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Preface

Living entities, from cells to entire organisms, do not exist in isolation, but interact with each
other within a physical-biological system. Ecology is the part of science that looks at these
interactions. The number of interactions and the levels of organization within a system make
ecology a broad and complex discipline. In general, scientific theories are developed to

facilitate the study of complex questions.

This thesis applies the theory of ecological stoichiometry to questions related to calanoid
copepod development and ecology in the high-latitude marine regions. The goal of the thesis
is to encourage the reader to apply this theory, which is increasingly being recognized as a
powerful tool to study interactions of everything from genes to ecosystems (notably thanks to
the work of Elser and Sterner). The thesis aims further to bring to light additional information
on the biology of high-latitude copepods. It increases the number of applications of ecological
stoichiometry by investigating interactions in an ecosystem where it has been rarely applied.
Life in the sub-Arctic and Arctic is not more valuable or interesting than in other areas, but it
represents a particular case due to adaptations required by the harsh environment and
extensive seasonal variation. The adaptations lead to specific life traits of calanoid copepods,

key species in the Arctic and sub-Arctic Ocean ecosystems.

From a personal point of view, this thesis is motivated by a fascination for life in the sea, from
small to large creatures, and among them zooplankton, which live in this tremendous “Big
Blue”, as I like to call the ocean. Hence, this work also aims to contribute to the general

knowledge and understanding of life in the sea, as small as it may be.

I hope that the reader will become more interested in both ecological stoichiometry in general,

and the world of zooplankton in particular.
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Abstract

Calanoid copepod£;alanus finmarchicysC. glacialisandC. hyperboreusare key species in Arctic
and sub-Arctic marine ecosystems. They represepori@nt prey for a number of species such as
juvenile herring and cod because of their highdm#tisonally variable calorific value: they synthesiz
and store lipids as part of their survival stratelgynitations in food quantity and quality can have
strong impact on the copepods’ lipid synthesis @enklopment, with implications for their predators
and thus for the lipid-driven Arctic marine food bveEcological stoichiometry, i.e. the study of the
relative abundance of elements (most commonly cariniirogen, and phosphorus) in biological
entities, is a powerful tool to study potential ilation of aquatic organisms, particularly in pripa
producers and in omnivorous and herbivorous zodptengrazers. However, studies that apply a
stoichiometric approach to the high-latitude maniegions are extremely rare. The main aim of this
thesis is to reveal the elemental requirements poigntial limitation of high-latitude calanoid
copepods by investigating their C:N:P composition dombination with information on other
biochemical compounds. The impact of copepods drniemi recycling and C:N:P export through
fecal pellets is also investigated. The study wasdacted in a sub-Arctic north-Norwegian fjord, and
in the western part of the European Arctic Oceacai$ing on the period of intense primary production
during spring. Somatic stoichiometric ratios in eppds were calculated by subtracting C in the lipid
sac from the total body C. Due to the strong inflee of lipid storage on total body stoichiometry,
high-latitude calanoid copepods, and by implicatipid-synthesizing zooplankton in general, should
be treated through a two-compartment stoichiomeipjaroach, with lipid storage and somatic tissues
separated. Both season and development stagenodlube somatic elemental ratios. The somatic C:P
ratios of high-latitude calanoid copepods are sonatwower than those reported in marine copepods
from other areas, suggesting that they have higlmwth rates than temperate and tropical copepods.
Seston C:N:P stoichiometry is used as a proxydod fquality in the calculation of copepod elemental
limitation. The seston C:P and N:P ratios are antbedfirst to be reported for the Arctic Ocean and
indicate a higher relative proportion of nutrie(Msand P) compared to published seston values from
other marine regions. Seston C:N:P ratios varietbraling to bloom stage, which therefore also
impacts the potential C, N or P limitation of copdp. Unless they have high assimilation efficiency
for C, calanoid copepods are shown to be mostylikelbject to C limitation. However, variable
requirements during ontogeny make specific stagesh as copepodite IV, and females more
sensitive to nutrient limitation (N or P). This djuis the first to present data on stoichiometaitios
including P for copepod fecal pellets in the Arcad shows their high potential not only to veilic
export P at depth but also to provide a source iof tRe upper layers during the productive seakon i
degraded. The Arctic marine regions are experignttie greatest climate change, and the potential
future stoichiometric changes in the Arctic and hadwate change affects copepod-seston interaction
are discussed.

Key-words: Calanus spp., Lipid storage, Seston, Stoichiometry, Spiihgom, Carbon, Nitrogen,
Phosphorus, Arctic Ocean
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Résumé

Les copépodes calanoid€alanus finmarchicusC. glacialiset C. hyperboreusont des especes clés
dans les écosystemes marins Arctiques et subagstitja constituent une proie de choix pour nombre
d’especes, dont notamment les juvéniles de haréndeemorue, en raison de leur forte valeur
calorifiqgue qui varie de fagon saisonniére. Enteffes copépodes synthétisent et stockent de®dipid
comme stratégie de survie. Les limitations liéds quantité et a la qualité de leur nourriture pauv
avoir de fortes répercussions sur leur capacitgnthétiser des lipides et sur leur développement, e
ainsi sur leurs prédateurs et sur la chaine aliamenArctique, basée sur les lipides. La staechioenét
écologique, I'étude de I'abondance relative desnéfés (les plus communément utilisés étant le
carbone, 'azote et le phosphore) dans les enti@sgiques, est un outil puissant pour étudier les
potentielles limitations des organismes aquatigpagjculi€rement pour les producteurs primaires, e
le zooplancton omnivore et herbivore. Les étudesngmt en considération la steechiométrie dans les
régions marines des hautes latitudes sont cepeqgdast inexistantes. Le but principal de cetteghés
est de révéler les besoins élémentaires et lestmites limitations de ces copépodes, dans lesmég
Arctiques et subarctiques, en étudiant leur coniposiC:N:P tout en considérant les différents
composants biochimiques associés. L'impact de opépndes sur le recyclage des nutriments et sur
I'exportation C:N:P via leurs pelotes fécales astsh étudié. L'étude a été réalisée dans un fjord
subarctique du nord de la Norvege (Grgtsund), e$ ¢ partie ouest de I'Océan Arctique européen,
au printemps pendant la période d’intense prodacfidmaire. Les ratios stcechiométriques des
copépodes sont calculés en soustrayant le carlmrtent dans les sacs lipidigues au carbone total
présent dans l'organisme. En raison de l'influedoestock de lipides sur leur staechiométrie, les
copépodes calanoides des hautes latitudes, et guhrctibn toutes les espéces de zooplancton
synthétisant des lipides, devraient étre considéfiés une approche staechiométrigue a deux
compartiments, avec le stock de lipides d’'une palts tissus somatiques d’autre part. La saisém et
stade de développement ont une influence sur léesralémentaires somatiques. Les ratios
somatiques C:P des copépodes calanoides des lettittedes sont plus bas que ceux rapportés pour
les copépodes marins d’autres régions, et suggeéremilus fort taux de croissance que pour les
copépodes des régions tempérées et tropicalestokehmmeétrie C:N:P dans le seston est utilisée
comme un proxie de la qualité de la nourriture dhess calculs de limitation élémentaire des
copépodes. Les ratios C:P and N:P dans le sestunpsomi les premiers mesurés pour I'Océan
Arctique et indiquent une teneur relative en nugrits (N et P) plus élevée en comparaison avec les
valeurs de seston publiées pour d’autres régionges Les ratios C:N:P dans le seston varient en
fonction du stade de I'efflorescence phytoplanajaej qui en conséquence a aussi une influence sur
la limitation potentielle en C, N ou P des copémodemoins d’avoir un fort taux d’assimilation pour
le carbone, les copépodes calanoides sont le musest sujets & une limitation en carbone.
Cependant, les besoins élémentaires différent metiéom de I'ontogénie et certains stades comme les
copépodites IV ou les femelles sont plus sensiblees limitations en N ou P. Cette étude est la
premiere a présenter des ratios stoechiométriquhsgaimt P pour les pelotes fécales en Arctique et
montre le fort potentiel de ces pelotes a expateprofondeur du P mais aussi a en recycler, @ans |
cas ou elles sont dégradées, dans les couchesesmpgrde I'Océan durant la période de production.
Les régions marines Arctique sont les régions sicleangements climatiques sont les plus intenses et
leur influence sur le seston et les copépodes qut moduler leurs stoichiométries, et donc leur
interaction, est discutée.

