
discussed under a broader scope in relation ta efhecies such d@suphausia superband

M. norvegica

Material and M ethods
Field sampling

Euphausiids were collected on board the BRigcoveryin winter 2010 (10.09.-13.10.2010,
cruise D356) and on board the RWaria S. Merianin late austral summer/autumn 2011
(30.01.-07.03.2011, cruise MSM17/3). Specimens wetkected between Luderitz (26.6° S)
and Kunene (17.25° S) in the northern Benguela Upgesystem off Namibia. Krill were
caught at various depths at different stations ndumighttime with a 1-fn MOCNESS
(Multiple Opening and Closing Net with EnvironmdnBensing System, Wiebe et al. 1985).
A large mesh size (2000 pm) and a large soft clasetiend bucket were used to reduce
stress on the experimental animals. Sampling ferrdgional comparison &. hansenwas
performed at four stations between Walvis Bay (Z23% and Cape Frio (18°45'S; Fig. 1(B))

during winter 2010. Sampling for the seasonal cammpa was performed at three additional
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stationsand one repeat (Wv between Luderitz and Kunene during late summer (Fig.
1(C)). The animals for metabolic measurements were randambsen and transferred
aerated plastic aquaria filled with filtered seavailheleftover animalsof each haul, or a
representative part respectivewere used to assess the physiolag&tate olE. hansenin
the field.

17°S
100 m
18° 18°S oo
T T 500 m
19° | o
1000 m
20°S
22°S 1500 m
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21°8 3
© 24's 2500m
IS
228 S 3000 m
5
e 4000 m
3 o
3 . 26°S
23°S —e o 5000 m
|

10°_E 11°E 12°E 13°E 14°E 15° 10°E 11°E 12°E 13°E 14°E 15°E 16:’E

T Figure 1 Location of the northern Bengu upwelling system in the Southwest Atlantic Oc
(inset A). The station positions sampled for regloaomparison during winter 2010 (B) and
station positions sampled for seasonal comparisoingl winter 2010 and late summer 2011 |
Circles denotdocations of sample stations, triangles geogratdndmarks. Given are the names
each sampled transect and the corresponding safiaid — Lideritz Cell; Kun— Kunene; RPt —
Rocky-Point; Wvs -Walvis Bay). Letters indicate positions of the ista$ ielative to transect (—
South; N — North).

92



Chapter 3

Metabolic measurements

Respiration measurements were conducted with @alosspirometry system with Oxygen-
Microsensors (PreSens, Germany) and a 4-channeb4fili@r optic oxygen transmitter (Oxy-
4-micro, PreSens, Germany) on board the researstelge Specially designed small tube-
shaped chambers (volume 20 mL) were used as reéspichambers optimized for krill (cf.
Werner et al. 2012). Respiration measurements wenelucted in a temperature-controlled
room at four different temperatures (5°C, 10°C, A5and 20°C), which reflect the
temperature range experienced By hanseniduring both season€. hanseniwas first
acclimatized for approx. 12h at 8-10°C and all expents were conducted within 24h after
catch in order to minimize confounding effects doestarvation (K. Huenerlage and F.
Buchholz pers. comm.). Animals were acclimatedh® éxperimental temperatures in the
respiration chamber for 1 to 4h and the oxygenk&{do,) was monitored over a duration
of 3 to 6h in the dark. Each temperature treatmead run in triplicate with an additional
empty chamber to serve as the control. The regmirahambers were placed in a water bath,
which was controlled by a lab cooler (£ 0.5°C; bold&25, Germany). Filtered seawater (0.2
um Acropak™ 1000 Capsule, Pall Filtersystems GmbH, Germanyd used, in order to
minimize bacterial oxygen consumption. Since thé¢atm@ic rate of animals is known to vary
both interspecifically and intraspecifically witlodly mass, respiration rates were standardized
to units of comparison of M h* gw™*. Animals were sexed, measured for length and
weighed, and their moult stage and sexual develophetage (SDS) determined before
deep-freezing at -80°C for further analysis. Reglotomparisons of metabolic rates were
conducted only at 10°C. Measurement of respiraties involved the analysis of 2ml water
subsamples taken from the respiration chambersedtsh experiment and immediately deep-
frozen in liquid nitrogen and stored at -80°C. Thesibsamples were later analyzed for
ammonia (NH-N), the major form of dissolved nitrogen excretey marine zooplankton
(Enna), using the phenol-hypochlorid method following@weano (1969). The O:N ratio was
calculated by simple division betweenoMand Es in order to determine the dominantly

metabolized substratayzaud and Conover 1988

Moult stages and sexual developmental stages

The moult stage (MS) of eadh. hansenispecimen was determined following Buchholz
(1982 and 1991), derived from Drach's method. Outerouropod was gently cut-off and
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placed on a micro slide with a drop of cooled sestew and inspected under a Zeiss
microscope (100x-400x magnification). The moultleyis divided into moult stages grouped
into two phases: the postmoult period consists & M B and C and the premoult period
consists of MS | Dy, D; and B

Sexual developmental stages (SDSs) of ferkaleansenivere defined following a modified
staging system by Cuzin-Roudy (1993) which ordexhestage according to the development
of the ovaries. Overall there are 5 different SB8h SDSs 1 and 2 being characterized by
ovaries still in development and differentiatiorDS 3 is defined by the occurrence of
vitellogenesis and at SDSs 4 and higher the ovaags reached their full extension and start
to mature. The SDSs were determined in live ferkale using a Zeiss microscope (100x-
400x magnification) to examine the extension amdcstire of the ovary. The sex ratio (f/m)

in a swarm was also assessed from all the indilsdtaught at each station.

Statistical treatment of data

Results are presented as means * standard desig&®). Either one-way ANOVAS or t-
tests were performed according to the number ouggocompared. Tukey's multiple
comparison post-tests were also performed followAl§OVAs. Data were tested for
normality using the Kolmogorov-Smirnov and/or D" Agjoo and Pearson omnibus normality
test. Where required, data were normalized usiggriansformation. If normalization was not
possible, a Kruskal-Wallis test with Dunn's possttevas applied. F-tests were used to
compare fits (e.g. the impact of temperature onréspiration rates between seasons). Tests
for correlations between parameters following Geumsslistributions were performed with
Pearsons correlation calculations. Spearman ctimetawere conducted if the data did not

show a Gaussian distribution. The significancellexss set at P<0.05, except where noted.

Results
Hydrographic and trophic conditions

A description of the environmental dynamics in thBus is given by Shannon 1985;
Mohrholz et al. 2001; Monteiro et al. 2008 and Hiings et al. 2009. The hydrographic

conditions during the sampling periods are desdriheBuchholz et al. (2010; report of cruise
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D356) and Lahajnar et al. (2011; report of cruisesSNL7/3). An overview of the
hydrographic and trophic conditions, derived froenrybox-measurements, at the different
sampling stations is given in Table 1. Samplingiata, RPt, Kun-S and Wvs, were located in
upwelling regions, as indicated by cold upper waddgers bearing low salinities, whereas
RPt-N was located in a non-upwelling region asdatkd by considerably warmer and more
saline surface water. In the following, the stasidRPt, Kun-S, Wvs and RPt-N will be
referred as Up_1, Up_2, Up_3 and No_1 to facilitsiféerentiation between upwelling and

non-upwelling situations.

8 Table 1 Hydrographic (SST (°C), salinity) and trophic ciimhs (Chl_a (ug L), Phycoerythrin
levels (cells mLY)) at the sampling stations during winter 2010.aDatere derived from ferrybox-
measurements (5-10m water depth) conducted ovewtide sampling procedure. Given are the
means = SD.

Winter 2010 temperature salinity Chlorophyl_a  Phycoerythrin upwelling
(°C) (ng LY (cells mLY)

Up_1 15.2+0.07 35.25 7.5£1.0 3598+25 yes

Up_2 15.8+0.06 35.35 16.6+0.4 8825+105 yes

Up_3 15.8+0.03 35.24 9.8+1.0 3859+38 yes

No 1 17.9+0.02 35.91 10.8+0.4 2119+30 no

Favourable trophic conditions were found at Up_hwkigh Chlorophyll_a concentrations
(16.6 + 0.4 pg ) and high Phycoerythrin levels (8825 + 105 cells™ In contrast, the
trophic conditions at No_1, Up_1 and Up_3 were caraply poorer (Table 1). Seasonal
differences in the SST between summer 2010 ancewlQ11 were apparent, however, the

trophic conditions during both seasons were rethtigimilar (Fig. 2).
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" & Figure2

s Sea surface temperatures (SST,
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During summer 2011 the region between 17°S and 2&fSlargely covered by warm upper
water layers (<20°C). In contrast, during winted@Qtemperatures of the upper water layers
ranged between 15°C and 17°C. The Chlorophyll_aerwnover the shelf, derived from
satellite imagery, was high (1-10 mg®nduring both seasons. However, more offshore the
trophic conditions, derived from Chl_a concentnasiowere more favourable during winter
2010 compared to the situation during summer 26id. @).

Regional comparison
Size, sex and weight

E. hansenisampled at the four stations, used to compare llipgegrom non-upwelling

regions, diverged significantly in total length,iglet and sex ratios. The mean krill length at
No_1 (20.0 £ 2.1 mm, N=69) was significantly smallean those at Up_1 (24.7 £+ 1.5 mm,
N=49) and Up_3 (24.7 = 1.3 mm, N=54). Furthermadhe, mean krill length size at Up_2
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(20.9 £ 2.1 mm, N=45) was significantly shorterrtithat from Up_1 and Up_3 (Kruskal-
Wallis test with Dunn's post-test, H = 138.2, P€0D, Fig. 3).
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T Figure 3 Size frequencies d&uphausia hansemit the sampled stations during winter 2010

Accordingly, the mean weight of the krill was lowed# No 1 (53.9 = 9.1 mg, N = 10)
followed by Up_2 (65.5 £ 10.2 mg, N = 10). Heaviestan weights were recorded at Up_1
(111.7 £1 4.7 mg, N = 10) and Up_3 (110.7 + 20.1 Mg 10). The sex ratio (female/male)
was highest at Up_1 (4.4) followed by the Up_3 X3Te sex ratios at Up_2 (1.5) and No_1
(1.2) were considerably lower. Specimens takenditermination of metabolic parameters
(respiration and excretion rates) were randomlysehoout of the pool of specimens from
each station. However, the size frequencies anddkeatios reflected the in situ ratios at the
sampling stations (unpaired t-tests with Welch samion, P>0.05), except at Up_1 where
the sex ratio in the animals investigated was nmoage-biased compared to the situation in
the field.

Respiration, excretion and O:N ratio

No significant differences could be detected betwtmmales and males in terms of their
respiration rates (unpaired t-testy=0.6745, P>0.05), excretion rates (t=1.605, df=36,
P>0.05) and O:N ratios (t=1.176, df=36, P>0.05ug ldata from both sexes were pooled for
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further analyses. Respiration ratessofhansenindividuals at No_1 were significantly lower
compared to the other stations (ANOVA with Tukeyast-test, k4=12.04, P<0.0001).
Mean excretion rates were significantly greatetJpt 3 compared to Up_1 (ANOVA with
Tukey's post-test, 5~=3.633, P=0.0224). Calculated O:N ratios rangecthf®13 at No_1,
from 14-53 at Up_1, from 10-36 at Up_2 and from78& Up_3. Significant differences in
the O:N ratio were found between No 1 and Up_1+Upn@ between Up 1 and Up_ 3
(ANOVA with Tukey's post-test, §3~=7.119,P=0.0008). An overview of the metabolic
activity of E. hansenat the different sampling stations is given in [Egh

& Table 2. Metabolic state (respiration rates gyiumol G h™ g..*), ammonia excretion rates\(&;
umol NH, h* g% and O:N ratios (by atoms)) &uphausia hanserat different stations during
winter 2010. The size (mm), fresh weight (mg) aexl tio (f/m) are also presented. Values are given

as range and means * SD in brackets. Differemrieihdicate significant differences between siteatio
(ANOVA with Tukey's post test). (n=8-14)

Size (mm) Fresh weight Sex ratio Mo2 Enna O:N
(mg) (f/m) (umol & h* g™ (umol NH; h* g™ (by atoms)
Up_1 23-27 95.0-136.8 1.5 8.6-18.1 0.33-1.93 14-53
(24.8+1.3} (111.7+14.7 (12.1+2.6§ (1.020.5 (29+13)
Up_2 19-22 54.9-87.6 0.6 9.1-16.9 0.86-1.84 10-36
(20.5+#1.1y  (65.5+10.2) (13.0+3.1% (1.1+0.4%° (26+12)°
Up_3 23-27 78.1-142.8 3.7 8.4-20.2 0.96-2.5 8-27
(25.0+1.4f  (110.7+20.13 (12.5+3.3f (1.60.5§ (17+6)¢
No_1 19-21 43.0-73.0 1.5 5.0-9.1 1.02-1.49 9-16
(19.8+0.8Y  (53.9+9.1% (6.5+1.4% (1.2+0.2§* (11+2f

Moult stages and sexual developmental stages (SDSs)

Moult activities in theE. hansenpopulations was quantified as the proportion dividuals
within an active moult stage (A,B,sDand the ecdysis stage) at time of sampling. In an
average krill population, this number is approx%il$Buchholz and Buchholz 2010). At
No_1, 59% of the animals sampled (N=51), were istpoult stages and 41% in premoult
stages. 14% of the animals investigated were iaciime moult stage indicative of a “normal”

moult activity for this population.

98



Chapter 3

6 & Figure4

Moult stages oEuphausia
hanseni individuals used
4 for respiration measure-
mNo_1 ments at the sampling
stations during  winter
2010, according to the
Up_2 staging system described

1 - mUp 3 in Buchholz (1982).

Up_1

guantity
w

A+B  C DO D1 D2 D3+E
moult stages

At Up_1 (N=49) only 27% of the population was inspooult stages and 73% in premoult
stages. No animals were found in an active moaljestUp_2 (N=44) showed 45% of the
population in postmoult and 55% in premoult stag¥% of the population was found in
active moult stages. Moult activity at Up_3 (N=40xs 10%, with 45% in postmoult und
55% in premoult stages. The MSs of the animals t@ecspiration measurements are shown

in Figure 4.

Irrespective of regional differences, most of tmeneals investigated, were either in MS C
(31%) or in MS D (14%). However, moult stages did not affect theahbelic activity ofE.
hanseni(ANOVA, Fs 45=1.198, P>0.05; Fig. 5) in both sexes. The sexaaéldpmental stage
of the females at No_1 was significantly lower camgal to the other stations (ANOVA with
Tukey's post-test, gz, =5.90, P<0.0001). Respiration rates regressechstg8DS (Fig. 6)

showed a non-linear relationship (df=4%;0.42) expressed by:
one-phase association:  y=-6.761+(12.22+6*{6Bxp(-1.114*X))

The oxygen uptake was lowest at SDS 1, increas8d3IDS 3 and then plateaued. The high
variability associated with oxygen uptake at SDB@ud be noted (Fig. 6).
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& Figure5

Moult stages ofEuphausia hanseni
and corresponding respiration rates
(umol G h* g, ") at 10°C.

%
\

respiration rate (umol Oz h! g“.“.'])

D, D, D, DiE
moult stages

Significant differences were found between SDSd @8BS 3+ (ANOVA with Tukey's post-
test, s 37=4.968, P<0.0001). A significant and positive clatien was detected between SDS
and oxygen uptake iB. hansenindividuals (Spearman correlatiogs=0.74, N=46, P=0.023).
Correlation coefficients (r) between respiratiotesa excretion rates, O:N ratios and SDS and
MS in E. hansenare shown in Table. 3. Since most of the aninfadsving an SDS of 1 or 2
were from No_1, animals sampled at other statiold@ §éhown in this publication) were
included in these analyses in order to excludeibl@sshanges in the oxygen consumption
rates due to starvation effects.