Mots clés:Calanusspp., Lipides, Seston, Stoechiométrie, Effloresegutttoplanctonique, Carbone,
Azote, Phosphore, Océan Arctique.
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1. Introduction

1.1. Ecological stoichiometry

1.1.1. Definition

The word “stoichiometry” did not appear in the stific vocabulary until the late 18

century, but its roots go back to the ancient Gneekds ctoyciov (stoicheion) andiétpov

(metron), meaning element and measure (Surhone l.e2C0). The definition of

stoichiometry has evolved considerably since ieaton, as it was first used to describe line

counts in the New Testament. Now stoichiometrydsognized primarily as a branch of

chemistry (Szabadvary 1993). The first principlesravset down in 1792 by the German

scientist, Jeremias Benjamin Richter (1762-180T)p wefined stoichiometry as “the science

of measuring the quantitative proportions or mas®s$ in which chemical elements stand to
one another” (Hugh 1911; Partington 1948).

The stoichiometric theory had to wait nearly ond-arhalf a centuries before it was applied

to the field of ecology. This was carried out byratl Clarence Redfield (Box. 1).

Box 1. Redfield, pioneer of ecological stoichiometr

Alfred Clarence Redfield (1890-1983) grew up in enawned
scientific family and became an acknowledged bislpgecologist
and oceanographer. In addition to holding many irgm positions
such as professor at Harvard faculty and associ@éetor of the
Wood Hole Oceanographic Institution, Redfield idimoed several
major advancements in the field of science. Theadisry for which
he is most famous is the Redfield ratio, which dsars his name. |
the early 1930s, he was among the first to empbdbat the atomi
proportion of elements in marine particulate mattes relatively
constant over the world's oceans, particularlycémbon, nitrogen an
phosphorus. He determined the atomic ratio of C¥:Be 106:16:1
(Revelle 1995). Since its presentation, the Redifratio has been
used, over-used and considered “The Rule”. Howevesjor
deviations from this ratio in marine particulate ttea have been
underlined by several studies and by Redfield hih{Bedfield 1958;
Hecky et al. 1993; Geider and La Roche 2002; Ptaeinal. 2010).

>
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Later, others contributed significantly to the depenent of so-called ecological
stoichiometry, among them Reiners (1896) and nyptaéterner and Elser (2002) who
provided the following definition: “Ecological sthiometry is the balance of multiple
chemical substances in ecological interactions pnodesses, or the study of this balance.
Also sometimes refers to the balance of energymaattrials”. Ecological stoichiometry has
mainly developed toward a focus on elements, anckrgenerally on three macro-elements:
carbon (C), considered as the energy source, andgen (N) and phosphorus (P), the
essential nutrients. Trace elements such as F&idmave been also studied, albeit somewhat
less (Sterner and Elser 2002; Ho et al. 2003; Vasuwnerburgh et al. 2004). The term
“balance”, as used in the definition cited aboeders to the relative proportion of elements in
an entity. The common unit in ecological stoichitryes the elemental ratio, and the C:N
and C:P ratios are the ones most frequently usé@. Scope and power of ecological
stoichiometry is wide since interactions can bealisi at different levels of organization: the
cell, the individual, the population, the commurotythe entire ecosystem (Elser et al. 2000b;
Makino et al. 2003; Elser and Hamilton 2007).

1.1.2. A versatile tool to study consumer-producenteractions

The basis of ecological stoichiometry lies in plgsi chemical and biological principles such
as the law of conservation of matter and energye &pproach consists in considering
organisms as the result of chemical reactions whasgtions have implications for the
structure of the ecosystems (Sterner and Elser;20@fper et al. 2004; Hessen et al. 2008).
The elemental composition of organisms and hovs iteigulated is thus one of the major
concerns of ecological stoichiometry. The autotioginganisms at the base of the food chain
are particularly flexible in their elemental compias, exhibiting a large range of body
C:N:P elemental ratios in nature. This is due w@rtHifferential uptake of C versus nutrients,
C being obtained by C{ixation while nutrients are obtained from inorganompounds in
the environment (Harvey 1926; Geider and La Rod@22Hessen et al. 2008). As a result,
autotrophs, e.g. phytoplankton in aquatic systdmase a body elemental composition that
partly reflects the availability of the resourcestheir environment (Nielsen et al. 1996;
Sterner and Elser 2002). In contrast, heterotraphd to regulate their body composition to
constant proportions, a process called homeog@sser and Elser 2002; Logan et al. 2004;

Anderson et al. 2005). Herbivores, and to a lesgnt omnivores, thus consume food with



an elemental composition that can diverge strofrgiyn their own body composition, leading

to what is called stoichiometric imbalance (Elsed a&Hassett 1994; Hassett et al. 1997;
Hessen et al. 2004). Stoichiometric imbalance praducer-consumer interaction indicates
that the food does not match the consumer requitesn&iven that elements are immutable
and organisms are unable to synthesize thlemovg the element in shortest relative supply
in regard to demand is defined as the limiting da¢tJrabe 1993; Sterner and Elser 2002).
Several heterotrophs, such as zooplankton, are tabt®pe to a certain extent with food
limitation by mechanisms such as food selectiond amodulation of assimilation and

excretion rates to maintain homeostasis (Gulati Bledlott 1997; Touratier et al. 1999;

Persson et al. 2010). These adaptations have, leowa\wcost that is detrimental to growth
and/or reproduction. Elemental limitation affectse tphysiological mechanisms of the
consumer in different ways, because elements datedeto biochemical compounds, as

described in Box 2.

Box 2. Links between body stoichiometry and biocheital compounds in consumers

Understanding where and how elements are usedyansms, is of fundamental importarice
for determining how an organism’s physiology wik laffected in the case of elemental
limitation, and vice versa, to predict which elemenpotentially limiting depending on the
consumer’s physiological needs. One of the fewistuthat have focused on trying to link
biochemical compounds (i.e. the chemical componprgsent in an organism) to elemental
composition is that of Ventura (2006). It undertintbe low variation in general biochemigal
composition among various limnic and marine zoogiam species. Zooplankton were
shown to be mainly composed of lipids and protes) a smaller amount of free amino
acids, chitin and carbohydrates, and a much smet&unt of genetic material, nucleic acjds
(RNA, DNA), and nucleotides (ATP, ADP). Carbon ({€}Yhe major element in the body and
represents from 33 to 72% of the body dry weightV{DMost C is contained in the lipids
and proteins. Nitrogen (N), the second most abunel@ment, is mainly present in proteins

and in free amino acids. Phosphorus (P) is muchdésindant, representing on average| 0.6
to 2.5 % of the DW, and is mostly present in nucktids, nucleotides and phospholipids

(Sterner and Elser 2002; Ventura 2006). The rolePofn living organisms has beén
particularly underlined since studies have showrtlibse relation to RNA, more particulatly
to the ribosomal RNA. The latter is involved in thetein synthesis required for growth
(Hessen and Lyche 1991; Sterner 1995; Elser di986). From these studies and a number
of others a new approach in ecological stoichioynetnerged: the growth rate hypothesis
(GRH). The GRH states that fast-growing organisaagehhigher protein synthesis and thus
greater demand for RNA. This results in highertredabody P content which modulates

their elemental C:N:P body ratios. Organisms wifast growth rate tend thus to have lower
C:P and N:P body ratios than organisms with lowemgh rates (Main et al. 1997; Elser|et

al. 2000a; Carrillo et al. 2001). Such differentiabwth rates are important to consider since
their impact on body stoichiometry also has coneages for nutrient recycling and
population interaction.




In addition, consumers release part of their drethie form of dissolved and particulate
organic matter. The elemental composition of th@selucts fluctuates in relation to the food
consumed, but also in relation to the elementalpmmition of the consumer itself. They can
have a crucial role in nutrient recycling and fartical export of particulate organic matter
(Andersen 1997; Sterner and Elser 2002).

Consumer-producer stoichiometric interaction stsidiave flourished in the context of
anthropogenic eutrophication, i.e., nutrient enment of ecosystems. Most of these studies
are from freshwater systems and focus particularlyDaphnig a key organism in these
environments. They have underlined the power ofoggral stoichiometry in helping to
understand everything from small-scale consumethyprer interactions to larger-scale
processes such as efficiency of the biological pumputrient cycling or ecosystem stability
(Andersen 1997; DeMott et al. 1998; Elser et ab@0) Urabe et al. 2002). Far less work has
been devoted to marine systems, and even lesghddtitude marine ecosystems exposed to
rapid climate change (Carmack and McLaughlin 20¥assmann et al. 2011).

1.2. The Arctic marine ecosystem
1.2.1. A special environment: Seasonality and prinmg production

Arctic seas, and to a lesser extent the sub-Anstidne regions, present a number of distinct
characteristics, the most important of which amspnted in Fig. 1, that make them different
compared to lower latitude marine systems. They duwaracterized by a strong seasonal
variability in incident solar radiation, with a #awinter and midnight sun during summer.
The sea ice and snow cover regime also leads @aagstrariability on short and long time
scales (Proshutinsky et al. 1999; Falk-Peterseal.e2000). When sea ice is present, the
penetration of photosynthetically active radiatifrPAR) is poor, which strongly limits
primary production. Conversely, when ice and snositnand PAR is no longer blocked, this
is accompanied by ice algae and phytoplankton béodrneshwater release creates strong
stratification and restricts replenishment of rarits to the upper mixed layer. This favors an
intensive, but transient plankton algae bloom, assdthe increase of the photoperiod in
spring (Hansen et al. 2003).



Snow
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Figure 1. Seasonal cycle of the ice-influenced Arctic margystem. The figure illustrates the change
in solar radiation and the melting of sea ice amo\s allowing sea ice algae and phytoplankton to
bloom in late spring and summer. Also shown are Xegplankton grazers. Figure modified from
Wassmann et al. (2004) and Wassmann (2011).

Primary production is thus constrained to a redyivshort seasonal window during the
spring-summer period in the Arctic, explaining wdrynual primary production is lower than
at lower latitudes (Subba Rao and Platt 1984; Ramigst al. 2002; Sakshaug 2004). However,
this period is characterized by high biologicalinatt, and a number of heterotrophic
organisms rely heavily on the accumulated susperdeshass, which consists partly of

Arctic zooplankton species.

1.2.2. Key Arctic species: Calanoid copepods

As a result of particularly good adaptation to alldnging environment, large calanoid
copepods often contribute significantly to the tat@oplankton biomass and most of the time
dominate the meso-zooplankton population in Aretid sub-Arctic areas (Sgreide et al.
2008; Falk-Petersen et al. 2009; Svensen et all)20lhese copepods are considered
predominantly herbivorous and have a life cycletsygy characterized by the ability to
synthesize and store high-calorific lipids in order survive during periods devoid of
phytoplankton (Kattner and Hagen 1995; Falk-Peteeteal. 2009). Other species in high-
latitude systems have also developed this lipidregaability, but the main calanoid copepods
are by far the most efficient lipid synthesizersa(tier and Hagen 1995; Hagen and Auel
2001). They are represented by three main spegig¢kei Arctic and in sub-Arctic areas,
differing in their geographical distribution andelispan (Falk-Petersen et al. 2009): the true



Arctic specieCalanus hyperboreuand Calanus glacialisand the Atlantic specigSalanus

finmarchicug(cf. Fig. 2).

C. hyperboreus  C. glacialis  C. finmarchicus

2 mm
—i

© A. Aubert

Figure 2. The three main calanoid copepod species preseheiArctic and sub-Arctic areas, from
left to right: the largeCalanus hyperboreu£alanus glacialisand the smalle€alanus finmarchicus
All individuals are adult females.

Calanus hyperboreuss considered a deep-water species and is digtdbmainly in the
Greenland Sea, the Fram Strait, the Labrador SatiinBBay and the central Arctic Ocean
Basins. It can also be found in shelf seas, sut¢heaBlorwegian Sea and the North Sea (Falk-
Petersen et al. 2009). It is the largest of thedtspecies and has the longest life span, ranging
from 1 to 6 years depending on food conditions laakitat.C. hyperboreugproduces lipids
containing a higher proportion of long chain molesucompared to the two other species
(Kattner and Hagen 1995; Hirche 1997; Falk-Peterseal. 1999). The spawning occurs
during winter at depth (Hirche and Niehoff 1996dahus entirely relies on internal lipid
reserves.

Calanus glacialigs a shelf species of smaller size and distribtheolughout the Arctic Shelf

seaslts life span can range from 1 to 3 years, butya&s life span dominates (Tande et al,
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1985; Kosobokova 1999). The spawning takes plaga po or during the Arctic spring
bloom and ice algae appears to be an important $oadce (Niehoff et al. 2002; Hirche and
Kosobokova 2003; Leu et al. 2011).

Calanus finmarchicusas its center of distribution in North Atlantiaters and can be found
in high abundance in many locations influenced Wiamic waters, such as parts of the
southern and central Barents Sea or along the Npawesoast (Aksnes and Blindheim 1996;
Planque et al. 1997). Along with advected Atlanti@ter the species has also been reported
occasionally in the central Arctic Ocean and in gaek ice region of the Greenland Sea
(Smith 1990; Hirche and Kosobokova 2007; Madsemle®008). It is a univoltine (one
generation per year) species and spawns duringnorediately after, the phytoplankton

spring bloom. It overwinters at stage CV.

The productivity of these three species is pardidyldependent on the short time window of
primary production at the end of spring and sumnrethe central Arctic Ocean, the three
species alone account for 2/3 to 3/4 of the toedoaooplankton standing stock (Mumm et al.
1998; Auel and Hagen 2002). The role of these cogein the lipid-driven Arctic food web

is fundamental since, due to their abundance agt balorific value, they represent an
important food input for a number of species athbigtrophic levels (Falk-Petersen et al.
1999; Dahl et al. 2003; Falk-Petersen et al. 20@8)Janus finmarchicugor instance is a

particularly fundamental food source for juvenihfof commercially important species such

as herring and cod (Cushing 1990; Beaugrand 208B; Dommasnes et al. 2004).

1.2.3. Role of calanoid copepods in nutrient recyiolg and vertical export

During the Arctic autumn and winter, the large oald copepods overwinter at depth, in a
state characterized by low metabolism, and theycarsidered not to feed (Bamstedt and
Ervik 1984; Auel et al. 2003). In contrast, durithg Arctic spring and summer, they graze on
the intense primary production and invest parthig energy into lipid storage (Tande 1982;
Conover and Huntley 1991; Falk-Petersen et al. pO0%eir grazing impact on the
phytoplankton production can be significant (Nielsend Hansen 1995; Carlotti and Radach
1996; Hansen et al. 1999). During blooms, calamoijsepods have been shown to consume

45 to 80% of primary production per day in Greedlaraters (Nielsen and Hansen 1995) and



22 to 44 % of the daily primary production in terofgarticulate organic carbon (POC) in the
northern Barents Sea (Wexels Riser et al. 2008. grazing of these copepods on primary
production does not only represent a sequestrafiomaterial. It also acts on nutrient cycling
via sloppy feeding and excretion which resuppliagients in the surface layers (Lehman,
1984; Sterner and Elser 2002). Copepods releasemigtin particulate form through fecal
pellets, but also in dissolved form, mostly ammama phosphate, and trace elements, which
can be directly used by autotrophs, thus promatggnerated production (Mauchline 1998).

The copepods’ release of dissolved substances bas Bhown to provide 50% of
phytoplankton N and P requirements at severaloststin east-Greenlandic and in Svalbard
waters during summer (Alcaraz et al. 2010). Anostady in the Canadian Arctic has shown
that the dominant copepod species provided thraxghetion on average 40% of the NH
required by the phytoplankton (Harrison et al. 989 addition, fecal pellets supply nutrients
to the upper mixed layer when they are degradd#apagh the mechanisms involved have not
been extensively documented in the literature ¢keet Turner 2002 and references therein).

An important aspect concerning fecal pellets i$ thay constitute a fast pathway for vertical
export of organic matter to the deep oceans. Thaycontribute significantly to the total POC
export and also supply food to deep-sea benthinafd®uess 1980; Bathmann et al. 1987;
Wassmann 1997). The relative importance of feciéigsefor POC export varies greatly but
on average, they have been shown to contribute @&tal POC flux from a compilation of
sediments trap studies worldwide, reviewed by Wekater (2007). Studies from the Arctic
have shown that the contribution of fecal pellsthighly variable, ranging from close to O to
95% (Wexels Riser et al. 2002; Wexels Riser e2@07; Lalande et al. 2011), but on average
ranges between 15 and 35% in the Barents Sea (8/Bisr et al. 2008). The overall role of

copepods on C, N and P cycling and export is sumetain Fig. 3.

While much work has been done to understand thetigaiive role of calanoid copepod fecal
pellets in vertical C export in the Arctic Oceane{fstad et al. 2000; Wexels Riser et al.
2010), relatively few investigations are availalde the qualitative contribution to both

nutrient recycling and particulate export at deMiexels Riser et al. 2007).
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Figure 3. Conceptual model of copepod grazer-mediated enitrtycling and vertical export. The
green arrows represent flux of nutrients to thérent organisms. POM is Particulate Organic Matter

To the best of my knowledge, phosphorus has nat redtuded in any of these studies done
in the Arctic marine environment. Since fecal psliglay an important role in nutrient cycling
and export, their C:N:P composition has to be a®ersid.