"y 254

&h

= 20- ® Figure6

o) Box and whsiker plot of the sexual
3 154 developmental stages (SDS) of
g Euphausia hansenifemales and
i 104 corresponding respiration rates
2 (umol G h* g, at 10°C fitted
o with a non-linear regression (Black
2 9 line).
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& Table3
: — Correlation coefficients 0
Correlation coefficient (r) .
between metabolic rates
NP Moz Exa O:N (respiration (M pmol K' g™
sSDS 26 0.542 0.12¥ 0.324* and excretion (s, umol NH, h*
MS 43 0.275¢ 0.073' 0.090' gw )) and physiological states

(sexual  developmental stage
(SDS) and moult stages (MS)) in
Euphausia hanseniluring winter
2010. NP- number of data pairs
used for correlation analyses; NS
— not significant

Seasonal comparison

Respiration rates did not differ significantly beewn the sampling stations during late
summer 2011. During winter 2010 one station (NasHgwed significantly lower respiration
rates and was not included in the following anayseavoid biasing the results by different

physiological states possibly affecting respiratiates.

Temperature (5°C-20°C) had the same impact on oxygeake inE. hanseniindividuals
during winter 2010 and late summer 2011. No sigaift differences were detected between
the slopes of the non-linear regressions descritiiegtemperature/metabolism relationship
(F-test, k£ 11571.792, P>0.05; Fig, 7). The one exception was erygptake at 20°C, which
was significantly higher during winter 2010 commhr® summer 2011 (unpaired t-test,
t1=2.411, P=0.0262). The relationship between temperaand respiration rates can be

expressed by:
Y=1(008131+0.02558%) _ (15te) summer (N=55Werner et al. 2012)

Y=1d0.8519+0.02053x) - winter (N:62)

Ammonia excretion rates showed no significant défees between winter and summer, and

no differences were detected in the O:N ratios betwseasons either.
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Seasonal differences (winter/summer)
in the respiration rates (pumol,®*
gw ) Of Euphausia hansertietween
5°C and 2=°C, presented by non-
linear regressions.
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Discussion

Regional differences in the physiological stateEofhanseniwere apparent during winter
2010. The swarms diverged in size, sex ratio, SD&)lt activity, oxygen uptake, excretion
rates and O:N ratios (Fig. 8). Upwellingg. norupwelling situations, as characterized by
water temperature and salinity, may have influertbedphysiological state &. hansendue

to divergent trophic conditions. According to Warnet al. (2012) changes in the
physiological state of krill in the nBus should te¢ated to upwelling intensity rather than to
seasonality alone. The lack of seasonal differemtegspiration and excretion rates tér
hansenias found by the current study, further supporis tiotion. Besides temperature and
oxygen availability, the trophic environment is ttm@st variable factor in the nBus and may
significantly influence the life histories of krifpopulations living there. However, trophic
conditions are capable of masking thermal effeSabrowski et al. 2002), especially when
food availability is scarce or temperatures arélstaRespiration rates iMl. norvegicawere
mainly affected by temperature when favourable ifeggdonditions prevailed throughout the
year. In contrast, this species increased its axygatake during the period of increased
primary production in areas with oligotrophic caimhs (Saborowski et al. 2002). During
winter 2010 the trophic environment at Up_1 difteggnificantly from the other stations.
Since it was only possible to distinguish betwepwelling and non-upwelling situations, and
no conclusions about the upwelling intensity angl thge™ of the upwelled waters could be
drawn, differences in the feeding conditions priar the sampling remain unclear.
Furthermore, the actual Chl_a content obtainedebsylbox data and satellite images could

also have been biased by e.g. high grazing aetsviti
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T Figure 8 Physiological states oEuphausia hansenindividuals at different sampling stations
respectivelly upwelling conditions during winter D Given are the meanszstandard deviations for
the respiration rates (84 pmol G h* g.. ™), excretion rates (&.4; pmol NH, h* g, ™), O:N ratios by
atoms (left side). Sexual developmental stagekeofédmales (%) and the different moult stages (o) a
the sampling stations are presented (right sidegu@ were tested by one-way ANOVA. Different
letters indicate significant differences betweatishs (ANOVA with Tukey's Multiple Comparison
Test).

Since several physiological processes such as gramd reproduction are slow, the influence
of the trophic environment is difficult to assessthe initiating pulse may have occurred
several weeks before prior to sampling. Howetzerhansencan integrate trophic conditions
into physiological processes (e.g. growth) oveelatively short period of time (~1-2 weeks).
Furthermore E. hanseniis described as an omnivorous species feedinghgtoplankton,
copepods, dinoflagellates and tintinnids (Baranigal.e1991) and dietary shifts may occur

when the ambient food concentration of a prey fadllow a certain threshold as suggested by
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Stuart and Pillar (1990) fdtuphausia lucens the southern Benguela Current. Accordingly,
phytoplankton levels alone may be insufficient ésctibe the food availability f&. hanseni
Repeated sampling at a fixed station over a lotigex period including phases of upwelling
and non-upwelling and continuous recording of ttopliic environment (both phyto- and
zooplankton) would help to clarify these timingowever, regional differences in upwelling
activity and different physiological parameters &expparent and are discussed in the

following sections.

Regional comparison

The most obvious differences in the physiologidates of E. hanseniwere evident in the
respiration rates, O:N ratios, moult and reprodwgctctivity of E. hanseni At the stations
where upwelling occurred, krill swarms showed corapke respiration rates (12.1-13.0 pmol
0, h* gw?) and either high moult activities and/or a high<SSbf females. At Up_1 no
animals were in an active moult stage, howeveg thay be explained by the high SDSs
apparent in the females here. It is likely thatsthanimals interrupted their moult cycle and
were close to a spawning event, which was furtbhppsrted by multiple females showing an
orange hue indicating imminent spawning. In conjrédse animals under non-upwelling
conditions had significantly lower respiration téower O:N ratios and showed "normal
moult activity and low SDS. Studies & superbaindicated that food availability affects
moult frequency (Buchholz and Buchholz 1989) arad thcreasing temperatures decrease the
intermoult period (Buchholz 2003). Since favourabteophic conditions promote
synchronized moult activities (Buchholz et al. 1p@@d reproduction (Tarling and Cuzin-
Roudy 2003), a high moult or reproductive activityay be considered indicative of

favourable food conditions prior to sampling.

Respiration, excretion and O:N ratio

Metabolic activity in zooplankton as a response ptoytoplankton blooms have been
extensively studied in copepods (Conover and Coir#68; Mayzaud and Conover 1988
Here, both oxygen consumption and ammonia excredioing the spring phytoplankton

bloom were accelerated and the O:N ratio at leasharbivorous copepods lowered. In
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contrast, during phytoplankton blooms the respratates irE. superbavere accelerated but

the excretion rates were depressed, resultinggimeniO:N ratios (lkeda and Kirkwood 1989).

The oxygen uptake d&. hanseniat No_1 under non-upwelling conditions was onlif lo&
the rates compared with the “upwelling stationshieTlow metabolic activity may reflect a
depression of several physiological processes undé&vourable, non-upwelling, trophic
conditions (see below). Contrary to this theorgerg experiments have shown that starvation
for 7 days can result in a pronounced decreasexygem consumption by 40-70% fi&.
hanseni(K. Huenerlage and F. Buchholz pers. comm.). H@xrethe data received from the
ferrybox measurements and satellite images shoWatttophic conditions at No_1 were
favourable, and dissection of specimens revealedlypéilled stomachs. Therefore, a
starvation effect seems unlikely. Furthermore, #atual trophic conditions did not vary
significantly between No_1, Up_2 and Up_3, suggestio starvation effect ie. hansenat
any station. Accordingly, the observed differenseshe respiration rates, under upwelling
and non-upwelling conditions, should be a resulotbfer physiological processes, such as
growth and reproduction. However, stable isotopsyemes for No_1 and Up_1 indicated that
E. hanseniat No_1 was nearly one trophic level below themes at Up_1 (pers. obs.),
suggesting different degrees of herbivory versushigary. These stable isotope results
corresponded with the O:N ratios calculated forheatation; the lowest O:N ratios were
determined for No_1 (and Up_3) which is suggestifa different quality and quantity of
available food (Mayzaud and Conover 1988). Ammauaretion rates at Up_1 and Up_2
were slightly lower compared with the two othettistas, while their O:N ratios were higher.
This is in agreement with observationsEn pacificg T. inspinata(Kim et al. 2010) andE.
superba (lkeda and Kirkwood 1989) during a phytoplanktolodm. Lowered ammonia
excretion rates and elevated O:N ratios were stgde®s indicate reduced importance of
protein as a metabolic substrate during the phgtdgbn bloom and preferential utilization of
dietary protein for somatic growth and/or reprodtuctrather than metabolism (Kim et al.

2010). In particular, this may be true for speeutth low lipid contents such &s. hanseni

Sexual developmental stages (SDS)

Our results show that the SDS Bf hansenifemales positively influenced respiration rates
(Fig. 6) and that moult stage likely did not afféhe oxygen uptake (Fig. 5). Thus, the
observed differences in the metabolic activity BEw regions may be mainly due to
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differential reproductive effort. Most of the feraalat No_1 were in a SDS of 1 or 2, thus in
stages where ovaries are still developing and réiffigating. Ovaries of females from the
other stations were largely fully developed (SD&n8l higher) and some even displayed an
orange hue, an indicator of egg maturation (C. Botty AWI-Bremerhaven, Germany, pers.
comm.). High frequencies of SDS 3+ may be an inainafor suitable trophic conditions.
Additionally, the oxygen uptake for both sexes at N was significantly lower compared
with the other stations sampled. This may suggesteduction of metabolic rates
corresponding to low reproductive effort, withiretvhole swarm. Furthermore, respiration
rates displayed a high degree of variability in SD&itellogenesis). The low oxygen uptake
in some SDS 3 females may indicate a “waiting &wolurable conditions”, whereas the high
rates observed in other SDS 3 females may poiat“tack-off” in the spawning cycle. Both
do not reject the scenario of a “resting” stagehe reproductive cycle, where krill females
with nearly fully developed oocytes “wait for favaible conditions”, followed by the
initiation of maturation and spawning if conditioaBow. This “sit and wait for favourable
conditions” tactic is most likely an adaptationgeriodic short time-scale upwelling events,
which could boost reproductive successEnhanseni.ln other krill species, such ad.
norvegica multiple egg production cycles during the repmdidie season is followed by a
longer period of sexual rest (Cuzin-Roudy and Boutht999). However, in various Kkrill
species reproductive scheduling coincides withqgaksriof optimal feeding conditions (Cuzin-
Roudy and Buchholz 1999). Thus, a “resting” stageene females bear fully developed
oocytes yet wait to spawn may allow them to quiaklgpond to improving trophic conditions
and could evolve in poly-pulsed systems with pei@nmupwelling events. Ideally,
vitellogenesis should only occur when trophic ctinds are optimal so as to promote strong
non-feeding stages of larvae, due to the optimaeld@ment and condition of eggs (Tarling
and Cuzin-Roudy 2003). The quality and quantityoaid influences growth rates in feeding-
stages of krill larvae and accordingly, the ongetpwelling would be a critical period for this
developmental stage (Siegel 2000).

These results are in agreement with observationsther krill species. In the southern
Benguela Current. lucensspawned before the onset of upwelling which caukedspring
phytoplankton bloom (Pillar and Stuart 1988) andrélby ensured that the larvae hatched
during a period of high food supply. Dorman et @005) showed that short time-scale
fluctuations in Chl_a concentrations due to chamgéise upwelling state positively affect the
amount of eggs spawned By pacifica Spawning intensities foE. pacificawere highest

during upwelling events due to high food supply ((8mand Pearcy 1971; Brinton 1976).
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The subsequent zooplankton bloom may be of fuithportance, for omnivorous species like
E. luceng(Siegel 2000) an&. hanseniUpwelling events often induce phytoplankton blegom
in the nBus and also correlate with high SDSE.imansenas similarly observed iB. lucens
andE. pacifica However, prolonged upwelling-favourable winds r@ased the reproductive
effort and abundance &. pacificaboth on short-time and interannual scales (Doretaal.
2005). Accordingly, there may be an optimal upwellintensity which favours primary and
secondary production without advection of plankiamoff-shore (Dorman et al. 2005) which
supports reproduction in euphausiids. Further @eslyare needed to detail the ovarian
development cycle ifc. hansenifemales as it is related to upwelling and foodilatbdity
and to clarify whether this species shows a m@t@l continuous breeding behaviour (Siegel
2000).

Moult activity

An interruption of the diel vertical migration pdsy due to energy-demanding processes
during moult was described fdl. norvegicaby Buchholz and Saborowski (2000).
hansenino differences between the postmoult and premughdises or between active and
non-active moult phases B. hansenin terms of respiration rates were detected. Tieid
true even after all females were excluded fromahalyses, to avoid biasing the results with
different SDSs. We therefore assume that accetbrattabolic activities may not be required
for moulting iInE. hansenilf moulting were highly energy-demanding, therdencontinued
starvation, a distinct mismatch between energy delmead expenditure should result. It is
known however, that some euphausiid species cantinaulting even under unfavourable

trophic conditions and may even shrink in size (Bwiz 2003).

Two krill used in the experiments, actively sheaithcarapaces during the respiration
measurements and showed comparably high metaladéis (16.7 + 0.4; N=2), indicative of
an energy-intensive process. This may suggest gimerenergy demands during different
phases of the moult process. Most of the animalssiigated were in a MS C or,DUnder
unfavourable conditions (e.g. starvation) or atdheet of sexual maturation the time span of
these moult stages can be prolonged (Buchholz 198&)ordingly, stages C and,[are
viewed as “waiting stages” in the moulting processialogous to SDS 3 in female
reproductive development, and can be a “startingptpdor moulting when conditions
become suitable. Buchholz (2003) reviewed thatitkermoult period (IMP) oE. superba
decreases with an increase in water temperaturghatdhis species is capable to fast and

flexible adjust its IMP and its size increment abuit (INC) to the prevailing feeding
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conditions. Accordingly, moulting is influenced bgeveral factors, including water
temperature and food supply which in turn can eetat oxygen uptake and demand. Thus,
these other factors may have interfered with theden of differential energy requirements

between moult phases.

Seasonal comparison

Investigations on seasonal differences in the noditalctivity of M. norvegicashowed that
food availability and temperature are the mostuahe parameters affecting respiration rate.
In areas where the trophic environment providetablg feeding conditions throughout the
year (Kattegat) the metabolic rateNh norvegicawas mainly affected by the thermal regime.
In contrast, in the oligotrophic Ligurian Sea styanetabolic enhancement occurs when the
short winter-spring plankton blooms take place (BaWwski et al. 2002). In the Northern
Benguela, perennial upwelling provides approprfatal conditions throughout the year. On
the other hand upwelling intensity and food avaligbare higher in winter/spring than in
summer/autumn. However, no differences in the nad@lactivity in E. hansenibetween
summer and winter could be detected. Accordindignges in the trophic conditions may be
more pronounced between two upwelling events than a seasonal scale. Additionally, the
comparably constant metabolic rates between seasdas hansenicoincided with theM.
norvegicafrom the Kattegat region investigated by Buchhald &aborowski (2000Higher
respiration rates at an experimental temperatur206€C were found for winter 2010 Kkrill
compared to those from summer 2011. This may iteliea adaptation to the lower water
temperatures in the upper layers during wintertiBwgring winter 2010, the average SST for
the nBus was approx. 15.7°C whereas in late sur@0Etl average SST was > 20°C (Fig. 2).
During summer, an intrusion of warm, saline tropmaters from the Angolan Dome is a
common phenomenon (Boyd et al., 1987). Thidshansenian adept vertical migrator
(Barange 1990) may have adapted to the elevatednsurwater temperatures by reducing
their metabolism. During wintertime such a reductroay not be necessary, since the krill

rarely encounter water temperatures > 16°C.