1.2.4 Challenges for a stoichiometric approach

The most obvious difference in the body compositbhigh-latitude copepods, compared to
organisms from lower latitudes, is their high prdjwm of storage lipids. For the three
calanoid copepod specigs, hyperboreusC. glacialisand C. finmarchicusthe lipid in the
storage compartment consists mainly of wax estedsta a lesser extent of triacylglycerols.
Both these lipids are composed of long-chain moeaturated fatty acids and fatty alcohols
(Hagen and Auel 2001; Scott et al. 2002; Falk-Reteret al. 2009). These molecules are
extremely C-rich: their C content is never <70%hadir molar weight, and the storage lipids
represent on average 50% of the copepod dry wéaglat can be as much as 85%). Most of

the body C is thus present in the lipid storageg@ttes et al. 2010), which implies that lipid-



synthesizing copepods in high-latitude marine systare characterized by high C:nutrient
body ratios compared to lower latitude zooplankfbende 1982; Gismervik 1997). The body
C content is not only higher, but also much monmealde owing to the seasonal character of
the lipid synthesis. Since lipids can be considetedoid of N and P (Walve and Larsson
1999; Ventura 2006), the body C:N and C:P ratioshese copepods are highly variable
throughout the year. This means that high-latitedéanoid copepods do not maintain
homeostasis in their elemental C:N:P body compwsitwhich suggests difficulties for
considering these zooplankton through stoichiometipproaches (Anderson and Hessen
1995). Models to study potential elemental limdatiof Calanus finmarchicudhave been
developed (Mayor et al. 2009a; Mayor et al. 200€musing on adult females, but these have
not addressed the lipid compartment homeostaticatien, nor considered phosphorus in
their approaches. The lipid weight in terms of G haver been quantified for these copepods

and this is addressed in the present study.
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2. Aims and objectives

This thesis is dedicated to key lipid-synthesizoadanoid copepods in sub-Arctic and Arctic
marine areas. The aim of the work was to deschbke& body composition, their interaction
with primary producers and their role in nutrieatycling and export from a stoichiometric
point of view. Ecological stoichiometry enablesdstimg the qualitative interaction between
these organisms and their food but also facilitatederstanding of the role of these copepods
in the C, N and P nutrient recycling and verticgb@t. Focus was placed on the period of
highest variability in primary production, from tlead of winter to late summer, when the
copepod-producer interaction is intense. So famehts as limitation factors have not been
investigated for grazers of the Arctic ecosysteng ao studies exist that include P. Rapid
climate changes and potential impacts on the Aretosystem call for an improved
understanding of growth and production-limitingttas of Arctic key species. The discussion
includes an outlook onto the potential effects lodése climate changes on copepod-food

interaction in the Arctic.

The specific objectives were:

id

copepod species and the C:N:P composition of fieeid in sub-Arctic and Arctic maringe

1) To characterize the C:N:P body composition efttiree main lipid-synthesizing calang

ecosystemsRaper I, Il and additional unpublished data)

2) To investigate the copepod-food interaction smdlentify the limiting elemental factors

for growth/reproduction of these copepoBgager I, Il and additional unpublished data).

3) To identify the role of copepod fecal pellets @N:P recycling and vertical expoRgper
[, I, lll and additional unpublished data)

11



3. Study areas
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Figure 4. Map of the western section of the European ArGean with principal currents (arrows)
and location of the stations visited (yellow do®)e warm West Spitsbergen Current (WSC) is in red
and the cold East Greenland Current (EGC) and $ztgbergen Current (ESC) in blue. The Gratsund
sound in northern Norway is indicated on the langgp by the small black square (Area 1). The
enlargement of this area close to Tromsg is predes the right. Sampling took place over 4 months
in the winter-spring period in Grgtsund (Paper le@ 1) while snapshot sampling was carried out at
several stations in the western European Arctica@ceetween Norway, the Greenland Sea and
Svalbard during the spring-summer period (Papghllland additional data, Area 2).

3.1. Grgtsund, a sub-Arctic sound

The first objective was to characterize the C:NoRposition of the target grazers and of their
food. In order to determine whether developmergestand/or spring bloom progression have
an influence on the stoichiometric ratios of thazgrs, it was necessary to sample the same
copepod species throughout the productive seasdrtcanbtain several measurements for
each development stage over this season. A seasl also makes it possible to study
inter-individual variability in lipid storage whicks expected to greatly influence the body
stoichiometry of the lipid-synthesizing individuals is difficult to conduct such a sampling
from the open ocean for logistic reasons. Howererth Norwegian fjords and sounds are
easy to reach and observations throughout the aqeatherefore possible. In addition they
present a number of characteristics similar toAhetic and sub-Arctic open oceans. Two of
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the three target copepod species are generallemrés these areas (Pedersen and Tande
1992; Pedersen et al. 1995). The timing of thengpbioom has been shown to be similar with
the southern Barents Sea and Svalbard fjords amdiémal phytoplankton composition is
similar to the southern Barents Sea (Eilertsen 1et1889; Eilertsen and Wyatt 2000;
Degerlund and Eilertsen 2010). Grgtsund was chfmsemnumber of these reasons. This sub-
Arctic sound is located in northern Norway, nortsteof the city of Tromsg (69°47°'N
19°19°E, Fig. 4). It is protected from Atlantic cemts by the Norwegian coastal current and
the circulation pattern is influenced by adjacenirgls (Svensen and Tande, 1999; Tande and
Slagstad, 1992). Temperature typically ranges f2aBiC in February to 6°C in June and the
surface salinity is quite stable, between 33 ands&fying close to 34 during the winter-spring
and decreasing in May when freshwater runoff oc¢dies/miljgdata programme, University
of Tromsg).Calanus finmarchicuddominates the mesozooplankton biomass in this area
(Tande 1982; Svensen and Tande 1999). It has bgeothesized that an overwintering
population of this species exists at depth andag shown that ontogenic development could
be easily followed through the season (Tande angkide 1981; Svensen and Tande 1999).
A number of studies have been conducted in thedosa to Grgtsund, focusing not only on
primary production but also on the population depeient ofC. finmarchicugEilertsen et

al. 1981; Tande 1982; Eilertsen and Taasen 198d)thus provide useful background
information. The sampling in Grgtsund was carriad twice a month from the very
beginning of the productive season, i.e. end oteviend February), to the end of spring, in
mid-May. Different stages of. finmarchicus(Paper 1), but also some. hyperboreusand
their food were sampled for C:N:P composition asigly

3.2. The western European Arctic Ocean

In order to describe the copepod-producer intevadt the open Arctic Ocean and study the
role of copepod fecal pellets in nutrient recyclemgd vertical export, stations in the western
European part of the Arctic Ocean (WEAO) were eisiduring two cruises (Fig. 4). The
WEAQO includes the northern Norwegian Sea, the GaeehSea, the Fram Strait and the
western Barents Sea. The large area covered (AreaR2g. 4) increased the chance to
encounter all of the three key copepod speciemndbled sampling at different phases of the
spring phytoplankton bloom during the restricteneiwindow provided by oceanographic
cruises. The onset of the phytoplankton bloom ghllyi variable according to latitude in the

Arctic Ocean (Leu et al. 2011). We wanted to sandifferent phases of the bloom because
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they can potentially show different types of staachetric interaction between grazers and
producers. The area covered also has the potém&hibit stoichiometric differences among
stations since there are large differences in enttrconcentrations, biochemical properties
and food chain dynamics in different hydrographicedimes (Smith 1988). The area is
characterized by a variety of hydrographic regimeish two main opposing currents that
together represent the most important water madsagge with the Arctic Ocean through the
deep Fram Strait. The most important input curremes the warm and highly-saline West
Spitsbergen Current (WSC) which flows along thetvoemst of Svalbard and the cold East
Spitsbergen Current (ESC) which originates from mlogthern Barents Sea (Aagaard and
Greisman 1975; Schauer and Beszczynska-Moller 200®) East Greenland Current (EGC)
is the main outflow current and carries cold Aratiater and ice from the upper layer of the
Arctic Ocean along the east Greenland shelf sloparnd the North Atlantic (Aagaard and

Greisman 1975; Aagaard and Carmack 1989). Thesentsarare also responsible for different
ice regimes (Aagaard and Carmack 1989), shapinguti®irst of primary production in ice-

covered and ice-influenced areas (Spindler 1994¢ Western part of the European Arctic
Ocean, along the east Greenland shelf, is influibgelarge input of sea ice from the Arctic

Ocean, whereas in the eastern part, ice formatidiretention is prevented by heat flux.

Two cruises were conducted in this part of the iBr@llowing comparisons of the interaction
of each individual copepod species with its foodddterent phases of the phytoplankton
bloom (Paper Il). The role of copepod fecal pelleisC:N:P recycling and vertical export
was also investigated during the productive seasselected stations (Paper I, IlI).
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4. Results and discussion
4 .1. Characterization of C:N:P ratios

4.1.1. Key calanoid copepod grazers

The consideration of the interaction of calanoicpegmod with their food by applying
stoichiometry theory is important for ecosystemcesses such as nutrient cycling and the
structure of the food web. While the variable b@&ii ratio is a known feature of the three
key calanoid copepods characteristics of the sudidand Arctic marine regions (Kattner
and Hagen 1995; Falk-Petersen et al. 2009), th#trabdd N:P body ratios have so far not
been measured. It is assumed that the lipid staraggartment is important in the variation
of these ratios but this has not been measuretiemeiKnowledge of these ratios creates a
baseline that permits calculations to study thenelgal limitation of these grazers through
food. The following part aims to characterize C:N®mposition of high-latitude calanoid

copepods.

The specific objectives are:
* To describe the copepod C:N:P body ratios
» To identify the potential causes of variabilitytire copepod C:N:P body ratios
« To compare copepod C:N:P body ratios with thosetleér zooplankton

Table | (p. 16-17) presents the body C:N, C:P ari@ fdtios for the three speci€alanus
hyperboreusC. glacialisandC. finmarchicusn various Arctic and sub-Arctic areas. The dry
weights used to calculate the ratios €r glacialiswere based on the prosome length-DW
relationship determined for this species in thesen¢ study (DW=0.0145B1"", R*=0.77).
The body C:N ratios found ranged from 3 to 11.4 agnthe three species and were within the
range of previously published ratios. Body C:P astof calanoid copepods are nearly
nonexistent in the literature, and the measuretbsaamong the three copepod species
exhibited large variations, from 38 to 333. It wad possible to test the differences in body
C:N and C:P ratios among the species since théabladata are too heterogeneous (different
number of individuals per stage; different stagesoentered among stations and species,
different timing of sampling). If tested, the difémces in body C:N and C:P ratios would
rather reflect different levels of lipid storage ath real inter-specific differences.
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Table I. Body C:N, C:P (total and somatig)(and N:P ratios for different development stafgedhe three specigdalanus hyperborey€. glacialisandC. finmarchicus

Reference

Calanus hyperboreus

Calanusglacialis

Stage Season
Female March to April
August

April and October
cv April-May

June
August
April and October

Clv March to May
July and October

cll End of April
Mixed January to August
Female August

May

April
cVv August

June

June

End of June

Civ May

May
Mixed January to August
Nauplii May
Eggs May

Location C:N C:Ng
Grgtsund 43-7.8 1.7-27 298
Fram Strait 9.0-11.3 -

Greenland Sea and WSC 3.8-85 -

Grgtsund 5.3-104 1.7-2.9
Fram Strait 9.7-104 2.7-3.0
Fram Strait 9.7-11.0 -

Greenland Sea and WSC  5.1-10.3 -

Grgtsund 42-11.3 1.7-3.3
Greenland Sea and WSC  4.4-10.6 -

Grgtsund 10.0 3.2
Amundsen Gulf +5-9 -
Fram Strait 9.5-11.4 -
Isfjorden 4.0-5.0 -
West Barents Sea 6.1 -
Fram Strait 6.9-10.0
Greenland Sea 6.8-9.9
Isfjorden 8.5-9.8 3.2-3.8

West Spitsbergen shelf  10.3-10.6 3R5- 144-282

Isfjorden 5.2-71 3.3-34
Ice station 6.2-7.8 3.2-3.9
Amundsen Gulf 3.5-12
Isfjorden 4.2-4.4
Isfjorden 45-4.9

4.6

-4 13-19

38-18527-71

This study
This study

Hirche 1997
This study

Paper I
This study
Hirche 1997

This study
Hirche 1997

This dtu
Forest et al. 2011

Thiglgtu
This study
Hirche & Kt 1993

This study
This study
This study

This study

This study
This study
oresSt et al. 2011
Thiady

This gtud
Hirche & Kattner 1993



Species Stage Season Location C:N C:Ng C:P C:Pg N:P Reference
Calanusfinmarchicus Female February- May Grgtsund 3.9-7.7 19-3.7 83-187 53-92 17-33 Paper |
yearly Balsfjord ~4-16 - - - - Tande 1982
Male February- May Grgtsund 3.8-6.6 24-34 59-15238-73 16-23 Paper |
Ccv February- May Grgtsund 5.8-8.1 2.6-3.5 89-185 -747 15-24 Paper |
End of May Lofoten coast 48-7.7 3.2-35 87-207 -863 18-27 Paper I
Early June Nowegian Sea 6.1-9.5 2-3.5 130-231 8&#12- 21-24 Paper Il
Mid-June West Spitsbergen Slopel0.1-10.2 3.6-3.9 125-229  82-89 22-23 Paper II
shelf
June West Greenland Sea 7.6-9 2.7-3 147-252  52-8119-28 Paper Il
End of June West Barents Sea 5.7-6.3 - 134-143 - 2232 Paper Il
Late November Nova Scotia (Canada) 8.4 - 249 - 30 Mayzaud & Martin
1975
Cliv April to Mid-May Grgtsund 5.1-6 2.2-26  79-147 30-55 13-24 Paper |
yearly Balsfjord ~ 6-13 - - - - Tande 1982
Nauplii April Grgtsund 4.2-4.5 - 64-89 - 15-20 Bap
Eggs April Grgtsund 3-5.1 - 52-88 - 10-18 Pdper
Calanus spp. Female Yearly Oslofjord 4.9-54 - 117-139 - 21-28 isrervik 1997
Ccv Yearly Oslofjord 8.6-11.6 - 131-325 - 18-28 @Aiervik 1997




The body C:nutrient ratios in these animals are@dda reflection of their lipid storage state:
the positive relationship between the amount of water in the lipid storage compartment
and the body C:N ratio (assuming lipids consist@% wax esters) is clearly visible in Fig.
5.

12 -
10 -

C:N
o N & O 00

0 0.2 0.4 0.6 0.8 1 1.2 1.4
WE/DW (ug/pg )

Figure 5. Body C:N ratio as a function of the amount of wester (WE) in the lipid storage
compartment per unit dry weight (DW). The relatioipsis based on all C:N ratio measurements from
this study for which the lipid sac was measuredl@8) and includes the thré&alanusspecies and
several development stages (female, male, CV awdl ClI

The relationship between the body C:P ratio ancatheunt of wax ester was not tested since
the amounts of C and P were measured in two diffesamples containing organisms which
have variable amounts of lipid. Given that mosttieé body C is present in the lipid
compartment, body C:P ratio is most likely driventhe lipid storage, which is a seasonal
process (cf. Fig. 3 in Paper 1). To enable compariamong species and to consider these
copepods through a stoichiometric approach, bodynehtal ratios were calculated in the
somatic tissues alone, after removal of the C eflifiid sac compartment (cf. methodology in
Paper I). These new body ratios, ¢ad C:R, are also presented in Table | and ranged from
1.7 to 4.7 and from 25 to 129 respectively. Fornaflasurements in the present study, the
standard deviations of the C:N and C:P ratios wagnificantly lower (CN: 1~=24,
P=2.2*10"% CP: $5=15.7,P=2.2*10"%) when the lipid storage compartment was removed.
C:N decreased by a factor of 3.2 and C:P decreagedfactor of 2.7. Figure 6 presents the
ratios in the thre€alanusspeciesC. glacialisgenerally presented higher somatic Cadd
C:Ps ratios than the two other species. Its body&atlo was significantly higher than that of
C. hyperboreus The ratios obtained fo€. glacialis emanate from the few truly Arctic

stations and from two sampling dates. This is intkast to data sets for the two other species,
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which include numerous values from the sub-Arctatisn Grgtsund over a long time span.
The paucity of data might explain the slight termefor C. glacialisto exhibit higher C:}\
and C:R It is also possible that the C content of thgardl sac was slightly underestimated
(which results in higher C:Nand C:B). C. glacialis from ice-influenced locations feeds on
ice algae (when present), which have been shownotdain longer C-chain molecules
compared to other groups of phytoplankton (FalleRen et al. 1998; Henderson et al. 1998).
This might induce production of lipids with a highgroportion of C.
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Figure 6. Somatic body C:N(in yellow), C:R (in green) and N:P (in red) ratios for the th@sanus
species represented in boxplots (n=number of iddafs). fin=C. finmarchicusgla=C. glacialisand
hyp=C. hyperboreusEach boxplot gives the lower quartile (25% of diss than this value), the
median, the upper quartile (25% of data greaten thes value) and the whiskers show the minimum
and the maximum. Circles denote outliers.