108



Chapter 3

Adaptations of metabolic activity to (seasonal)ig@aon in trophic conditions in E. hanseni,

M. norvegica and E. superba — a species comparison

Euphausiids are distributed ubiquitously worldwigeging from tropical waters to high
latitude polar regions. They inhabit various ectays with marked differences in (seasonal
and regional) trophic conditions. The comparablyl stidied speciedyl. norvegicashows a
wide distribution range from boreal to sub-tropidddrth Atlantic waters and the adjacent
seas, whereds. superbais restricted to the Antarctic ring ocedh. hanseninhabits coastal
Atlantic waters at the margin of the African coetim at both sides of the equator (Mauchline
and Fisher 1969). The seasonal changes in foodahitdy therefore differ greatly between
M. norvegica E. superbaand E. hanseniand this is reflected in their metabolic and
physiological adaptation$4. norvegicaencounters different trophic regimes both regignal
as well as seasonally. In contraBi, superbameets large seasonal differences in food
availability (favourable in austral summer, poolumstral winter) though minor or no regional
differences. Food availability foE. hanseniis largely controlled by perennial upwelling
events and thus experiences both regional and rs&afloctuations. However, all three
species are omnivorous, reflecting their capabitity adapt to highly variable trophic
conditions in their environments (cf. Buchholz a&@&borowski 2000). The seasonal
adjustment of metabolic rates in relation to foedikbility in these krill species from very

different climatic zones are discussed in the foilg.

In M. norvegica metabolic adaptations as measured through réispirand excretion rates
were recorded in response to the variable tropbiclitions prevailing in the Mediterranean
Sea, where a short productive season is followelditny oligotrophic conditions. In contrast,
krill from areas with comparably constant food dypguch as the Kattegat and the Clyde
Sea, displayed no seasonal adjustment of respiramal excretion rates (Saborowski et al.
2002). In the case of the Kattegat and Clyde Sealptions, temperature predominantly
affected metabolic rates in a positive manner. Boéd somatic growth and reproductive
activity and development correlated with favourabdghic conditions during the period(s) of
increased food availability (Saborowski et al. 2008 generalM. norvegicapreferentially
displays long-term adaptations to prevailing enwinental conditions rather than short-term
adjustments of metabolic rate.

In E. superbarespiration rates may be reduced by up to 60%dwutumn and winter, the
periods of limited food supply (Torres et al. 19%kinson et al. 2002; Meyer et al. 2010).

This reduced metabolic activity was also accomphhiereduced feeding and growth and are
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considered adaptations to austral winter conditionéntarctic waters. Reduced metabolic
activity and the accumulation of large lipid resallowsE. superbato survive periods

without an autotrophic food supply in the wateruroh (Meyer et al. 2010).

Metabolic activity, growth and reproductive effantE. hansenare adapted to the short-time
scale changes in trophic conditions due to upwgléments in the nbus throughout the year.
Accordingly, all three species are well adaptedht highly variable trophic conditions and
temperature regimes in their environment/ecosysaéeu their physiological performance
directly reflects the prevailing conditions. Difégt environmental conditions between each
species may have le&d hanseniE. superbaandM. norvegicaalong divergent evolutionary
paths:E. hansenreduces metabolic activity under food limitatiodanhances physiological
performance when food conditions improve thougly emlresponse to short-term and small-
scale events. superbashows a drastic seasonal reduction of metabadiécaarrelated with
low food availability. M. norvegica shows enhanced metabolism during the spring
phytoplankton bloom in areas with seasonal foodtalge. Krill species are able to quickly
respond to favourable environmental conditions affitiently convert energy surplus into
growth and reproduction (Buchholz and SaborowskiO20Accordingly, euphausiids may
serve as useful indicators of short-term or smedlles changes (e.g. food availability) in
environmental conditions as well as long-term aayd-scale differences (seasonal and

climate related changes).

In summary, regional differences in the physiolag&tate ofe. hanseniwere more apparent
than seasonal ones. These differences were maanised by varying upwelling situations,
which induced sudden changes in the trophic enment and controlled moult and spawning
in E. hanseniln turn, the physiological state &f hansenand euphausiids in general may be
used as an indicator for the current hydrographatteophic conditions in the nBus and other

ecosystems.
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Chapter 4

Trophic position of euphausiid species of the nremtiBenguela
upwelling system determined by stable isotopesg@onal and

seasonal comparison

Thorsten Werner and Friedrich Buchholz

Abstract

The relative trophic position of six different ewaisiid species of the northern Benguela
upwelling ecosystem (nBus) were investigated toemeine their role in the northern
Benguela food web and to assess their dietary q@medes. This eastern boundary upwelling
ecosystem is characterized by perennial upwelling &ighly variable environmental
conditions. Accordingly, stable nitrogefP/**N) and stable carbort®C/*%C) isotope ratios
were used to allow investigations of fluctuatingptnic positions of krill species. High
variations in the stable isotope ratios indicategianally divergent roles in the food web and
shifts in the dietary preferences and thereforgypstt the concept of opportunistic
omnivorous feeding in euphausiids. Stable isoto@yaes showed that the trophic level (TL)
of T. monacantha was highest, followed by a group consistentNof megalops and N.
capensis. Species of the genusuphausia were closely grouped, showing lowest trophic
positions. Thed™N-indicated trophic positions of krill species ihet northern Benguela
ranged from 5.1%o ifE. hanseni to 11.9%. inN. megalops corresponding to a TL of 2.1 and
4.1 respectively. However, seasonal difference®\wess pronounced than regional ones. The
fluctuating availability of phytoplankton, due tpwelling events and competition avoidance
between krill species may be the reason for theeAdnges observed in the omnivorous krill

species of the nBus.
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Introduction

All organisms are embedded in food webs, sinceoghnisms consume and except top-
predators, are themselves consumed. The pathwaysattér and energy in an ecosystem can
be identified by trophic links (Paine 1988). Accogly, a major challenge in understanding
natural ecosystem processes is the investigatidrophic relationships. Recently, empirical
and theoretical studies have shown that (resowar@gbility in space and time and the ability
to quickly respond to such variations by organisnbaghaviour are essential to the
maintenance and stability of food webs (McCann Bodney 2009). The northern Benguela
upwelling system (nBus) located at the west cofigamibia is a typical coastal upwelling
system with high plankton and moderate to high figlmass. It is characterized by perennial
upwelling and cool productive waters which occuramarrow band from Cape Agulhas
(~34°S) to Cape Frio (17°S; Hutchings et al. 200Bespite perennial upwelling,
phytoplankton biomass appears to peak in late witilespring (Fig. 2). However, the
availability of resources in consequence of upwgllpulses in such a system is highly
variable. Accordingly, different zooplankton specihould have developed adaptations to
this fluctuating food composition and dynamic foadhilability. In particular euphausiids,
which are mostly described as opportunistic ommgand form a pivotal component of the
mesozooplankton community and can dominate the laokipn biomass in the nBus
(Barange et al. 1991). Euphausiids are an impoftarat source for top predators such as fish
(Macpherson and Roel 1987, Roel and Macpherson)1#888they facilitate the energy flow
between primary production and higher trophic Is@kau et al. 2009). Accordingly, they
may have a strong impact on lower and higher tofgvels (TL). In this regard, estimates of
the trophic position of different euphausiid spe@ee crucial to evaluate the trophic structure
and dynamics of this plankton communifuphausiacaea) in the nBus and to assess their

relevance in the northern Benguela food web.

During the last years the trophic relationshipsMeein very distinct groups of consumers were
the target of several studies. In this regard stedtope techniques have been frequently used
(e.g., Zanden and Rasmussen 1999, Post et al..20@&)gen isotope ratio${°N) become
enriched at successive trophic levels (Zanden aasiniessen 1999) and Carbon isotopes
(8"°C) indicate pathways of feeding and carbon flow dife and Hesslein 1995).
Accordingly, stable isotope analyses provide infation about time-integrated food
assimilation. However, determination of the troplewxel of a species is usually done only for

one season or averaged over seasons and sitesdigty, information of possible regional
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and seasonal fluctuations in the TL of a speciearis. According to Vinagre et al. (2012) the

TL of organisms in highly dynamic environments s istatic and fluctuates in space and
time, this may be particularly true for the nBusend upwelling and non-upwelling events,

respectively phases of high and low productivigpear over small scales both temporally as
well as regionally. In such a highly variable eisyn short-term events like upwelling

pulses, and ensuing phytoplankton blooms, may havgreater impact on the trophic

structures and dynamics than large (time-) scaleqsses.

Eight different krill species were observed in tifdus and most of them were considered
opportunistic omnivores (Mauchline 1980; Stuart &ikar 1990). They feed, as shown for
Euphausia lucens in the Southern Benguela, on different prey specta (Stuart and Pillar
1990) and some of them may be capable of switctiorg herbivory to carnivory according
to the ambient conditions like phytoplankton angegmod densities (Gibbons et al. 1991a).
Accordingly, euphausiids may have different regloaad seasonal TL in this ecosystem
depending on the food environment and thus on dmgehctivity. The most dominant
euphausiid€uphausia hanseni andNematoscelis megalops in the nBus consume similar size
ranges of copepods but appear to partition copgped on the basis of size wherever the
distribution of both species overlaps (Barangeletl@91). Accordingly, the same species
may show different TL at different locations duritlze same season. Furthermore, most
euphausiids in the nBus show variable diel vertizagration patterns, thus encountering
different food environments over space and timer(eand Buchholz, subm.). However,
the structure of the mandibles and the thoracopetisrmines foraging capacity (Mauchline
1967). In general, euphausiids with thoracopds edirly uniform length, e.g. the genus
Euphausia, are well suited for filter-feeding on phytoplaokt Whereas elongated
thoracopods, e.d\. megalops, are indicative of a predominant carnivorous diMauchline
and Fisher 1969).

In the present study the trophic positions of sitecent krill species were studied under
regional and seasonal aspects. Accordingly, passitgional differences in ti#&°N ands**C
fractionation in different euphausiids of the nBuere examined. Furthermore, the same
transect was re-sampled during each season taatiffate between spatial and temporal
effects inE. hanseni andN. megalops. This study assessed the TL of the krill speancthe

nBus and tried to make assumptions about posdilfis 1 their dietary preferences.
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Material and Methods
Field sampling

Krill was caught with a 1MMOCNESS (Multiple Opening and Closing Net and
Environmental Sensor System, Wiebe et al. 19859) witarge mesh size of 2000pum and a
soft cloth cod-end. Animals were caught during ¢hceuises in summer 2009 with the RV
Africana (01.12.-17.12.2009), in winter 2010 with the RB&covery (10.09.-13.10.2010)
and in late summer/autumn 2011 with the RMria S. Merian (30.01.-07.03.2011). Nets
were hauled obliquely with a towing speed of 2 kn@ampling was done at 9 different
stations in the nBus during summer/autumn 2011régional comparisons. Furthermore,
stations at the Walvis Bay transect (23°S) andRbekyPoint transect (19°S) were sampled
during summer 2009, winter 2010 and autumn 201kéasonal comparisons ki hanseni.

For seasonal contrast iN. megalops the RockyPoint transect was sampled during each
season. However, the speckgphausia gibboides was caught solely at one station close to
the Angola dome (10°S, 8°E). Only adult animalsevesed for stable isotope analyses. An
overview of the different sampling stations, excEpgibboides, is given in Figure 1. The
hydrographic (SeaSurfaceTemperature (SST), °C)tasghic conditions (Chl_a, mg ™
during each sampling period were identified usinQIMS satellite images from the Giovanni
online data system, NASA, US (http://gdatal.sccgefsa.gov; Fig. 2).

Sample preparation

After catch the animals were sorted and deep-frateB0°C. In the home laboratory th¥' 2
and 3" abdominal segments were severed, the cuticle rechand the muscle weighed on a
microbalance. Afterwards the muscle tissue wasHybped for 24h using an ALPHA 1-4
LSC freeze-drier (Christ GmbH, Germany), grounchvéattapered glass pestle and then used
for stable isotope analyses. The muscle tissueclwvasen because of its relative high turn-
over rates and low lipid content, providing infotima about the response to phytoplankton
blooms and seasonal food shortage (e.g. Schmat 003), without biasing the results of
the 8'°C (e.g. Hobson and Welch 1992). Furthermore, sanfilem different jelly-fish
(Aequorea spp. and Chryosora hysocella), salp and dinoflagellate species, collected dyrin
summer 2009 and winter 2010, were freeze-dried asedd as comparative specimens.

Furthermore, we were provided with data for copeppdcies (A. Schukat, University of
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Bremen) that are characteristic for the nBus, sasiCalanus carinatus, characteristic of

upwelling areas (Arashkevich et al. 1996) &tahocalanus minor.

Sable isotopes analyses

The ratio of stable isotopes of nitrogeri®lN) can be used to assess the trophic position of a
species becauseN is typically enriched by 3.4%. relative to its tigiobson and Welch,
1992). The ratio of carbon isotopes>C) can be used to estimate the ultimate source of
carbon for an organism (Post 2002). The ratio ob@a isotopes is fairly constant as carbon
moves through the food web (Peterson and Fry 1987)widely applicable trophic
fractionation of%'C is 0.4%. (Post 2002).

Specimens, thus muscle tissues, were filled intallstim caps, weighed on a microbalance
scale and sent to AgrolsoLab (TUV-Rheinland, Geyhdor determination 06*°N ands*C
fractionation. The trophic level of a species wakwated using a simple one-source model
(Hobson and Welch, 1992; Post 2002) accordingecetjuation:

TL =2 + (6"*Nconsumer - 6 "Npase)/3.4%0

whereX is the trophic level of the organism used to eatév Ny (TL=1 in our case) and
where 3.4%. corresponds to the average enrichme#ithn per trophic level (Minagawa &
Wada, 1984).

The baseline for the nBus was evaluated as dedciib&chukat et al. (2012, submitted).
Appropriate primary consumers were not available thierefore basal resources, e.g. primary
producers with a TL of 1, were used. Additionalle were provided with data (N. Lahanar,
University of Hamburg) for phytoplankton calculatky nitrate (NQ) using the denitrifier
method (Sigman et al. 2001, Casciotti et al. 200&) the international recognised nitrate
standard (IAEA-N3) for isotopic comparison with &l (Table 1). The3'*N isotope ratio
(%0) is expressed by the equation:

615|\lsample = [(15N/14N)san'ple/(lsN/MN)reference'1] x 1000

where the™N/*N reference is air N The calculation ofs®N for phytoplankton was

performed using the following equation:

15 — <15
o Nphytoplankton =0 Nnitrate/ Ephytoplankton
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wheree is the isotope effect (Granger et al. 2004) faraté assimilation by phytoplankton.
The mean value (5.8 = 3.7) from allvalues found in the literature for marine diatomsl a
dinoflagellateswvere calculategMontoya and McCarthy 1995; Waser et al. 1998; dbadet

al. 2003; Granger et al. 2004). Since it was nafsfiide to create a separate baseline for each
station sampled during each season a baseline Bampith data from different basal
resources sampled at various stations averagedwgeseasons (winter/summer) was used as
the reference. In view of our main interest toraate shifts in relative trophic position and
not to compare species across various ecosysteingpproach appeared reasonable.

g Tablel Carbons™C (%) and nitroge®™N (%o) fractionation of different basal resourcesnir the

northern Benguela upwelling system used for estanaidf the phytoplankton baseline (trophic level:
1). Given are the quantities (n) and means + standiaviations. (Schukat et al. 2012 (submitted)).

source n 85C (%)  3™N (%o)
nitrate NO3) 52 - 6.4+ 0.7
phytoplankton (calculated by 52 - 1.0+£0.1
mixed phytoplankton 3 -16.2+05 12+0.8
diatom: 3 -17.3+0.( 1.9+0.:
mean phytoplankton 14+05

For an overall comparison and to establish a géfeod web model, with a focus on krill,
the ratios of stable isotopes in krib'{N and 5**C), irrespective of season and sampling
location, were pooled and their trophic levels dateed. For possible regional contrasts,
stable isotope analysesHhanseni were conducted at five, IN. megalops at four and irlN.
capensis at three different stations during autumn 201%.(&). Furthermore, stable isotope
analyses for a seasonal comparisoB.ihanseni andN. megalops were conducted at the same
transects during summer, autumn and winter. Furtber the influence of body size (fresh
weight) and sex on th&"*N ands*C fractionation in krill was investigated duringtaman
2011. Accordingly, prior to the stable isotope skmpreparation sex, size and the fresh
weight of each animal were determined. The sizem@asured between the front of the eyes
to the tip of the telson using millimetre paper end stereomicroscope.
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Satistical treatment of data

Results are presented as means + standard desig&). For comparison between two
groups a t-test and for three or more groups am@eanalysis of variance (ANOVA) with
Tukey's multiple comparison post-test was usedaDatre tested for normality using the
Kolmogorov-Smirnov and/or D°Agostino and Pearson nibms normality test.
Transformation, if necessary, was done using lagdformation. If it was not possible to
transform the data into a Gaussian distributionKheskal-Wallis test with Dunn’s Multiple
Comparison Test was applied. Correlation analystwden two variables were done using

the Pearson's correlation. Generally, the sigmifiedevel was set at p<0.05.