Body C:Ns and C:Rratios were lower it€. hyperboreusompared tcC. finmarchicusut the
differences were not significaritower body C:Rindicates a higher relative amount of body
P, and suggests a higher growth rate, accordinfpgocGRH. The high proportion of CIV
stages in the samples of th@. hyperboreusmight be responsible for this apparent
discrepancy. Among the thr&alanusspecies, the body N:P ratio ranged from 10 ton88&,
most of the individuals having a ratio between hf 85. These values were in the range of
the few N:P ratios measured for copepods from §andsouthern Norway (Gismervik 1997).
No differences appeared among the three specidgkiforatio, which indicates that N and P
are more strongly coupled in the body of copepddsitare C and P or C and N. The
variability exhibited among the somatic body ratifree of lipid C, is dependent on the
development stage and the seasonality (Paper Ijvekder, these variations are small

compared to the variations in total body C:N an@& @tios. The present study thus shows
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that high-latitude copepods tend to maintain aatetiomeostasis in their body tissues (Paper
[, ). This implies that lipid-synthesizing copeg should be treated through a two-
compartment stoichiometric model, with the lipicbrsige pool as one entity and somatic

tissues as a second (Paper 1).

The lack of body C:P and N:P ratios measured fgh{atitude zooplankton has previously
prevented comparison among different species affiereht areas. These data are not only
useful for stoichiometric food web interaction sagdto be addressed later, but are important
in light of a general understanding of stoichiontetvariations among zooplankton
(Gismervik 1997; Elser et al. 2000d). Removing lthel compartment allows comparison of
elemental ratios with other non lipid-synthesizimgpplankton. The somatic body G:&d
N:P ratios of high-latitude calanoid copepods amelar to the ratios measured for freshwater
zooplankton such d3aphnia magngMain et al. 1997; Sterner and Elser 2002). Feta dee
available for the body C:P and N:P ratios of mazoeplankton (Elser and Hassett 1994).
The body N:P ratios measured here present a laagge of values compared to ratios found
for bulk copepod samples in the literature (Talkd@d Bamstedt 1986). However, the average
body N:P ratio (20.1) was lower than those of cagspfrom Long Island Sound, the
Sargasso Sea or the tropical Atlantic (Le Borgn&8)9This suggests that high-latitude
copepods have, with regard to their body N:P ratiohigher growth rate compared to
copepods from lower latitudes. These data origifiaa the spring-summer season in the
Arctic and sub-Arctic. It would be interesting tts@ obtain these ratios for the fall-winter
season and test and compare the GRH in dormahinfaker) and active (spring-summer)
individuals. No data on C:N:P ratios of other zamion groups from the Arctic are

available in order to discuss the potential vasiadiamong Arctic taxa and regions.

C:N:P ratios of eggs and nauplii for the two spg€efinmarchicugPaper I) andC. glacialis
are provided in Table Il. To our knowledge, theg #re first C:P and N:P ratios provided for
these species for both eggs and nauplii. The CiiN o0& eggs was typical for copepods in the
literature (Checkley 1980; Hirche and Kattner 19898H the ratio in nauplii was similar
between the two species. The @Bth C:P and:P;) and N:P ratios were higher in females
C. finmarchicuscompared to the ratios of their eggs, indicatitigrg) allocation of P to the
eggs (Paper I).
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Table Il. C:N:P ratios (xstandard deviation) of fematasfimarchicusandC. glacialis of their eggs
and nauplii stage | (hatched from the same bateygs).

Location Date Species Stage C:N C:Ng CP C:Pg N:P

Grgtsund Mid-April  C. finmarchicus Female 46+0.7 25+01 162+62 82+17 338

Egg 3.6+0.3 - 49+7 - 14+2
Nauplius 4.4+0.1 - 77 £12 - 1712

Isfjorden Early May  C. glacialis Female 45+05 2606 63+17 45+9 162

(Svalbard) Egg 47+0.2 - 69 +12 - 15+3

Nauplius 4.3+0.1 - 45+ 1 - 10+1

Strong P allocation in eggs is an indication thas Rn important element for the earliest
stages of development when the growth rate is (@harillo et al. 2001). This difference in
the N:P ratio was not exhibited I8, glacialisand suggests a stronger lipid allocation into

eggs compared 6. finmarchicuqor allocation of longer C-chain lipids).

In summary, deviation from homeostasis in the bel@ynental composition of high-latituge
calanoid copepods is clearly driven by lipid sysiBe Calanoid copepods maintain
homeostasis in their somatic tissues with smallatians according to season and ontogenic
development. This implies that a two-compartmentdeho separating lipid storage apd
somatic tissues, needs to be considered for tigdeslnthesizing organisms. Stoichiometic
principles only can be applied to their somaticsues. Basic knowledge of the body
elemental ratios can provide useful information the organism’s growth, ontogerLc
h-

latitude copepods have a high growth rate compépedooplankton from other marirje

development or different sensitivity to limitingeehents. The results suggest that h

regions. The element P appears to be particularportant forC. finmarchicusduring the
earliest stages of development probably owing éar thigh growth rateC. glacialishowever
seems to exhibit a different strategy for allocatmf carbon and nutrients into eggs. The
body C:N:P ratios of these key species of the Aratid sub-Arctic ecosystems constitute a

baseline against which to study stoichiometricraxtgons with their food.
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4.1.2. Seston

Calanoid copepods are filter-feeders recognizedetanainly herbivorous during periods of
high primary production (Falk-Petersen et al. 198argent and Falk-Petersen 1988; Graeve
et al. 1994). They are considered indiscriminatd also feed on protozoa, detritus and
bacteria which together with phytoplankton form shuspended organic particulate matter, or
seston (Conover 1966; Cowles 1979; Levinsen e2Qfl0). Elemental composition of seston
is used as a proxy of food quality for zooplankgnazers (Elser and Hassett 1994) and
knowledge on its fluctuation is imperative to studlye stoichiometric grazer-seston

interaction.

The specific objectives are:
 To determine C:N:P ratios in seston

« To identify the potential factors that shape se€idW:P ratios

Table Ill presents C:N:P ratios of marine sestamfithe areas sampled in the present study
(Paper 1, 11). Additional values from the literaguior the Arctic Ocean and lower latitudes are
also shown. The average ratios measured in Grgtswerd within the range of ratios
measured in Norwegian fjords and along the coasftiafvay. The ratios measured in the
WEAO were in the lower range of values comparedoteer-latitude marine systems,
particularly for the C:N and C:P ratios. The sedtibR ratio is similar to those of the south-
east Atlantic. The lower C:N and C:P ratios in geshdicate a higher relative proportion of
N and P compared to C, supposedly reflecting bébiead quality for organisms feeding on

seston (Sterner and Elser 2002).

In comparison with other data available for thet&r©cean, C:N ratios for seston measured
in the WEAO were in the lower range, reflectingttloav Arctic seston C:N ratios are not the
rule. Higher values found on the north-east Greehkshelf by Daly et al. (1999) were also
obtained during the period of intense productiaamé}August). This was explained by the
dominance of nutrient-deficient diatoms indicatithgt nutrient limitation in phytoplankton
seems to impact seston C:N ratio. This higher viduad by Daly et al. (1999) might also be
related to the station’s location in the inner drthe east Greenland shelf, where the waters

are known to be poor in inorganic nitrogen (Mawnitzt al. 2011). Thus, lower values found
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during the same period (Paper II) in the WEAO magidate good nutritional quality of
seston. No seston C:P and N:P ratios were availlabie other Arctic Ocean studies for

comparison. Large variations in these ratios canekgected since a high heterogeneity

characterizes the Arctic Ocean in terms of inorganitrient concentrations, phytoplankton

composition, water masses...

Table Ill. C:N:P ratios of marine seston (above 100 m degth)lable from the literature and from
the current work for Arctic, sub-Arctic areas anldes marine regions for comparison (Arctic area&s ar

indicated by *).