Results
Hydrographic and trophic conditions

The sea surface temperature (SST) during Decemb8P Zsummer) varied between
approximately 15-20°C. Cooler water masses occuwi@sk to the coast, water temperatures

were elevated more northward and more offshore.arba-averaged SST was 19.1°C during
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December2009. During February 2011 (autumn) the SST rargsdieen 15°C and 25°¢

with most of the area showing a SST over 20°C. muthis season an intrusion of wal

saline tropical waters is a common phenomenon (Bxyal. 1987). The ar-average value
was cbse to 21°C. During September and October 2010téwithe SST fluctuated betwe

11°C and 20°C. The areareraged SST was at 15.7°C. More detailed infolonas providec

by the cruise reports (Ekau et al. 2009; Buchhalale 2010 and Lahajnar et al011).

Trophic conditions (Chl_a) near the coast were cmalply good irrespective of seas

However, farther ofshore the food environment became increasinglywaniiable (Fig. 2a)

An overview of the SST and Chl_a content over ingrge of the samplg periods is given ii

Fig. 2b.

Sza sutace temperatore O

Clhloteplivll a concentration (mg m-*)
I3

Oet 10 —f-

T320 (00 — frremen i

Felvll

sumumer 2009 autmun 2011 winter 2010

T Figure 2aSea surface temperatures (°C, at the top) and @oheentration (mg ~, at the bottom)
during summer 2009, autumn 2011 and winter 201@hé northern Benguela upwelling syste
derived from satellite image8.Figure 2b SST and Chl_a content over the course of the sag
periods between November 2009 and March 2
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Sable Isotopes
Influence of size and gender

Several studies have shown that 8N and'C fractionation, e.g. the trophic level, may
increase with increasing size of the animals te¢t&arney et al. 2001). Furthermore, sex
specific differences were found in some speciestsT®r possible size (weight) or gender-
based variation were done B hanseni, N. capensis and N. megalops collected during
autumn 2011 and for all other krill species ovéisahsons and sites. Instead of body size we
used the fresh weight (fw) of the animals becabsenteight varied by a factor of 4 (e.g. 49-
193 mg fw inE. hanseni) whereas the size variations were comparably Eg. (19-28 mm in

E. hanseni).

Overall no correlation between body size, freshgikgiand stable isotope fractionation was
found in the krill species tested. i hanseni there was a trend that bigger (heavier) animals
had a higheB™N ratio, when one animal that showed an extrémi value was excluded
(r*=0.15, p=0.031). Pearsons's correlation betweeshfreeight ands'*C values was
significant (f=0.21, p=0.009). No differences between males @mdafes during autumn
2011 were found (unpaired t-test, df=25, p=0.86%7YN. megalops no correlation between
isotope fractionations and fresh weight (p>0.05k wdserved. Sex dependent differences
were not significant (unpaired t-test, df=22, p3).0OLikewise,N. capensis and other Kkrill
species showed neither significant correlations ndifferences between sexes

(males/females). Accordingly all data, irrespecteveight (size) or gender, were pooled.

Differences among euphausiid species

The results of the ANOVASs for nitrogen and carbsotopes in euphausiids indicated that the
means differed significantly between species (F424.df=138, P<0.0001 for nitrogen,
F=6.281, df=138, P<0.0001 for carbon). Two discgteups could be identified. One group
consisted ofN. megalops and N. capensis (TL above 3) and the other one consistedEof
gibboides, E. hanseni and E. lucens (TL below 3). The highest value was observedrin
monacantha (10.8+0.0) filling a TL close to 4 (Fig. 3). Salpscupied a TL of 2 whereas the
two jelly-fish species showed highestN values of all animals tested (TL around 4). The
8N fractionation in dinoflagellates was, as supposdightly enriched (2.8+0.2) compared

to the values for diatoms and mixed phytoplankton.
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The ratio of 1°C isotopes in euphausiids was lowestEngibboides (-20.8+0.4) andT.
monacantha (-20.8+0.0) and highest iB. hanseni (-18.8+1.6) andN. megalops (-18.7+1.0).

In the other organisms tested, the ratio of caiibotopes {°C) ranged between -22.7+0.8 in
N. minor and -17.2+0.2 in dinoflagellates. An overview be %N and **C fractionation
given as mean+SD, the coefficient of variance (€M)ercentage and the range of the isotope
values is given in Table 2.

8 Table 2 Overview of the ratios of nitrogen®{) and carbon isotopes>C) (mean+SD), the

coefficient of variation (CV) in percent and thenges of isotope values in euphausiids and other
organisms of the northern Benguela upwelling edesys

615N 613(:

species Mean+SD CV (%) range | Mean+SD CV (%) range n
Aequorea spp. 13.1+0.3 2,1 0.4 -19.1+£1.2 6,3 1,7 2
Calanus carinatus (females)* 8.1+0.1 1,2 0,2 -17.810.1 0,6 0,2 3
Chryosora hysocella 10.7+0.0 0,0 0,0 -19.610.5 2,5 0.7 2
Euphausia gibboides 7.5+0.4 5,1 1,1 -20.810.4 1,9 1,0 6
Euphausia hanseni 7.5+1.0 11,8 5,2 -18.8%+1.6 8,7 7,0 74
Euphausia lucens 7.1+0.6 8,5 1,6 -19.2+1.3 6,7 2,9 5
Nanocalanus minor* 4.8+0.4 8,3 0,7 -22.7+¢0.8 3,5 1,4 3
Nematoscelis megalops 9.4+1.3 10,5 5,0 -18.7+1.0 5,3 4,6 38
Nyctiphanes capensis 9.0+0.8 8,9 3,1 -20.3+¥1.5 7,5 4,5 16
salps (not identified) 5.240.6 11,0 0.8 -21.6%£1.3 5,9 1,8

T. monacantha 10.9 - - -20.8 - - 1

* Data taken from Schukat et al. (2012, submitted)

E. hanseni, N. megalops and salps showed highest CV in &&N ratios, followed by a group
consisting ofE. lucens and N. capensis. Lowest values were observed in both jelly-fish
species. The range of nitrogen isotopes was gteat&s hanseni (5.2%0) andN. megalops
(5.0%0), followed byN. capensis (3.1%0). The observed ranges &FN ratios in all other
species were comparable low (0-1.6%0). However, rit® of nitrogen isotopes™) in
euphausiids over all seasons and stations variggeba 5.1 inE. hanseni at station RPt-N
(winter 2010) and 11.9 iN. megalops at station Wvs-S2 (autumn 2011). The ratio of carbo
isotopes {°C) varied between -23.0 iB. hanseni at station RPt-M (summer 2009) and -16.0
in E. hanseni at station Wvs-W (autumn 2011).
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T Figure 3Nitrogen §*°N/5"N (%0)) and carbon fractionation’¢C/5'°C (%o)) of different euphausiid
species and other organisms (dinoflagellates, amjs#p salps and jellyfish) of the northern Benguela
system, averaged over sites and seasons. Giveheaneeans+SD (indicated by error bars). The right
y-axis denotes the estimated trophic level (TLData taken from Schukat et al. (2012, submitted)

Regional comparison

Regional differences (Fig. 4) in the ratio of ngem isotopes ifE. hanseni during autumn
2011 were significant between station LUd-E anti@staRPt-M and between station Wvs-S1
and station RPt-M (ANOVA, F=1.13, df=30, p=0.018he calculated TL ranged from 2.6 at
station RPt-M to 3.1 at station Lid-W and Wvs-SaHE 3). Thes*C fractionation diverged
significantly between station Kun and station Wvs&tween station Kun and station RPt-M
and between station Lud-E and station RPt-M antibst&V/vs-W (ANOVA, F=11.64, df=30,
p<0.0001). Since there may be an influence of thdylsize (fresh weight) on the nitrogen
isotope fractionation i. hanseni and the correlation between weight and the carbatope
fractionation was significant, we tested for sigraht divergent weight spectra at the stations.
The animals at the two stations south of Walvis Bayd-E and Wvs-S1) were significantly
heavier (ANOVA, F=15.56, df=33, p<0.0001) than aalsnat the stations north of Walvis
Bay (Kun, RPt-M).
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8 Table 3An overview of the calculated trophic levelsEfhanseni, N. megalops andN. capensis at
the sampling stations during autumn 2011.

trophic level Lad Lad Wvs Wvs Wvs Wvs PPt RPt Kun

-W  -E -S1 -S2 -W -E -M
Euphausia hanseni - 3.1 3.1 - 3.0 - - 2.6 2.9
Nematoscelis megalops| 3.2 - - 3.9 - - - 3.2 3.5
Nyctiphanes capensis | 3.4 - - - - 3.3 3.2

In N. megalops the results of th"N isotopes at station Wvs-S2 were significantlyfaiént
from those at station Lid-W, Kun and station RP(ANOVA; F=11.83, df=25, p<0.0001).
Accordingly, the TL varied between 3.2 (station Band RPt-M) and 3.9 (station Wvs-
S2). The ratio of carbon isotopes was statisticdlfferent between Kun and the stations
Wvs-S2 and RPt-M (ANOVA, F=4,949, df=25, p=0.0089}able isotope analyses fisk
capensis showed no significant differences in théN ratio between stations (TL=3.2-3.4).
However, §*3C fractionation differed significantly between @at PPt and station Wvs-E
(ANOVA, F=5.919, df=14, p=0.0163).

Seasonal comparison

The stable isotope analyses for the seasonal sbrifd&. hanseni at the Walvis Bay and
RockyPoint-Transect showed no significant diffeemndn thes™N fractionation between
seasons (ANOVA, F=1.13, df=22, p>0.05). Howeveffedénces in théC ratios between
seasons were highly significant (ANOVA, F=1.13, 21#-p<0.0001). Stable isotope analyses
in E. hanseni revealed significant differences between the f&odects investigated (unpaired
t-test, df=33, p=0.011). At the RockyPoint-Transéioé ratio of carbon isotopes iN.
megal ops diverged significantly between summer 2009 andevi@010 (ANOVA, F=4.471,
df=17, p=0.0299). No differences were found in %8N fractionation (Fig. 4). No
comparison between the RockyPoint-Transect andMalkis Bay-Transect between seasons
could be done forN. megalops, as insufficient specimens were caught for sensible

comparisons.
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T Figure 4 Nitrogen 6"°N/*N (%0)) and carbon fractionatios'¢C/*°C (%)) of Euphausia hanseni,
Nematoscelis megalops and Nyctiphanes capensis. Left side: regional comparison between stations
during autumn 2011. Right side: seasonal compar{sammer/winter/autumn) at the RockyPoint-
Transect during 2009, 2010 and 2011. Given arentBans+SD (indicated by error bars). (Lud —
Lideritz; Kun — Kunene; PPt — Palgrave Point; RRbeky-Point; Wvs — Walvis Bay;). Letters
indicate position of the stations relative to ttensects (E — East, W — West; S — South; M- Mid).

In general, the ratio of nitrogen isotop&$) in E. hanseni, averaged over all stations, was
significantly lower during winter 2010 (7.0+0.9; 28) compared to autumn 2011 (8.0%0.9;
n=31; ANOVA, F=8.866, df=73, p=0.0004). The ratibcarbon isotopes-{C) in E. hanseni
was significantly lower during summer 2009 (-17.30n=15) compared to winter 2010
(19.1+1.4; n=28) and autumn 2011 (19.3+1.8; n=3NQOAN/A, F=10.11, df=73, p=0.0001)
(Fig.4). However, the weight of the animals testedle significantly different between winter
2010 and autumn 2011 (ANOVA, F=4.687, df=66, p=0&)1 In N. megalops the ratio of
nitrogen isotopes was lowest during summer 200B+(82; n=6) and significantly different
(ANOVA, F=8.737, df=37, p=0.0008) from the valuagridg autumn 2011 (9.9+£1.0; n=26).

127



Chapter 4

The ratio of carbon isotopes differed significan(ANOVA, F=5.364, df=37, p=0.0094)
between summer 2009 (-17.7+0.7; n=6) and the twerateasons (-19.3+1.3 winter 2010; -
18.8+0.8 autumn 2011; Fig. 4). The weight of therah was significantly different during
summer 2009 compared to the other seasons (ANOWA.4B8, df=36, p=0.019). An

overview of the length and weight distribution, #1&N and&**C fractionation and estimated

seasonal TL foE. hanseni andN. megalopsis given in Table 4.

1 Table 4Size (mm), fresh weight (mg), sex ratios (maletsin %),6"°N andd*°C fractionations
and the assessed TLBfhanseni andN. megalops during summer 2009, autumn 2011 and winter

2010.
E. hanseni N. megalops
summer autumn winter summer autumn winter
2009 2011 2010 2009 2011 2010
size (mm) 23.741.2 22.942.6  21.1+2.5 26.046.5 40.4+14.7 47.3+16.9
fresh weight (mg) 89.1+15.3  106.6+39.6 78.8+25.7 | 14.5%1,2 17.0£2.0 17.6x2.1
sex ratio (m/f in %) 67/33 73/27 21/79 75/25 30/70 40/60
SN 7.6+0.7 8.0+0.9 7.0£0.9 8.1+1.2 9.9+1.0  8.8+1.1
stC -17.30.7 -19.3+1.8  -19.1+1.4 | -17.7%0.7  -18.8%0.8 -19.3#1.3
n 19 34 6 6 26 6
TL 2.8 2.9 2.6 3.0 3.5 3.2
Discussion

The concentration of food items in the environmeat, food availability, triggers feeding in
krill (Barange et al. 1991). Accordingly, possildiéferences in trophic position and feeding
behaviour in krill were suspected on a regionalvadl as on a seasonal scale. This study
showed fluctuating*°N-indicated trophic positions in euphausiids of tgus and supports
the idea of a dietary segregation between differemphausiid species. The observed
differences in the TL of krill in the nBus were thie same order of magnitude as reported for
other (omnivores) organisms in the Tagus estuarPortugal (Vinagre et al. 2012), both

highly variable ecosystems.

Lower food web structure

Generally, the lower food web structure showed shaall copepodsN, minor, Schukat et al.
2012, submitted) and salps occupied the same TL=Z),Lbeing considered primary
consumers. Kirill species and larger copepods likecarinatus (Schukat et al. 2012,
submitted) filled a TL around 3, secondary conswnbut were separated in two distinct
groups. The species within the gerfigphausia, E. gibboides, E. hanseni and E. lucens,
showed a TL mainly below 3 whereas the two spéddiempensis andN. megalops occupied
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higher levels above 3. Jellies amdmonacantha already filled a trophic position around 4.
These findings coincide with previous studies abéesding preferences and feeding
morpholgy of euphausiids, where krill is descrilsdtruly omnivorous, although different
genera tend towards either carnivory or herbivitgger 1973). Most of the species within
the genusEuphausia are considered as non-hunting opportunistic omesgMauchline
1967), which are preferential herbivores (e.g. Bgeaet al. 1991; Stuart and Pillar 1990). In
contrastN. megalops is described as a carnivorous species (Barangle 2991; Gurney et al.
2001). Mouthparts of the gen&siphausia are generally more setose than those of the genus
Nematoscelis and therefore adapted to filter feeding (Mauchkmel Fisher, 1969). Here, the
size of a food particle which can be ingested iemeined by the space between the setae
(Suh and Choi, 1998). IN. megalops the second pair of thoracic limbs is elongated ted
eyes are divided into two lobes (Mauchline 1980pthBcharacteristics are supposed to
represent adaptations to carnivorous feeding (hghtRemarkable is the relatively high TL
in N. capensis, since this comparably small species (adults 12r@1fBarange and Stuart
1991) is lacking elongated thoracopods and is desitras an omnivorous species (Stuart
1986, Stuart and Pillar 1990). The thoracic linbslyctiphanes species are all heavily setose
and are therefore suggested as effective filteddiee(Mauchline 1967), with a high degree of
herbivory. However, trophic links over the shelflanore inshore, whend. capensis mainly
occurs, may be different from the slope situatiod &#om more oceanic waters (e.g. Post
2002). This may be indicated by high numbers oéfmetophic dinoflagellates over the shelf
compared to the shelf break and more off-shoreBhata, Hamburg, pers. comm.), which
may have elevated the TL M. capensis. At the Walvis Bay-Transect protozoa were more
abundant inshore than off-shore and naupliars st@\agh abundance already over the shelf
(Schwinghammer 2011). Thus, micro-plankton may pdayimportant role for the filter-
feeding speciehl. capensisin the nBus and affect its trophic position. Ferthore feeding on
different copepod species may result in differebtbBtween euphausiid species, depending
on the food sources, respectively the TL, of itsypfe.g.C. carinatus vs N. minor). The
comparably high SD in th&"N ratios inE. hanseni, N. megalops and N. capensis may be
indicative of their opportunistic feeding behavipusing different food sources resulting in
different TL. The calculated CV further supportsttissumption showing that the nitrogen
isotopes varied strikingly in salpg, hanseni and N. megalops followed by E. lucens, N.
minor andN. capenis. Diet shifts, which occur over shorter time scadlesn one generation,
are frequently observed in arthropods and may pathn have a major influence on

community dynamics (Kondoh 2003). Accordingly, 81&C fractionation in all krill species
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tested, excepE. gibboides, indicated a vast variety of food items ingestednging from
dinoflagellates (-17.2+0.2) to copepods like minor (-22.7+0.8). These findings coincide
with stomach content analyses by Barange et al91(19%ho have found copepods,
dinoflagellates and tintinnids to be the most comrfomd items in the stomachsBfhanseni
andN. megalops. The range of th&"N fractionation was 5.2%o ift. hanseni and 5.0%o in\.
megalops, indicative of dietary shifts and regionally diféat roles of these species in the
northern Benguela food web. M capensis the range was less pronounced (3.1%.). However,
the range was close to one TL (3.4%o), also indreatif dietary shifts and possible different

roles in the nBus.

Seasonal differences

Seasonal differences in the TL of different krijesies were not evident. The observed
differences were mainly caused by regional vanmatibBlowever, in the nBus short-term
upwelling events may have a greater impact on thaoplankton/zooplankton availability,
accordingly the feeding behaviour of krill, thanasenal differences. Therefore spatial
differences may blur possible seasonal effects. é¥ew considering the fluctuating Chl_a
level over the course of one year, differences hgtgplankton availability were apparent.
Accordingly, we suggest different TL during phas#shigh (winter) and low upwelling
intensities (summer). Low phytoplankton levels niegd to a higher degree of carnivory in
krill species, as shown fdt. lucens in the southern Benguela (Gibbons et al. 1991jvéVer,
stable isotope analyses provide insights into l@mg: food assimilation, where the time-scale
of incorporation is dependent on the turnover rafethe prey or tissues used (Schmidt et al.
2003). Accordingly, the seasonal course of the ggiigihkton biomass should be taken into
account. However, the assessed TLEohanseni was lowest during winter 2010 (TL=2.6)
and almost the same during summer 2009 (TL=2.8)aartdmn 2011 (TL=2.9), supporting
our assumption of seasonal differences in the TLEohanseni. Before and during the
sampling periods in summer 2009 and autumn 201Tthea content was comparably low,
suggesting a higher TL iB. hanseni. During autumn 2011 the SST was very high and this
may have prevented the animals from entering thgewmvater layers during diel vertical
migration due to energetic constraints (Werner Badhholz 2012 (submitted)). This would
have excluded this species from the phytoplankicm upper water layers and force them to
feed on the zooplankton community in deeper watsrsordingly further increasing its TL.
Nonetheless, during winter 2010, phytoplankton bisamay have initiated an increase in

other zooplankton species, like primary consumech is small copepods, and thereby could
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have raised the trophic positionBfhanseni. However, the observed distinctions were rather
small, compared to regional differences, underlylmghigh spatial variability in this system.

In N. megalops the TL was highest during autumn 2011 and lowesing summer 2009.
Phytoplankton availability was comparably poor dgrboth seasons. The disparities found,
may be explained by different zooplankton speciggested, sincBl. megalops is described as

a carnivorous species exploiting the migrating zakton community (Barange et al. 1991,
Werner and Buchholz 2012 (submitted)). Ns megalops may have fed on other smaller
herbivorous or omnivorous species, a drop in itsnfdy also result from the high amount of

phytoplankton used by its prey.

Regional differences

Regional differences in the TL of the krill specie®re apparent. The nBus is a highly
variable system with periodic upwelling events whienay lead to different food
environments at the different sampling stationsisticausing different isotope signatures.
During the cruise in February 2011 the TL En hanseni varied between 2.6 and 3.1.
Accordingly, the observed disparities were greatespace than in time (2.6-2.9). Since there
was a tendency ifE. hanseni that bigger animals have high&N ratios, different size
structures of the populations sampled, could hafleanced the TL in this species. However,
it is unlikely that body weight alone would accodot such marked differences in TL within
a species. These disparities3ifiN-indicated trophic positions suggested dietarjtstiom a
more omnivorous to a more herbivorous diet or viessa. Favourable food conditions due to
upwelling events may have favoured a higher degfesutotrophic food items ingested, or
represented a higher degree of herbivory in ity.pf¢ the two stations were both species
occurred the TL oE. hanseni was comparably low (station RPt-M and Kun), giveangdence
for possible dietary shifts due to competition a\amice. The trophic overlap with.
megalops may have forcedE. hanseni to feed on smaller copepods. Accordingly, smaller
copepods, likeN. minor, may show lower TL compared to larger ones, thaissferring their
lower '°N to its predators. Remarkable were the separdt&@mween the stations south of
Walvis Bay (TL=3.1+0.0) compared with the statiomsrth of Walvis Bay (TL=2.8+0.2).
Diatoms dominated north of Walvis Bay whereas dag#llates prevailed south of Walvis
Bay (N. Wasmund, IOW Rostock, pers. comm.). Acaagtyi, the TL south of Walvis Bay
was higher, assuming prey selection on the bassbwofdance. However, this also may have

had an effect on the baseline and therefore mag hésed the trophic levels calculated.
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Nevertheless, animals from stations south of Wdbag were significantly larger than north

of Walvis Bay, so that different TLs on the badisiae could not generally be excluded.

In N. megalops regional differences in th&°N fractionation were also greater than seasonal
ones, indicative of regionally diverse roles in tbed web of the nBus. The variability in the
8C ratio was less pronounced comparedEtohanseni suggesting more qualified food
sources. In contrast, the observed regional difiggs inN. capensis were not significant.
Here, the TL changed little between regions butdéwdon (food) sources, indicated by the
8°C fractionation, were significantly different. Aadtingly, N. capensis was capable of

utilizing different food sources but its trophicgition was comparably stable.

Segregation between krill species

The results of this study further support the idéddietary) segregation between dominant
krill species in the nBus and a strong structuréhefzooplankton community (Barange et al.
1991).E. hanseni, N. megalops andN. capensis are the three predominant krill species in the
nBus, based on their abundance and biomass (Bal®&®§9. Accordingly, these species may
have a strong impact on the food web structuredymamics and may show a high degree of
competition for resources. However, they are sepdran space (e.g\N. megalops and N.
capensis (pers. obs.)) or occupy different TL (ek.hanseni andN. megalops). According to
Barange et al. (1991) the two latter species pamtibod resources on the bases of size, when
overlapping in time or space (depth. hanseni passively consumed smaller copepods
compared to an active selection of larger copepodé megalops. In contrastN. capensis
and N. megalops in fact occupied the same TL but are separatezspate withN. capensis
living on the shelf andN. megalops being more associated with oceanic waters (Barange
1990, Werner and Buchholz in prep.). In the nBls,gdreferred habitat &. capensis is close
inshore, whereas in other regions, like the soutlBanguela, it is an inhabitant of the broad
shelf. This may be a consequence of the large nigmdfeE. hanseni dominating the shelf
region in this area (Barange and Stuart 1991), gwincompetition avoidance betweEn
hanseni and N. capensis. N. capensis mainly dwell in the shallow coastal waters (<200m)
wherea<. hanseni adults mainly occur over the shelf break (200-190Barange and Stuart
1991). The particular larger sizes M capensis together with the “unusual” residence far
inshore together with high micro-plankton abundamaay have led to the unexpected high
trophic position ofN. capensis. FurthermoreE. gibboides andE. hanseni had the same TL,

but E. gibboides is a more oceanic specids. lucens mainly occurs south of the Lideritz
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upwelling cell whereak. hanseni was encountered north of Lideritz, all showingragpthe
same TL. However, it should be considered Ehajibboides was caught north of the Angola-
Benguela frontal zone and accordingly, the estichdteof E. gibboides may be biased by the
use of a baseline conducted with data solely froenriBus. According to Barange (1990)
vertical space partitioning may be a strategy airisiy highly productive areas, thus avoiding
intraspecific competition. Considering our resuttsis may be also true for dietary
segregations between species.

In summary krill species in the nBus were separatetheir trophic position, with the genus
Euphausia occupying lower and the speciBs capensis, N. megalops and T. monacantha
higher TLs. The species were either separated ky tiophic positions or by their
distribution patterns. Concerning different othepects, like divergent diel vertical migration
behaviour (Werner and Buchholz 2012 (submittedg)) @ifferent thermal constraints (Werner
et al. 2012 (in press)) the euphausiid communitythe nBus appeared to be strongly
structured. In the nBus regional differences inttloghic position of krill species were more
pronounced than seasonal ones. Accordingly, upvgelivents may directly, through food
availability, or indirectly, through the trophic giion of their prey, influence the TL of krill
species in the nBus. The findings support thogherliterature and show that krill species are

omnivorous but show species-specific preferencéiseim dietary emphasis.
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Chapter 5

First results on the anaerobic capacitfEgphausia hanseni in the
Northern Benguela Current

Thorsten Werner

Abstract

The euphausiiE. hanseni is a strong vertical migrator from the northermBeela Current
that encounters low oxygen levels in its environmntdmwoughout the year. It feeds in
oxygenated surface waters during night and inhabé@sleeper oxygen minimum zone during
day. Many organisms respond to low oxygen levelswitching from aerobic to anaerobic
metabolism, or even reduce their metaboli&imhanseni showed a high regulatory ability
with a regulation index of RI=0.7+0.2 and was alolenaintain aerobic metabolism down to
17+6% oxygen saturation (lowest value 6%). No seggion of metabolic rates was observed
but temperature significantly shifted the critieadygen pressure @ from 13+2% oxygen
saturation at 12°C to 19+4% at 20°C during sumnrewinter no effect of temperature was
determined (17+£7%). Low FPand high regulatory ability may allo®. hanseni the active
utilization of their habitat (OMZ) and facilitateextical migration which is in accordance with

other euphausiid species from areas affected bylowgen levels.
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I ntroduction

In the Northern Benguela Current (NBC), pronounog&gigen minimum zones (OMZ, < 2
mL O, L™) prevail between 50m to 500m depth throughout ytear. Accordingly, most
zooplankton species in this region had to evolvdabwic adaptations to withstand low
oxygen levels or else to avoid the OMZ, thus begxgjricted mainly to the upper 50m of the
water column. Accordingly, hypoxia affects the kontal and vertical distribution of
organisms and leads to physiological changes whckurn influence their reproductive
success, life-cycle performance and growth cap&Eikwau et al. 2010). However, the biomass
of mesozooplankton in the northern Benguela is reéyeeduced within the OMZ (Verheye
et al. 2005; Auel and Verheye, 2007) and the OM#rferes with vertical migrating
mesozooplankton such as krill (Auel and Verheyd)720Although most euphausiids avoid
the core of the OMZ below 0.1 mL,Q ™ (Sameoto, 1986; Sameoto et al., 1987; Saltzman
and Wishner, 1997two of three euphausiid species that dominatenttithern Benguela
upwelling ecosystem in terms of abundance and kssmBkuphausia hanseni and
Nematoscelis megalops, regularly migrate through or stay within the OMatoughout 24h
(Chapter 3). Accordingly, they should have devetbppecies-specific tolerances to hypoxic
conditions, as shown fdfuphausia mucronata in the Humboldt Current system by Gonzales
and Quinones (2002). A high hypoxia tolerance adid\&. mucronata to avoid competition
and reduce the risk of predation by oxygen-depentaenters in the OMZ. However, the
dynamics of these oxygen-depleted waters are paamiyerstood and their impacts on
zooplankton communities are not well documentedligge and Ekau, 2005).

Especially the strong vertical migralat hanseni (Barange, 1990; Chapter 3) has to cope with
fluctuating ambient thermal and oxygen conditiomthbduring its vertical migration and
between seasons. Furthermore, during the last decad extension of oxygen-depleted
waters and a decline in upwelling-favourable wildsre been observed in the nBus. To
investigate metabolic adaptations to low-oxygerelevand the anaerobic capacity Bf
hanseni the concepts of oxyconformity, oxyregulation and tritical Ry, (Pc) were applied
(cf. Portner and Grieshaber, 1993). In generalothgen uptake (M) of an oxyconformer
is strongly dependent of the ambient oxygen comagah whereas an oxyregulator maintains
its oxygen uptake irrespective of the ambient oxygencentration. However, in both cases
below a critical B, threshold (B) the oxygen uptake declines, which designateotiset of
anaerobic metabolism. Accordingly, the activitylaétic dehydrogenase (LDH), an enzyme

of the anaerobic metabolism, was determined. Thieyatf zooplankton species to live in, or
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at least cross, the OMZ is obviously linked to dleéivity of anaerobic enzymes. Huphausia
mucronata, a strong vertical migrant from the Humboldt Catreegularly crossing the OMZ,
the specific activity of LDH was two orders of magde higher compared to the copepod
Calanus chilensis, a species which avoids the OMZ (Gonzales and Qes@902). During
severe hypoxia L-lactate, the primary end proddcar@aerobic metabolism in euphausiids,

should accumulate and was used as a measure obhitametabolism (Gade 1983).

This study tried to assess the anaerobic capatcihegronounced vertical migrait hanseni
and determined the impact of temperature on item@héc scope. Furthermore, a comparison

between (late) summer and winter was conducteestdfdr possible seasonal differences.

Material and Methods
Field sampling

For an exact description of the sampling gearsipsigetc. please refer to Chapter 4.

Regulation index (RI) and critical Po, (Pc)

The regulation index (RI) was determined accordmthe method described in Mueller and
Seymour (2011). Accordingly, the oxygen uptake,edueined by a closed respirometry
system with Oxygen-Microsensors (PreSens, Germargfer to Chapter 4), was plotted
against the oxygen concentration and fitted witueve (one-phase association, quadratic or
linear) that showed highest® RTherefore, respiration rates were calculated 06 Isteps
which overlapped one another by 5% (100%-90%, 95%-890-80% etc.). For a higher
resolution respiration rates below 25% were catedlan 5% steps. Furthermore the first 30
min of each measurement were discarded in ordensore a stabilization of rates. Highest
respiration rates measured (start of the curve) raels at the end of the curve (where
respiration rates became 0 or at 0% oxygen sabmjatvere used to generate two linear
regressions, visualizing extreme oxyconformity amglregulation. Then the area between the
straight line (oxyconformity) and the curve was cogted using GraphPad Prism 5
(GraphPad Software, San Diego, CA). This areaRih@imension: 0-1), gives an indication
of the regulation ability of the animals, wheredresponds to absolute conformity and 1 to
absolute regulation (Mueller and Seymour (2011g; E).
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To assess the criticaixygen pressur(Pc), the oxygen level which marks the onset
anaerobic metabolism (Portner and Grieshaber , two different methods were applie
According to Muellerand Seymou(2011)the greatest difference (GD) was calculated a:
Po2 at which the vertical distance between the cuna astraight line(oxyconformity) was
greatest. This could be done concurrently to therdenation of the RI. The second mett
used,fits two straight lines which intersect at a poittie Fc (Fig. 2. This method was
devised by Duggleby (1934vhict assumed that a twaegment line fit provides a reasona
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Biochemical analyses

Sample preparation

E. hanseni individuals from respiration measurements conduchkering summer 2011 were
used for the assessment of the specific activity@fl and lactate accumulation. Respiration
measurements were stopped at a specific oxygereontration where the animals were still
alive (approx. 5%. 10%, 20% and 40%)@nd then directly frozen at -80°C using liquid
nitrogen and shipped to the home laboratories ent&rhaven.