Area C:N+SD C:P+SD N:P+£SD References
WEAO * 59+0.9 100+ 19 175+3 Paper Il, I
NE Greenland shelf * 8.9 - - Daly et al: 1999
Arctic Ocean * 5.8 -12 (<53um) - - Moran et al. 1997

6.2 -18.6

(>53um)
Beaufort Sea * 59-95 - - Bates et al. 2005
South east Atlantic 6%0.7 112+ 29 17+ 3 Sterner et al. 2008
Western Mediterranean Sea &.3.3 202+ 65 26+ 10 Sterner et al. 2008
Indian 6.5+1.2 101+ 37 15+ 5 Sterner et al. 2008
Hawaii 7.2+ 3.1 128+ 29 19+ 6 Sterner et al. 2008
Sea of Japan 9824 153+ 99 16+ 10 Sterner et al. 2008
Eastern North Pacific 6.0-7.0 154 - 427 22 -61.5 oh bnd Baeur 2000
Southern Ocean 7.0 273 38 Loh and Baeur 2000
Sub-tropical Pacific 6.6 158 24 Hannides et al.200
Grgtsund 7.2+15 116 + 30 1714 Paper |
Coast of Norway 7.&5 137+ 82 19+ 13 Sterner et al. 2008
Sub-Arctic Norwegian 6.0-12.0 - - Reigstad 2000
fiords
Osilo fjord 9.2+25 154+ 49 17+5 Sterner et al. 2008

South Norwegian coast

7.7 -7.2 (means)

119 {tEAns) 16 - 22 (means)

Frigstad et al. 2011

The present study shows that phytoplankton nuttiemtation to some extent drives seston
C:N:P ratios (Paper Il). The DIN:TP ratio which icates a shift between N and P limitation
of phytoplankton is used as a proxy of phytoplanktgP limitation (Ptacnik et al. 2010). In

the WEAO, despite of large geographical differenthe trend according to bloom stages
observed in seston C:N and N:P ratios appeardlectrd/P phytoplankton limitation (Paper

II). Seston N:P ratio was high during the early geék bloom phases when phytoplankton
was most likely P-limited (above Redfield), and @vduring the late bloom phase when the

phytoplankton was potentially limited by both N a@adPaper 11). No trend could be observed
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for the seston C:P ratio. The DIN:TP ratio was measured in Grgtsund. In more southerly
Norwegian fjords inorganic nutrients have been idfied as a driver of seston C:N:P ratios
(Frigstad et al. 2011) and shifts in phytoplankiamtation have also been observed (Paasche
and Erga 1988). In the study by Paasche and Erdamibhtion was observed during peak
bloom and P limitation during late bloom. The higseston N:P ratios in Grgtsund during
peak and late bloom potentially indicated P-limifgd/toplankton populations. Shifts in the
phytoplankton nutrient limitation can also reflechange in the composition of the
phytoplankton population (Anderson et al. 2002; teledt al. 2011). We did not investigate
phytoplankton composition, but clearly more compredive seston C:N:P ratios studies

should include this crucial information (Papen | lll).

The N/P phytoplankton limitation might impact sestG:N:P composition only during the
period when primary producers dominate the sestemiion (Sterner and Elser 2002). Bloom
stage was identified as a factor in the variatibrseston quality, more specifically for the
seston C:N ratio (Paper I, 1), in agreement wité tesults of Frigstad et al. (2011). Grgtsund
and the WEAO exhibited different patterns (Papé).|While the seston C:N ratio decreased
from pre- to late bloom in Grgtsund, it increaseoht early to late bloom in the WEAO
stations. The seston N:P variation also differelvben the two areas. The ratio was higher
during the peak and late bloom phases in Grgtsontpared to the pre- and early bloom
phases. In contrast, the ratio was lower during lHoom in the WEAO compared to early
and peak bloom (Paper |, Il). The results from &ug@tl for the seston C:N and C:P ratios
variation are similar to those presented by Friygtaal. (2011) who used a large data set of
seston C:N:P ratios through the year in the sontlceast of Norway. They identified the
main drivers of seston C:N:P ratios as water teatpeg, inorganic nutrients concentrations
and certain characteristics of the water mass, Isnamput of freshwater and water
stratification (Frigstad et al. 2011). The differerriations exhibited between Grgtsund and
the WEAO might thus be explained by a number ofe¢hdrivers since two radically different
physical systems are compared: a sound and the ageam. Different water masses in the
Arctic have also been shown to be characterizediftgrent inorganic N:P ratios which can
impact the phytoplankton uptake (Damm et al. 2041®) thus the seston N:P ratio. Water
masses and freshwater input are thus potentiabracesponsible for seston C:P and N:P
ratios being higher at stations A and Ab (respetyiin coastal Norway and in the Norwegian
Sea) than at the other open ocean stations in tBAQV(Paper Il). Seston POC and PON
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concentrations were also tightly coupled (PapevHile the seston C:P and N:P ratios were

driven by particulate P (Paper I).

In summary, seston C:P and N:P ratios from the WEA©the first to be reported for the
Arctic Ocean. The values measured suggest thatcAseston is of higher nutritive qualify
than seston in other marine regions. Seston C:htiBsr have been shown to fluctuate] in
relation to several factors. The phytoplankton ieatrlimitation (N and/or P limitation) has
been shown to depend on the bloom stage and te dne seston N:P ratio. Different
variations in seston C:N:P ratios and phytoplanKtontation according to bloom phasgs
between the two areas (Grgtsund and the WEAQ) eaexplained by differences in water

masses, freshwater input and water properties asishlinity and nutrient concentrations

4.2. Copepod-seston interaction

Food needs to be of a sufficient quality in ordefulfill zooplankton feeding requirements,
but must also be available in saturating amountsaicand DeMott 1997; Sterner and Schulz
1998). Chla is a proxy of food quantity (Vijverberg 1976), also particulate C and N can
be used (Checkley 1980). Consideration of the béfactraits and physiology of any
organisms, including copepods, is important for arathnding potential food limitation
(Mitra and Flynn 2005). The introduction concludlesat stoichiometric limitation calculations
are based on the fact that consumers maintain hstame (Sterner and Elser 2002). In the
following, the lipid-corrected body somatic ratiase used in these calculations (Paper |, II).
Bloom development has been identified as one ofptirecipal factors of variation for food
guality (seston C:N:P ratios), but to a lesser mxédso for the body somatic ratios (Paper |,
I). In addition, phytoplankton, assumed to be thain food for calanoid grazers, varies
dramatically in quantity with the seasons in thectisr Ocean and sub-Arctic areas. The
copepod-seston interaction is thus presented agaissasonal backdrop, per bloom stage, in
the current work. The period from the early appeegaof phytoplankton cells to the end of
the spring bloom is divided into four distinct biogphases: pre-bloom, early bloom, peak
bloom and late bloom (Paper I, II). The bloom phgisriping allows comparison of different
regions even though the timing of the bloom diffacsording to latitude in the Arctic Ocean

and sub-Arctic marine regions (Fig. 7).
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Figure 7. Conceptual overview of the timing of phytoplanktdnom in the WEAO and northern sub-
Arctic along a latitudinal gradient (Tromsg Sousddpresented by the 70°N scenario). Modified from
Leu et al. (2011).

The specific objectives are:
* To assess elemental matching between the sestoposdman and calanoid copepod
food requirements during the different bloom phases
* To reveal the main limiting elements (C, N, andfdt)copepods in relation to their
life cycle

e To assess potential parallel limitation in prodscand their consumers

Pre-bloom

The pre-bloom conditions fdCalanus sppwere investigated in Grgtsund (Paper I) but not i
the WEAO. Overwintering stages ©f finmarchicugadults and CV) were found active in the
upper 100 m in Grgtsund. They used their lipidreserves heavily, indicating that they were
most likely limited by food quantity rather thanadjty at this time. Indeed, calculation for
metabolism maintenance showed that seston C coatient was too low to meet the
copepods C requirements unless they were ablevi® d&igh clearance rate for this element
(Paper 1). The use of stored lipids to maintainrtheetabolism, was observed through a clear

decrease in body C (Table Ill, Paper I) while bddlyalso decreased (except in females),
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indicating that proteins were used. The sestoneptesiight not have constituted adequate
food in terms of quality; the high C:N and C:P eatindicate that a large proportion of the
seston consisted of C-rich detritus rather thamc@-nutritional compounds. Only adult stage
femaleC. finmarchicugin which there was no body N decrease and a snla#ie of storage
lipids compared to males and CV) met their N anediirements at this time showing that
they fed on some type of food item rich in thesamadnts. The speci€3. hyperboreusvas
not present during this bloom phase and appeardatinpper 50 m later in the season. This is
a potential indication that this species, with arentexible overwintering capacity compared

to C. finmarchicusdid not ascend during the pre-bloom due to thk ¢td adequate food.

The situation might be different in the Arctic Oneeompared to sub-Arctic coastal areas
such as Grgtsund. Indeed, the bloom does not astiidate April in the WEAO (Eilertsen
1993; Niehoff et al. 1999), but calanoid copepodssent in the surface layer might have
encountered earlier ice algae bloom and thus inggm@nt in food conditions compared to the
sub-Arctic areas. Ice algae have been shown tohsuigh food for Calanusspp. (Sgreide et
al. 2010; Leu et al. 2011) and their C:N:P compasishould be investigated.