At the laboratory the animals were rinsed with cdistilled water, carefully dried and then
weighed on a microbalance (Sartorius, LA 230s, #iv@). The 2 and & segment of the
abdomen were severed using micro scissors on agadvice. Afterwards, the cuticule was
removed and the abdominal muscle dissected anche@ig he specimens were diluted 1:20
with cooled distilled water and grinded with a tegzeglass pestle on ice. The samples were
centrifuged for 15 minutes at 4°C and 13.000g using=ppendorf centrifuge (5417R). The
supernatant was used for determination of enzyrtieitgfg{LDH) and lactate accumulation.
To avoid repeatedly thawing of the samples aliquagse produced and stored at -80°C for

further analyses.

Soecific enzyme activity

The specific activity of lactic dehydrogenase wasineated in triplicates using standard
procedure according to Bergmeyer (1974). The measemts were carried out
photometrically (Spectrophotometer Lambda 2, ecedppvith a Peltier Temperature
Programmer; Perkin Elmer, England).

Metabolite accumulation

The amount of lactate was determined in duplicas&sg a kit provided by Biovision (Lactate
Assay Kit: K607-100; Mountain View, USA). The amawi L-Alanin was determined using
a kit provided by BioVision (Alanin Assay Kit: K65200; Mountain View, USA). Both

measurements were carried out with a fluorometieio(can Ascent FL, Thermo scientjfic

Results

Regulation index and P¢

The regulation index irE. hanseni varied between 0.41 - 0.94 (0.76x0.20) at 12°C and
between 0.63 - 0.89 (0.77+0.12) at 20°C during sem2011. During winter 2010 the RI in
E. hanseni ranged from 0.38 — 0.91 (0.63£0.18) at 10°C andthf0.44 — 0.94 (0.64+0.2) at
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20°C (Table 1). No significant differences wererfdibetween temperatures (unpaired t-test,
df=10, p>0.05) or between seasons (unpaired t-tdsf,0, p>0.05). Accordingly the data
were pooled giving a Rl of 0.70+0.19 (n=24)dnhanseni.

The critical oxygen pressure was determined usiutgdifferent approaches. The GD-method
provided slightly lower P than the intercept-method in most cases. Howerdy, at 20°C
during summer 2011 the differences, between the nvethods applied, were significant
(unpaired t-test, df=10, p=0.023). The tRetermined by the GD-method varied between 1.06
— 2.43 mg QL™ (1.55+0.44) at 12°C and 1.69 — 2.49 mglG (2.17+0.29) at 20°C during
summer 2011. In winter 2010 the Rid between 1.44 — 2.44 mg D (2.07+0.35) at 10°C
and 0.8 — 2.23 mg 4. (1.38+0.54) at 20°C during winter 2010. The ¢alculated by the
intercept-method was 0.74 — 1.48 mgld (1.13+0.23) at 12°C and 1.25 — 2.23 mglLG
(1.68+0.34) at 20°C during summer 2011. Accordmthis, the R during winter 2010 varied
between 1.00 — 2.33 mgO™ (1.64+0.39) at 10°C and 0.53-2.85 (1.74+0.82)04C2 In two

out of six animals used for respiration measuremah0°C during winter 2010 ng eould

be determined.

Both methods showed a significant influence of terafure on the £in E. hanseni, with
p=0.0249 (df=10) for the intercept-method and p808& (df=10) for the GD-method during
summer 2011, but failed to find significant diffeces between temperatures during winter
2010. The assessed Was significantly different at 10/12°C betweenss#® (unpaired t-test,
df=10, p=0.0298). No differences between season20a&€C were found (unpaired t-test,
df=10, p>0.05). Since the twocRletermination methods produce fairly similar réesuho
method could be preferred. An overview of the dali@d Rl and Pis given in Table 1.
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g Table 1 Regulation index (RI) and calculated critical oggigpressure ¢(?n mg L™* and percentage
(%)) of Euphausia hanseni individuals at 12°C and 20°C during summer 201d 40°C and 20°C
during winter 2010. Pwas determined using two different methods; twgrsent line (intercept) and
greatest differences (GD). Asterisk indicates digant differences (t-test, df=10, P<0.05) between
temperatures. nd — not determinable.

E. hanseni RI Pc (intercept) Pc (GD) RI Pc (intercept) Pc (GD)
summer 2011 (12°C) (12°C) (12°C) (20°C) (20°C) (20°C)
animal 1 0.93 1.37 (13%) 1.06 (10%) 0.83 1.69 (19%) 1.25 (14%)
animal 2 0.94 1.27 (12%) 1.06 (10%) 0.54 2.05 (23%) 1.43 (16%)
animal 3 0.41 1.59 (18%) 1.16 (11%) 0.89 2.49 (28%) 2.23 (25%)
animal 4 0.93 1.06 (10%) 0.74 (7%) 0.63 2.23 (25%) 1.60 (18%)
animal 5 0.74 1.69 (16%) 1.27 (12%) 0.86 2.14 (24%) 1.69 (19%)
animal 6 0.62 2.43 (23%) 1.48 (14%) 0.80 2.41 (27%) 1.87 (21%)
M 0.76 1.55 (15%)*  1.13 (13%)* 0.74 2.17 (24%)* 1.68 (19%)*
SD 0.20 0.44 (4%) 0.23 (2%) 0.16 0.29 (3%) 0.34)(49
N 6 6 6 6 6 6

RI POZ crit POZ crit (GD) RI POZ krit POZ krit (GD)
winter 2010 | (10°C) (intercept) (10°C) (20°C) (intercept) (20°C)

(10°C) (20°C)

animal 1 0.52 2.44 (22%) 1.77 (16%) 0.47 2.23 (25%) 1.87 (21%)
animal 2 0.84 1.77 (16%) 1.55 (14%) 0.48 nd nd
animal 3 0.91 1.44 (13%) 1.00 (9%) 0.62 1.07 (12%) 2.85 (32%)
animal 4 0.58 2.33 (21%) 1.66 (15%) 0.86 nd nd
animal 5 0.56 2.22 (20%) 2.33 (21%) 0.94 0.80 (9%) 0.53 (6%)
animal 6 0.38 2.22 (20%) 1.55 (14%) 0.44 1.43 (16%) 1.69 (19%)
M 0.63 2.07 (19%) 1.64 (15%) 0.64 1.38 (15%) 1.74 (20%)
SD 0.18 0.35 (3%) 0.39 (4%) 0.20 0.54 (6%) 0.82)(9¢
N 6 6 6 6 4 4

Soecific activity of LDH and lactate accumulation

The specific activity of LDH irE. hanseni individuals varied between 48.6 — 181.4 U thin
Oww - (109439 U mift gwl, N=14). No significant differences were found betw the

treatments for specific LDH activity and the oxygmmcentration at the end of the respiration

experiments respectively (ANOVA, p>0.05, df=13, B5257). Lactate values remained very

low and no differences were found in relation te tixygen concentrations.
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Discussion
Recently it was shown that several euphausiidsispexxhibit diel vertical migrations into
oxygen minimum, tolerate hypoxic conditions and dat even avoid the core of the OMZs
(Escribano et al. 2009, Antezana 2009). Studiescarming the regulatory ability of
euphausiid species from other regions without anZGitilowed that e.dzuphausia superba
and Thysanoessa macrura (Torres et al. 1994) anMeganyctiphanes norvegica (van der
Thillart et al. 1999) were able to regulate its Uptake rate only down to approximately 25-
30% saturation and below high mortality rates ogconversion factors given by Ekau et al.
2010 were used to transform and compare units)stated by Torres et al. (1994) low P
values are not a general characteristic of mesgjetaustaceans and low: Ralues in OMZ
species are specific adaptations to low oxygenldeuwe the water column. The mysid
Gnathophausia ingens from the Pacific migrates into the OMZ and cowgddulate its oxygen
uptake down to 4% oxygen saturation (Childress 19The RI ofE. hanseni during both
seasons was similar aftthanseni showed a high regulation potential down to maxiGfal
oxygen saturation (17+6%). No metabolic suppressmas observed and temperature
(10/12°C — 20°C) did not affect the ability & hanseni to regulate its oxygen uptake.
Accordingly, this strong vertical migrator was alii® keep a constant oxygen uptake
irrespective of the ambient oxygen levels over@abrrange of oxygen saturation. As it was
not possible to include the whole experimental eabgtween 100% oxygen saturation down
to 0%, due to technical constraints, such as alizetion of rates at the beginning of each
experiment, the Rl may be even higher. A high degferegulation provides the animals with
sufficient oxygen supply to maintain a high metabaictivity, irrespective of the ambient
oxygen levels. The observed high swimming ratesnduthe DVM (Chapter 3) may be
reflected by this oxygen-independent metabolicvégti The high regulation potential is an
adaptation to an environment with pronounced OMZ&pecially in animals that regularly
encounter distinct changes in oxygen availabilipwever, at least during summer 2011,
there was a significant difference between theutated R at 12°C and 20°C suggesting that
higher water temperatures raised the oxygen lewvethach the anaerobic metabolism is
initiated and therefore, negatively impacted thaeamobic capacity oE. hanseni. Higher
metabolic rates at higher water temperatures (@hap} may explain such shifts. A
temperature induced shift in the Palues was also observed in other euphausiid epddie
M. norvegica. Here, the P varied between 38%-52% (8-11 kPa) at 15°C and 29%-(4-6
kPa) at 7°C (Stromberg and Spicer 2000). In thé @a cinus maenas the R increased by
12% when the temperature increased from 10°C t€ I8aylor et al. 1977). The theory of
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interactions between different factors, both bioaod abiotic, on the physiological
performance of an organism was outlined by P6r(g@t0). An elevated fat higher water
temperatures may severely constrain distributidtepas and abundance of species in view of
the ongoing anthropogenic climate change: Highgs & higher water temperatures may
force the animals to leave or avoid areas, with towgen levels and concurrent elevated
temperatures, earlier than OMZ with low temperaurccordingly, the expansion of low
oxygen water masses together with increasing viabeperatures (Stramma et al. 2008) could
affect the physiology and behaviourEfhanseni and cause distribution shifts and negatively
affect its abundance in the nBus. Furthermorefdabd web may be influenced and ecosystem
structure and functioning may alter if the abundamé E. hanseni changes. However,
temperature only affected the Buring summer but not during winter 2010. To ustienrd if
this difference was a result of different thermdaptations to different water temperatures
between seasons (Chapter 5), further studies a#@ede However, a high Rl and a low P
reflected the capability dE. hanseni to withstand low oxygen conditions. This was ferth
supported by the observation that animals durirgpiration measurements were able to
survive down to an oxygen level of 0.15 mgIO". Sameoto et al. (1987) demonstrated that
euphausiids in the eastern tropical Pacific avoiabegyen concentrations below 0.1 mk O

1 (~0.14 mg QL™).

This study neither found a correlation betweengecific activity of LDH inE. hanseni and

the ambient oxygen level nor a sign for lactateuaadation under hypoxia, which is in
contrast to Schneider and Seibel (2010). It is sagthat either the chosen time span was too
short to accumulate considerable amounts of laciate. hanseni may be able to quickly
metabolize lactate due to oxidation or the formmatd glycogen. Since the determinegivias

low in this species, an increase in LDH activitydaan accumulation of lactate above
approximately 20% oxygen saturation would not bepeeted. Accordingly, future
experiments should prolong the time span for intoha and/or respiration experiments and

investigate oxygen saturation levels well below 20%

However, the results of this study coincided witlservations from other ecosystems like the
Eastern Equatorial Pacific and the Humboldt Curnehtre euphausiids enter the OMZ,
whereas the vertical extent of most other zooptamkpecies is limited by hypoxic conditions
(Antezana 2002 and 2009). According to Verheyd.gR805) and Auel and Verheye (2007)
this is also the case in the NBC. Furthermore, ddeptation to hypoxic waters seems to be a

competitive advantage since krill species thatadnle to migrate into the hypoxic zone show
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exceptionally high regional abundances, eky. mucronata in the Humboldt Current
(Antezana 2002) an. hanseni in the NBC (Olivar and Barrange (1990), pers. pbs.

In summaryE. hanseni is well adapted to low oxygen levels by functidnts high degree of
regulation potential and lowdPboth facilitate its pronounced vertical migratibahaviour

and allow for regularly entering and/or crossing @MZ.
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Conclusions

In the course of these conclusions | will descphgsiological and behavioural adaptations of
krill species to environmental conditions, demaatstr possible affects of environmental
changes on krill species, and how these changesaffent the northern Benguela ecosystem.
Moreover, | will discuss the potential of euphadsias useful indicators of short-term and
long-term changes in their environment and reveair tsuitability as model organisms for a

comparison of nutritionally mono-pulsed and polysed systems in coastal waters.

The Benguela upwelling system, an area of high ceroi@l interest, has been subject to
several studies concerning exploitable marine nessulike various fish species (Mas-Riera
et al. 1990, van der Lingen et al. 2006), rock febgPollock and Shannon 1987, van der
Lingen et al. 2006) and other important marine ueses like Cape fur seals (Mecenero et al.
2006, Kirkman et al. 2007) and Cape gannets (Gletret al. 2004, Pichegru et al. 2007).
The observed changes in e.g. distribution pattanasrecruitment success of species and the
drastic biological changes in the Northern Benguelarent (NBC) during the last four
decades, including regime shifts, were related meirenmental conditions like water
temperature anomalies (Cole 2002, Daskalov etCAI3R upwelling intensities (Olivar 1990)
and anthropogenic disturbances (Boyer et al. 200dyever, all of the mentioned species are
relatively large organisms of mid to high trophevéls. As stated by van der Lingen et al.
(2006) there is a necessity to understand and dyadhné processes, which control resource
and ecosystem variability, particularly on lowephic levels. As an important trophic link in
the northern Benguela food web, and food sourcenfamy high trophic level species such as
fish, birds, seals and whales (Pillar et al. 19¢8} thesis assessed the impact of temperature,
low oxygen levels and the fluctuating trophic enmiment on the physiology and behaviour
of the dominant euphausiid species. Earlier studieskrill from the NBC focused on
systematic records and general distribution patéBnhannon and Pillar 1986), followed by
information about biomass, community structure pratluction. This information helped to
evaluate krill trophodynamics and their contribatito energy fluxes (Pillar et al. 1992).
However, no data about physiological adaptatiorsyat available and the driving forces
behind the observed distributional and behavioyaterns were largely not taken into
account. With respect to the observed physical liotbgical alterations which occurred
during the last four decades and the ongoing céndtange, it is important to evaluate

adaptations of euphausiid species to these enveotah parameters. In turn, to predict
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possible changes in abundance and biomass of #pesges, which may affect food web
structure and ecosystem functioning, it is crud@l understand the influence of these
parameters on krill behaviour and physiology. Raférly, because the impact of climate
change may result in a stronger biological respansepwelling systems in the Atlantic

compared to the Pacific (Lachkar and Gruber 2012).

All studied parameters, both the highly stratifigdter column in terms of temperature and
dissolved oxygen concentration and the highly tlathg, upwelling mediated, trophic

environment had largely influenced behaviouralgra and/or physiological performance of
the krill species tested. The adaptive capacitkrdf species to these parameters and an
assessment of possible consequences for the digtnband abundance of euphausiids in the

northern Benguela upwelling system (nBus) will Iscdssed in the following paragraph.

Physiological and behavioural adaptations of euphis to the fluctuating
environmental conditions in the nBus — temperatui@pd and oxygen

availability

During the research cruises between 2009 and 2B&2etphausiid community of the
Benguela upwelling system consisted of nine kpkkaes, withN. capensisE. hanseniN.
megalopsE. recurva E. americanaand Thysanopoda monacantl{@rtmann 1893) ordered
by abundance. The speciéslucenswas solely found in the southern Benguela. Thengtro
upwelling cell at Lideritz (26°S) seemed to actgshysical barrier for euphausiids because
the species composition north and south of thisalipvg cell differed significantly. In the
NBC abundance and biomass of euphausiids were gtighehe northern part of this area
between RockyPoint (19°S) and the Kunene River )7frrespective of seasonal and
interannual variability (Fig. 8). The three domibh&mill species in terms of abundance and
biomass were segregated horizontally (Fig. 8). WhIl capensislives on the shelfE.
hanseniis strongly associated with the shelf-break &hdmegalopsnhabits more oceanic
water masses. Even though the horizontal distobudf E. hansenandN. megabps partially
overlaps, they avoid competition by segregatingicaty (Chapter 2).
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Effects of temperature - One of the main driving forces causing alteratiamsspecies
abundance and distribution is the warming of theldvoceans (Perry et al. 2005). According
to Portner (2001 and 2002) the effects of tempegatesult from physiological changes at
molecular, cellular and organismal levels and thienate effect of a temperature increase on
the ecosystem is based on species-specific respomgemperature changes. In conjunction
with climate variability the underlying thermal ghglogy of animals plays a key role in
understanding the effect of increasing water teatpees on marine ecosystems (Pdrtner
2010). Accordingly, the species-specific thermaistaaints were investigated (Chapter 1) in
two dominant euphausiid species of the nBus, naieiypegalopsandE. hanseniand their
vertical migration behaviour was followed according seasonal differences in the
temperature profile of the water column (Chapter 2jcordingly, both species are well
adapted to the prevailing water temperatures in WE&C. However, species-specific
differences were apparent. The oxygen demand angN\Excretion rates increased with
rising water temperatures in both speciés. hansenishowed thermal adaptations to
temperatures between 10°C and 20°C whereal. imegalopstemperatures above 15°C

pointed to metabolic constraints. Moreover, bothcsgs differed in their vertical position and
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diel vertical migration behaviouN. megalopsvoided the thermocline during its ascent and

descent, which is in accordance with its thermalst@ints, whereakE. hansenicrossed it

regularly (Fig. 9).
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T Figure 9 A schematic model of the diel vertical migratioehaviour ofEuphausia hanserand
Nematoscelis megalopsder different environmental conditions. Blueoars picture the migration
range; red lines indicate the lower and upper limhithe OMZ and the dotted red line describes the

position of the thermocline.

During autumn and summer SST were well above 20f€C strong thermoclines were detected that
influenced the DVM behaviour of krill. In contrasturing winter no thermocline was observed and
SST was around 16°C. Food availability furtherueficed DVM behaviour of euphausiids (for details

please refer to Chapter 2).
i
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In this regard, crossing the thermocline would lesudetrimentally high oxygen demand.
Energetic considerations showed tRathansenihad a comparably high carbon demand and
as a consequence, there may be a need to fulfifaitvertical migration. In contrast,
calculated @ values forE. hansensuggested that DVM into deeper layers allow tpecges

to save energy. Differences in the carbon/energyathel of both species were a result of
different (1) metabolic rates, (2) predominantly tat®lized substrates, (3) migration
amplitudes, thus swimming efforts, and (4) theraddptations. Assessed different metabolic
rates, thus respiration rates, accounted for $fighigher carbon demands iB. hanseni
compared tdN. megalopsetween 5-15°C (12 + 16% of the daily carbon dethahipid-
orientated metabolism iMN. megalopsand protein-orientated metabolism & hanseni
increased the differences in daily carbon demanplstau 52 = 21% between species.
Moreover, different migration amplitudes, thus “swming costs”, accounted for 24 + 6% of
the daily carbon demand i hansenand only 6 + 2% iflN. megalopsObserved differences
in DVM behaviour due to dissimilar thermal congttaifurther influenced the carbon demand
of species. However, despite behavioural and teatypex variations, calculations of the daily
carbon demand indicated a species-specific eneqggneliture (Chapter 2) with a 31% higher
carbon demand irE. hansenicompared toN. megalops The latter species is largely
carnivorous (Chapter 4) and is suggested to exipleimigrating zooplankton community as a
food source (Chapter 2). It is most likely thatrthal constraints and calculated energy
budgets reflected adaptations to a life in deegriayith low temperatures, low oxygen
levels, comparably low daily carbon demands, amyenient food supply (Chapter 1+2). In
contrast, the pronounced migr&thansenregularly crossed the thermocline and entered the
upper water layers to feed on high concentratidnplankton (Chapter 2). In this species
thermal constraints and determined carbon demamdmaicative of a highly active species,
using deeper layers to save energy and hide fradapors and entering upper layers to
exploit the food rich layers and use higher wasengeratures for growth and reproduction.
Since the horizontal distribution of both specipsr§é. obs.) and their dietary preferences
partially overlap (Barange et al. 1991) a vertisagregation betweeN. megalopsand E.
hanseni, reflected by their different thermal adaptatiomsyrbon demands and vertical
position, promote competition avoidance in the N8@phausiid community. Accordingly,
temperature affected the oxygen uptake in eupldsusand species-specific thermal
adaptations (Chapter 1) were reflected by differeabavioural patterns, which in turn

resulted in vertical segregation of the euphausithmunity (Chapter 2).
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Dissolved oxygen concentration - The impact of oxygen minimum zones (OMZ) on the
distribution of pelagic animals has been known decades (Longhurst 1967) and oxygen
availability influences the vertical distributiof @uphausiids (Buchholz et al. 1995; Antezana
2009; Escribano et al. 2009). However, the releganot the OMZ for the physiology,
behaviour and the life cycles of marine animals dvag recently come into focus (Ekau et al.
2010, Seibel 2011). Hypoxia is known to impact-tfgle performance, growth, reproduction
and susceptibility to diseases (Ekau et al. 201@) ambient hypoxia narrows the thermal
window of a species and possibly lowers its pertoroe optima (Portner and Peck 2010).
Furthermore, a decline in oxygen saturation has lbeported for most of the world oceans
(Stramma et al. 2010). Accordingly, the anaerolapacity (Chapter 5) and the vertical
migration behaviour in relation to oxygen minimumnes (Chapter 2) were subject of this
thesis. Adaptations of animals to low dissolved gety concentrations are driven by strong
selective pressure to maintain aerobic metaboliSeibgl 2011). The use of the oxygen
minimum layers as a refugium for oxygen-dependemedigtors was evident iN. megalops
andE. hanseniSome euphausiid species regularly entered, indbe oE. hansenior spend
most of their entire adult life spaN, megalopsin the OMZ (Fig. 9). Others, e.Buphausia
recurva only temporarily faced low oxygen levels, aBdphausia americananly briefly
entered the oxycline. These observations suggdséedhe euphausiid community is divided
into two ecological groups. However, no euphausjidcies in the NBC appeared to avoid the
OMZ at all. The capability to withstand very low ymen levels in species spending
considerable times in the OMZ is reflected by tlinegh regulatory capability and low critical
Po2, as shown forE. hanseni(Chapter 5). These adaptations perBithansenithe active
utilization of their habitat, as shown f&: mucronatan the Humboldt Current by Antezana
(2002) and may explain the observed high swimmpegeds during their DVM (Chapter 2).
To extract the required oxygen for aerobic metanolirom the low oxygen waters within the
OMZ is a challenging task and species living irsthrea should have developed several
effective adaptations, like a greater quantityesfpiratory pigments, a higher oxygen affinity
or morphometric adaptations like a larger gill:capthorax ratio (Antezana 2002). M.
megalopsthe overall low oxygen demand, comparedEtohanseniis suggested to be an
adaptation to low ambient oxygen levels which allbwg species to survive chronic hypoxic
situations. However, to determine the anaerobi@ac#yp of this species further analyses are
needed, which failed due to technical constraintsngd this thesis. If different behavioural
adaptations are generally reflected by differerdeanbic capacities, and/or species-specific

thermal constraints, as shown trhansenandN. megalopsneeds further evaluation.
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hansenian increase of water temperatures led to a higkyggen level at which the anaerobic
metabolism was initiated @ This phenomenon was described for several other
(zooplankton) species and euphausiids (ChapteA5harming of the world oceans will
negatively influence the anaerobic capacityfeothansenand this is most likely to affect its

vertical and horizontal distribution and conseqlyecdmpress its vertical habitat.

Trophic environment - The quality and quantity of the available foodkisown to have
various effects on physiological performance. Fasble feeding conditions are known to
enhance growth (Buchholz 2003) and to support aenigeproductive effort (Cuzin-Roudy
and Buchholz 1999). The trophic environment infleesithe vertical (Gibbons et al. 1991)
and horizontal (Quetin et al. 1996) distributionttpans of organisms and euphausiids in
particular. Accordingly, the DVM behaviour in ratat to the quality and quantity of food
sources in the water column was observed (Chapteh@ physiological performance Bt
hanseniwas related to upwelling events that determinenary production in the NBC
(Chapter 3) and the trophic positions of differknti species were assessed (Chapter 4). It
was shown that the trophic level of krill specieghe nBus is not static in space and time but
rather dependent on the regionally, and to a lesséent, seasonally different trophic
conditions. Furthermore, the variable trophic positindicated that euphausiids are
omnivores (Fig. 10) which may switch their diet@mphases depending on the quantity and
quality of food, which coincide with a previous gyuon Euphausia lucengHansen 1905)
from the southern Benguela Current (Stuart ancaPlR90). In consequence, the role of
euphausiids in the nBus food web may differ betweegions, seasons and upwelling
conditions. The estimated trophic position indidatdhat euphausiids in the NBC are
considered primary and secondary consumers bualsaroccupy the same level as jellyfish.
The varying trophic positions of euphausiids andsggjuent alterations in energy fluxes will
be implemented in an ECOPATH/ECOSIM model approaich,describe the trophic
interactions and energy fluxes in the pelagic faeeb. A comparison with ECOPATH
models from the 1980s and 90s (Jarre-Teichmanh £088., Shannon and Jarre-Teichmann
1999) will help to describe possible changes betwe situation at the end of the™20
century and the situation to date. This thesis damtnated that food abundance alters
migration behaviour and that the spedtefransenshowed distinct physiological adaptations
to the nutritionally poly-pulsed system of the NBBuring their vertical migrations, krill
species did not necessarily migrate in conjunciidh their prey, and the vertical position did

not obligatory coincide with food maxima. Howevegrowth and reproduction were
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controlled by upwelling events which may producsyachronization of moult within the
whole swarm (Buchholz et al. 1996) and promoteablst trophic conditions for the optimal
conditions of eggs and larvae. Under non-upweltingditions, the reproductive effort and
metabolic activities were reduced whereas upweltiogditions fueled these processes. It is
most likely, that upwelling pulses (food abundaredfé@ct the physiology state, behaviour and
distribution patterns oE. hansenin the nBus and that these adaptations in thisispere
linked to small-scale processes and not to seastiif@lences. Metabolic rates, thus oxygen
demand, were elevated under upwelling conditionmimaue to higher reproductive efforts.
It should be considered that physiological and behesal adaptations to small-scale
processes may have blurred a clear seasonal sggedonality in the NBC is weak compared
to temperate or polar regions, but changes in phisharacteristics like upwelling-inducing
winds, SST and hydrodynamics are significant. \falig is mainly influenced by the
occurrence and expansion of warm, low-oxygen tadpiaters from the Angolan dome into
the NBC. Barange and Stuart (1991) showed that@we@mum body size ifc. hanseniand

N. capensigoincide with the maximum intensity of upwellingdamaximum densities with
seasonal warming. However, continuous breedindg=.ohanseniand N. capensisin this
system (Barange and Stuart 1991), indicate favdeifakeding conditions throughout the year,
further supporting the concept of a more pronoungegact of small-scale processes
compared to seasonal ones. The data shown inhissstsuggest that seasonal adjustment of
metabolic rates (Meyer et al. 2010) or seasonaptatians of growth and reproduction to
times of food surplus (Buchholz 2003), as shownHosuperbaand M. norvegica did not
take place to the same extent in euphausiids imBwes. In fact, the hypothesized “resting
stages” in the reproductive cycle Bf hanseniwith females showing nearly fully developed
oocytes (Chapter 3), and the occurrence of Epehansenifemales throughout the year
(Barange and Stuart 1991, pers. obs.) indicate(fh)athe trophic conditions are favourable
enough to allow energy expenditure for maturatroespective of season all over the year and
(2) that reproduction ife. hansenis adapted to periodic short time-scale upwelkwgnts,

which could boost its reproductive success.

In summary, euphausiids in the NBC are adapted hort¢erm alterations in their
environment, thus upwelling pulses. Seasonal ataptsamay occur, as shown for maximum
body sizes and maximum densitiesE5nhansenandN. capensighat correlate with seasonal
maxima in upwelling intensity and seasonal warmiBgrange and Stuart 1991). However,
the data shown in this thesis give strong evidé¢hateshort-term changes have a predominant

impact on the physiology and behaviour of euphdasand that seasonal adjustments are less
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intense. The physiology and behaviour of krill spslearly reflect the prevailing ambient

conditions in the nBus, in terms of temperature faod availability.

T Figure 1C Photos taken from the dissected stomachEofhanseniunder 200-320x
magnification.A — a tintinnid;B — a crystal coneC- copepod mandible€) — spines at the inner
structure of the stomach

Simultaneous effects of multiple environmental factors - the species level

The physiological state and behavioural patterrgitifspecies in the NBC, which may affect
their vertical and horizontal distribution and leadchanges in abundance and biomass of
euphauiids, is not a result of a single factor isuost likely a result of several different
factors, like temperature, oxygen levels, food kadity and possibly others (e.g. light). All
these observed environmental factors forced bosiplogical and behavioural changes in
euphausiid species of the northern Benguela upvgedicosystem. Anyhow, as these results
give basic indications of the isolated effect ofemvironmental factor, future investigations

should integrate the concurrent effects of thesarpaters (cf. Pértner 2010). For example,
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the results of this thesis suggest that the simeatias effect of rising water temperatures and
an expansion and intensification of hypoxic evdfisamma et al. 2008) may be critical for
the specie€. hanseni Since its anaerobic capacity is negatively infleesl by rising water
temperatures, the predicted changes may forcesfigsies to reduce the time spent in the
OMZ or to avoid the core of the OMZ and accordingly narrow its vertical migration
amplitude, respectively compress their habitat iatmarrow surface layer (Chapter 2+5).
These physiologically induced behavioural changesnaost likely to have several, mainly

negative, effects oB. hansenindividuals, such as:

- A higher predation risk, due to inhabitation betupper layers during daytime and
avoidance of the OMZ as a refugium for highly neboxygen-demanding predators,
like squids and several fish species (Chapter ibeS2011)

- A higher daily carbon demand, due to higher watenperatures in the upper water

layers (Chapter 1)

- Altered retention mechanisms, due to ontogenstits in the vertical migration
patterns (Barange and Pillar 1992)

- Intensified competition with other zooplanktondakrill species, due to overlapping
vertical distribution patterns and exploitationtbé same prey items (Barange et al.
1991, Chapter 2+4)

- Affecting schooling behaviour, due to trade-offstween oxygen availability and

predator avoidance (Brierly and Cox 2010)

Furthermore, a restricted vertical distribution wWwbuexclude this species from its
contributions to the vertical flux of carbon andsthwill affect carbon cycling in the NBC.

Elevated water temperatures may as well cause hmhal differences due to thermal
constraints irN. megalopswhich may prevent this species from ascendingnguie night.

As this species is well adapted to a life in cahdl @xygen poor waters, a warming of water
temperatures would result in higher carbon demamdsven force this species to migrate
deeper. To meet these requiremeNtsmegalopsmay need to actively hunt its prey and
further increase its carbon demand, due to a higltvity. As this species preys on the
migrating zooplankton community, also the decouplif predator-prey interactions should
be considered. However, since several aspectssophysiology and behaviour are still

uncertain and seem to be highly variable, predistiabout consequences of environmental
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changes are speculative. However, rising water éeatpres may positively affect
recruitment success and growth in krill species arwbrdingly, enhances productivity of the
species. Furthermore, different life stages maywslibvergent adaptive strategies and
therefore, they may either be supported or weakeReedictions about distribution and
abundance changes, thus stock alterations, aralkerging task because of the complex

interactions of physical and biological factorsofféls et al. 2012).

Effects of multiple environmental factors - the ecosystem level

Changes in the abundance and distribution of préawmh euphausiids of the NBC will
control both low and high trophic levels in a muirectional way. This multi-directional link
was suggested as a mechanism by which species agreenstitutive components of the
Benguela food webs, due to interactions with arfdces on other components (Cury and
Shannon 2004). Environmental induced changes Ihdistribution and abundance can alter
distribution, abundance and composition of othdagie communities and therefore induce
significant alterations of the current state. Kdtb not merely act as a passive conduit of
environmental perturbations, but bias both highet lwer trophic levels through their own

species-specific dynamics.

A warming of the NBC and intensification of hypox@gents may force euphausiids, like
hanseni,to compress their habitats into a narrow surfagerl From aop-down point of
view, changes in species vertical distribution are nli@sty to alter predation pressure on
phytoplankton and smaller zooplankton species, matopepods. An enhanced carbon
demand, due to higher water temperatures, and langiation of the time-span spent in the
phytoplankton rich water layers may increase thewrh of phytoplankton ingested .
hanseni.As a consequence, phytoplankton may be utilizedenadficiently and this will
decrease detritus loads and improve the dissolvethem concentration in the NBC.
Moreover, E. hansenimay switch from one preferentially ingested comkmpecies to
another, because of different ambient trophic domk in deeper waters compared to the
upper layers (Chapter 2+4). Due to these dietarfyssthe energy flux in the food web may
change, possibly affecting food web dynamics armdftlod web structure at a whole. Higher
water temperatures may support higher growth rateb increase the reproductive effort,
supporting high abundances of krill. However, krdpecies were excluded from the

downward shunt of organic material, thus affectimg carbon cycle in the nBus. Changes in
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distribution patterns of euphausiids in the NBC swggested to significantly impact lower

trophic levels and to lead to alterations in thedfeveb structure of the nBus.

On the other hand, from l@ottom-up point of view, E. hansenistaying in the upper water
layers throughout 24 h will allow predators, likshf, jellyfish, birds and seals to prey upon
this krill species very easily and this may deceetie abundance of krill. At first, predators
may benefit from the new food source, but thendimke in E. hanseniwill negatively affect
predators and may force them to feed on other pgvindel simulations for the southern
Benguela showed that shifts between sardines actoses may be produced by the
availability of meso-zooplankton prey of properesizaused by alterations in environmental
conditions (Shannon et al. 2004). Changes in then@dnce and species composition of
euphausiids in the upper water layers may caugts sttihigher trophic levels, affecting the
food web and ecosystem structure. Furthermore,dacten of krill will lead to more
phytoplankton unutilized and increase detritus $oa@hd therefore, enhance low oxygen
situations. This will have negative effects on Yieetical distribution range of krill. Moreover,
a reduction of dissolved oxygen in the water columay negatively influence the recruitment
success of small pelagics, since their early lidgas are known to be sensitive to low oxygen
concentrations (Breitburg 2002). It could be dentiated that warming of water temperatures
and concurrent expansion of hypoxia may narrow#récal distribution range d&. harsen
and that the effects on the NBC ecosystem can taetdisuch as higher grazing rates, or

indirect, such as an intensification of hypoxiargge

Euphausiids of the northern Benguela upwellingesyst implications for krill
species as indicators of short-term and long-tehanges in theienvironment,
with emphasis on euphausiids as model organismsafotomparison of

nutritionally mono-pulsed and poly-pulsed systemsoiastal waters

As stated by Mangel and Nicol (2000), euphausiidcsgs are ideal model organisms for
studying the interaction between environmental anghnismal variability. Studying krill

consolidate different scientific fields, like ecglg biochemistry, physiology, evolution and
oceanography (Mangel and Nicol 2000). Krill specas distributed ubiquitously and are
central to pelagic marine food webs (Siegel 20dMus, gained knowledge of a certain
species may be extrapolated to and compared wihibr dtrill species (Buchholz 2003).
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Euphausiids feed on a variety of phyto- and zodgtamtaxa including detritus and serve as
an important food source for many high trophic gggcSome euphausiids provided proof to
be quite good experimental animals (Nicol 2000) aad be maintained in captivity quite
easily for a reasonable amount of time (pers. obheir comparably large size allows
studying their physiology and biochemistry eventba level of individual organs (Mangel
and Nicol 2000) and their physiological and behaxab plasticity allows them to quickly
adapt to changes in their environment (Buchholz320@nd in turn their physiological
performance should enable scientists to draw cemaris about the prevailing conditions. For
example, Buchholz (2003) pointed out, that growthAntarctic krill E. superba and
Northern krill (M. norvegica is very flexible and that these species adjusit ize increment
at moult (INC) and their intermoult period (IMP) tloe trophic situation. Growth was further
modified by temperature where the IMP decreasel initreasing temperatures. Due to their
different thermal constraints, krill are associavgth different water masses and changes in
hydrodynamics should be noticed e.g. on the comiplevel. For example, the occurrence
of three additional euphausiid species of Atlamrgin in the high Arctic Kongsfjorden
indicated an increasing influence of warmer Atlantaters in this area, whereas an unaltered
community composition was a sign for persistingdcobnditions in other Arctic areas
(Buchholz et al. 2010). Buchholz et al. (2010) doded from their data that the reproductive
activity of krill may give an indication of furthevarming and shift in food web composition.
In 2011, first observation of. raschii spawning in the high Arctic Kongsfjorden (West
Spitzbergen) gave signs for shifts in environmeteaiperatures and food web composition
(Buchholz et al. 2012, see attachment). However jritpact of climate variability on marine
resources is difficult to assess, since some speuigy benefit from the ongoing changes
while others will not (cf. Atkinson et al. 2004, &k et al. 2010). It remains unclear whether
the ongoing changes depart from typical climateabgity and natural large scale variations
have to be considered (Chavez et al. 2003). Anyhewent studies, e.g. Field et al. (2006),
implied that the anthropogenic 2@entury warming had passed natural variability in

ecosystem structure and functioning.

Nutritionally poly-pulsed systems like the NBC (ldnings et al. 2006) differ from mono-
pulsed systems (Knotz 2006) like the North Sea.mono-pulsed systems one (mono)
phytoplankton bloom is followed by a time span efatively poor trophic conditions.

Consequently, most physiological and ecologicatesses are linked to this “moment of food
surplus”. The influence of the production regimeayg phytoplankton blooms on ecological

and physiological adaptations of zooplankton taitiabally mono-pulsed systems have been
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intensively studied. In the case of euphausiids¢ivin these mono-pulsed systems, lke
superbaand M. norvegica growth and reproduction are linked to this phiaogton bloom
(Buchholz 2003, Cuzin-Roudy 1993). A drastic seabamduction of metabolic rates,
correlated with low food availability, was observiedE. superbaand contrastingly, iM.
norvegica, higher metabolic rates during the spring phytoplankbloom in areas with
seasonal food shortage were observed. Despitenadgamd species-specific differences it is
most likely that krill species are well adaptedthes (spring) phytoplankton bloom and
growth, reproduction and behaviour are linked tg 8hort time food surplus. Krill species
may therefore serve as model organisms for the ¢ingfanutritionally mono-pulsed systems

on zooplankton in coastal waters.

In upwelling areas, like the NBC, the physical abmlogical properties are mainly
determined by the timing and duration of upwelliegents that are further controlled by
upwelling-favoured winds (Dorman et al. 2005), whio turn are influenced by climate
change. Phases of high primary production are dintee upwelling pulses which prevalil
throughout the year and may support the adult dsimih sufficient food supply. However,
during austral summer upwelling intensities in tHBC are minimal (Hagen et al. 2001).
Planktonic species like euphausiids are passivdyeeted with water masses leading to
variable environmental conditions and coming acngh areas less favourable for living
(Verheye and Ekau 2005). This study demonstratat tising the results of physiological
performance ofE. hanseni(Chapter 3), adaptations took place to periodiasps of food
surplus. E. hansenireduces metabolic activity under food limitatioklugnerlage and
Buchholz 2012) and enhances physiological perfoomawhen food conditions improve
though only in response to short-term and smalese@ents. Since seasonal differences, thus
phases of minimal and maximal upwelling intensjtigs the physiological state are less
pronounced than regional ones, thus areas undegllipgvand non-upwelling conditions, this
notion is further supported. Krill species may dpatheir dietary emphases according to the
prevailing food items influenced by upwelling comolns (Chapter 4) and adapt their DVM
behaviour to the amount of food and temperaturdlesoof the water column (Chapter 2).
Euphausiid physiology and behaviour reflect the i@mittrophic environment and due to their
capability to quickly react to changes in their ieomment and further supported by the
typically short krill food chain, euphausiids mag bseful indicators for adaptations to and

life history strategies in nutritionally poly-pul$systems in coastal waters.
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In conclusion, the physiological state of krill arnieir flexible physiological capacity,
irrespective of their habitat, reflects environnantrophic conditions and moreover,
euphausiids change their behaviour according to phevailing trophic situation. A
consolidated view of all these aspects indicatasebphausiids are useful indicators of short-
term and long-term changes in their environment @ar be used as model organisms for a
comparison between mono- and poly-pulsed systemgedl as global adaptations and life
history strategies of invertebrates.

Perspectives

The main focus of this thesis is to gain first ggs into physiological and behavioural
adaptations of dominant euphausiid species toitftdyhfluctuating environmental conditions
in the NBC. Research results provide a comprehensiata set on the influence of
environmental conditions on both the physiology #relbehaviour of krill. However, several
new questions and aspects arose during the courstheowork which need further

experimental studies.

The highly variable and dynamic system of the NB@ the complex interactions of physical
and biological factors hamper the investigationsadptations in krill to “in situ conditions’

and may blur possible seasonal effects. This engsh#tse importance of a detailed and
thorough sampling strategy at a fixed station,udeig upwelling and down-welling events,

as well as seasonal repeats. Since this thesindtaldeen feasible without support of other
GENUS sub-projects, which provided data about tephic environment as well as the
hydrographic conditions during the sampling perjadsorporation of several environmental
parameters is highly relevant.

The results of this study further indicate that éséimation of combined effects of different
parameters, such as temperature and dissolved mxigels, on krill behaviour and
physiology are crucial. This will allow us to buildp a more detailed picture of the
mechanisms which determine the variability in dittion and abundance of euphausiids.
Further experiments should also focus on boundamrt, such as the benthic boundary layer,
oxy- and thermoclines or filament structures, asséh structures may strongly affect

euphausiids within the zooplankton community.
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Krill species in the NBC are omnivores and regibnalccupy different trophic levels. To

study the effect of the trophic environment onllaind as well to elucidate adaptations to this
factor micro-, phyto- and zooplankton should be lengented. This study shows that a
description of the trophic environment only by @si€@hl a data may not be useful for

omnivorous euphausiids.

The results of this thesis further indicate thaitl kare adapted to short-term changes in
environmental conditions, such as upwelling-indugadlytoplankton blooms. Perennial
upwelling may provide sufficient food throughouttlgear. Nevertheless, if krill species in
this area require building up energy stores to @wae periods of food shortage needs further

research.

Investigations of the anaerobic capacity of kfiesies should be intensified. All krill species
interacted to a certain degree with the OMZ. Deteation of their anaerobic scopes will help
predicting possible alterations in future climatersarios. In this regard, on the basis of past
experience, new experiments should focus on oxygerls well below 20% oxygen
saturation; at least on species regularly inhafpitimle OMZ. Assessment of the combined
effect of temperature and low oxygen levels is weable. Furthermore, investigations of
other adaptations to a life under low oxygen cotregions, such as gill size, quantity of
respiratory pigments and their oxygen affinity wiklp to draw a more detailed picture of
krill living in the OMZ.
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Attachments

At least | would like to draw your attention on twablications concerning krill species in
two fast changing ecosystems, the Arctic (I) arel Amtarctic (I). During my PhD thesis |
had the opportunity to participate in the sampjingcess, maintenance and taking pictures of
eggs/larvae (I) and the discussion/developmentgso¢ll) of these studies. Furthermore, |
would like to advise you to have a look on the Eat©f the GENUS project (111), which was
shot during a research cruise with the RBiScovery in 2010 by the Multimedia Kontor
Hamburg.

() Buchholz, F.Werner, T. and Buchholz, C. (2013&jirst observation of krill
spawning in the high Arctic Kongsfjorden, west Spsgbergen.Polar Biology
35, 1273-1279. doi: 10.1007/s00300-012-1186-3

Contact Email:
Friedrich.Buchholz@awi.de

Abstract: In the past, two euphausiid species prevailed e high Arctic
Kongsfjorden, the arcto-borealhysanoessa inermigKroeyer, 1846) and
Thysanoessa raschiBars. 1964). Both were considered expatriate® filoe
Barents Sea or Norwegian Sea and non-reproductigeia low temperatures.
The macro-zooplankton of the fjord has been studi®d component in an
ecosystem context since 2006, including baselimesiigation of distribution
and functional performance of key species. In regears, three additional
krill species were regularly detected in the fjadd are the focus of an
intensive long-term study. Of these speci@$iysanoessa longicaudata
(Kroeyer, 1846) andveganyctiphanes norvegig&®ars, 1857) are typical for
the boreal Atlantic whereddematoscelis megalofgSars, 1883) has a broad
distribution in temperate to subtropical provinc@feir occurrence in the
Kongsfjorden clearly indicates increasing Atlantiluence. During the 2011
campaign,T. raschiiwas observed spawning in the field for the fingtet and
showed development up to the naupliar stage iraberatory. Should more
evidence of reproduction be encountered in anyeffive krill species in the
Kongsfjorden in the future, it will be taken as imdlication of a changing
environment concerning temperature and food welposition.

@ Figure 11 A hatching nauplius
larvae (Buchholz et al. 2012)
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Flores, H. , Atkinson, A. , Kawagushi, S. , Kraft,, Milinevsky, G. , Nicol,
S., Reiss, C., Tarling, G. A. , Werner, R. , Br&ebolledo, E. , Cirelli, V.,
Cuzin-Roudy, J., Fielding, S. , Groeneveld, Jarditisson, M. , Lombana, A.
, Marschoff, E. , Meyer, B. , Pakhomov, E. A. , Rmig, E. , Schmidt, K. ,
Siegel, V., Teschke, M. , Tonkes, H. , Toulleg, Drathan, P. , Tremblay, N. ,
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climate change on Antarctic krill. Marine Ecology-Progress SerieNTER-
RESEARCH458 1-19.doi: 10.3354/meps09831

Contact Email:
hauke.flores@awi.de

Abstract: Antarctic krill Euphausia superbéhereafter ‘krill’) occur in regions
undergoing rapid environmental change, particulémss of winter sea ice.
During recent years, harvesting of krill has inesesh possibly enhancing
stress on krill and Antarctic ecosystems. Here eweew the overall impact of
climate change on krill and Antarctic ecosystenmscguks implications for an
ecosystem-based fisheries management approach deutify critical
knowledge gaps. Sea ice decline, ocean warmingadinelr environmental
stressors act in concert to modify the abundanisgjltution and life cycle of
krill. Although some of these changes can havetpeseffects on krill, their
cumulative impact is most likely negative. Recrwety driven largely by the
winter survival of larval krill, is probably the palation parameter most
susceptible to climate change. Predicting changésilt populations is urgent,
because they will seriously impact Antarctic ectsys. Such predictions,
however, are complicated by an intense inter-annahbility in recruitment
success and krill abundance. To improve the respemsss of the ecosystem-
based management approach adopted by the Commissithe Conservation
of Antarctic Marine Living Resources (CCAMLR), ecil knowledge gaps
need to be filled. In addition to a better underdiag of the factors
influencing recruitment, management will requireedter understanding of the
resilience and the genetic plasticity of krill liflgages, and a quantitative
understanding of under-ice and benthic habitat @&rent precautionary
management measures of CCAMLR should be maintaun@d a better
understanding of these processes has been achieved.
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