Early bloom

The early bloom phase corresponds to the starthefexponential phase of the vernal
phytoplankton bloom, prior to the peak of producti®he food quantity was still low in terms
of chl a and seston C, N, and P concentrations in Grgtg@aper |) while these
concentrations were higher in the WEAO for this eaphase of the bloom (Paper II).
However, the increase in body @&xd N contents inC. finmarchicusadult stages and CV
from the early bloom to the start of the peak blgamase indicates that food quantity was no
longer limiting in Grgtsund. This also indicatesttltopepods were able to increase their
clearance rate to meet their C requirements. In¥EAO, CalanusCV individuals already
had larger amounts of lipids than those in Grgtswidch might be explained by previous
feeding on ice algae (except for station in thewdian Sea, where no sea ice is present, and
where the individuals sampled had the lowest lipahtent among the WEAO stations).
Grazers were most likely C-limited in both Grgtswamt in the WEAO during this bloom
phase, unless they were able to achieve high dasimni efficiency (AE) for C (Fig. 8, Paper

[, I1). This is a general observation also for ffeak bloom and late bloom phases for both
areas; C limitation is the most likely scenario tioese grazers according to the stoichiometric
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calculations. Since most copepods, starting froeneiéwrly bloom phase, are clearly investing
their energy intake into lipids, it may seem counteitive that they can simultaneously be
limited by C. This shows that the role of qualiiynikation in the context of C is not
straightforward (Paper I). In addition, differenge<C limitation were exhibited among stages
in Grgtsund (Paper 1) with adult stage females seggect to C limitation in this period. If
they can achieve high AE for C, females would mldstly be N-limited due to high N
demand for egg production (Paper I). High AE fos@lausible during this period since food
abundance in terms of calwas low (Besiktepe and Dam 2002). Thus, with 4 &g for C,
male and stage CV copepods had food elementalrezgeints matching seston composition
in Grgtsund (Fig. 8). In the WEAQO, if C limitatias excluded, assuming higher AE for C
compared to NCalanusCV were N-limited (Fig. 8). Since we showed thatary producers
were most likely P-limited during this bloom phaggjmary and secondary production
exhibited different nutrient limitations during gabloom in the WEAO (Paper II).

Peak bloom

The peak of the phytoplankton bloom observed intstmed and in the WEAO was in
agreement with the general knowledge of bloom tgmamd phytoplankton abundance in
these areas (Paper |, Il and citations thereine Bloom was dominated by the diatom
Chaetoceros sociali;y Grgtsund, and in the WEAO, phytoplankton infatimn from some
stations indicated dominance of small pennate diatd~ood quantity was not limiting f@.
finmarchicusat this period in Grgtsund, as seen by a cleaesiment in lipid storage,
particularly in stage CV (Fig. 3 in Paper I). ltght have been the same in the WEAO since
the chla concentrations were typical for the season antbsegS concentrations were well
above C requirements for CdtageCalanusspp. In addition, these individuals were investing
in lipid storage (Paper Il). However, the stoichaint calculations revealed C limitation of
the grazers, as during the early bloom phase @ign Grgtsund, the potential for grazers to
be C-limited was stronger than during the earlybigohase. Stage CIV, which appeared in
the surface layer in this period, was less likalybe C-limited compared to other stages
(Paper I) and was potentially P-limited. This sugjgdhat this earlier stage of development
has higher P requirements in relation to investnmegrowth. If able to achieve high AE for
C compared to N, copepod grazers could meet thenental requirements by feeding on
seston both in Grgtsund and in the WEAO. If notitlseh by C, N limitation would occur
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(except for copepods at the Norwegian Sea statfor) this bloom phase as well, copepods

and primary producers exhibited different elemelntaitations (cf. Fig. 8).

early bloom peak bloom late bloom

D
afﬁi %E P (a) P (a) N &P (a)
=) %@-

lowAEforCc C (A sA) C (A sA) C (A sA)
N cv(a) N cv C r(sp
HighAEforC [/ M, cv (sA) [c EMm,cv(sA) [c wm,cv(sA)
N Fa) P avsa) /N av(sA)

Figure 8. Elemental limitation of primary producers and copep according to bloom phases based
on the results of Paper | and Paper II. C, N, ordRcates the limiting element. “/” indicates thraine

of these elements are limiting and™and “/y" indicate slight limitation for C and for N resgeely.

F: Female, M: Male, CV: Copepodite CV, CIV: CopepedCIV. The letters in brackets indicate the
region of study: A for Arctic and sA for sub-Arctic

Late bloom

The late bloom phase corresponds to the starteobliom senescence, as seen in a decrease
of the phytoplankton abundance in Grgtsund (Papé&dpepods were building lipid storage
from peak to post bloom in Grgtsund, except foget&IV, and there was no evidence that
they could be limited by food quantity during tipisriod (Paper 1). The cla concentrations
were still high at the stations sampled in the WBAKEre nutrients started to be depleted in
the surface layer (Paper Il). Calculation of thedypsomatic ratios for this phase, only
available in Grgtsund, showed that copepods wdimitad, even with a high AE for C, with
the exception of stage CIV (for which a high AE @mwill lead to slight N limitation, cf. Fig.
8). In the WEAO, the lower body N:P ratios of copég indicated a higher proportion of P-
associated compounds in the body, potentially laticm to a higher protein synthesis. A
change of metabolism might be linked to the prepardor descent at depth at that time and
such a hypothesis would need further considera@olimitation of the grazers should be less

likely than during the earlier bloom phases in W&AO, contrary to Grgtsund, since the
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seston C:N ratios were higher in the WEAO durinig leloom (Paper I1). Low seston C:N
ratios in Grgtsund and high ratios in the WEAO, mhilge driven partly by the phytoplankton
composition, as indicated previously. In Grgtsutids could be triggered by the higher
abundance of flagellates, but also of protozooptamkvhich have been shown to increase
toward the end of the spring bloom in Balsfjord tfeu et al. 1989). In general the higher
seston C:N ratio observed could be linked to adrdraction of C-rich detritus as a result of
rapid degradation in the surface layers where bati@ctivity is high (Paper Il and citations

therein).

In summary, the elemental limitation (C, N and Prapepod grazers, in relation to sesfon

food composition, varies according to developméeages, with C limitation being the mdst

likely scenario. During the pre-bloom phase, foamtity appears to be limiting, but this
limitation might be less constraining for the copégp in areas where ice algae are availgble
prior to the phytoplankton bloom. From the peakobtophase, food quantity no longer

appears to be limiting. C is the most likely eletenimit the calanoid copepods unless their

C assimilation efficiency is high. In this case,libitation would occur, particularly fo

-

females during the period of egg production. Ordyelopment stage CIV was shown to|be
subject to P limitation in relation to higher gréwtate. The seston composition and the
contribution of the different seston fractions skidoe further considered since it might affgct

the grazers’ elemental limitation over the courkthe spring bloom.

4. 3. C:N:P ratios of copepod fecal pellets

The particulate matter egested by calanoid copepsopiscked in the form of cylindrical fecal
pellets which increases its capacity to be expoatedepth (Honjo and Roman 1978; Turner
and Ferrante 1979). At the same time, bacterialadizgion and physical mechanisms realized
by the zooplankton themselves (coprophagy or cegsgrrender the fecal pellets potential
sources of nutrients for other organisms in theeuppixed layer and thus contribute to
nutrient recycling (Noji et al. 1991; Wexels Risdgral. 2007). While several studies have
guantified the role of fecal pellets in the flux pérticulate C in the ocean (Part 1.2.3 and
citations therein), little is known about their taibution to nutrient (N and P) export and

recycling. No data concerning the overall C:N:Rosabof pellets or the factors that impact
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their relative elemental compositions are availab&nce copepods maintain body
homeostasis and seston food quantity and composiioy, variations can also be expected
in the elemental composition of copepod fecal pelle

The specific objectives are:
* To clarify the effect of food quality and quantiiy the C:N:P ratios of copepod
fecal pellets
« To assess the role of the fecal pellets in C, N Bnexport at depth and for

nutrient recycling in the upper mixed layer

4.3.1. Copepod food: Sources of variation

The C:N ratios of fecal pellets fro@. finmarchicusandC. hyperboreugPaper 1, 11, 1) were

in the range of previously published values forimacopepods (Morales 1987; Gonzalez and
Smetacek 1994). There is a general assumptionfdoat concentration does not have an
effect on the elemental ratio of copepod fecalgigllat least for C:N (Small et al. 1983;
Morales 1987). The fecal pellet C:N ratios were cmtelated to the food concentration (ahl
or seston C and N concentrations) neither in Gnatshrough the bloom stages (Paper 1) nor
among the WEAO stations (Paper Il). Thus, food tjiaappears not to influence the C:N
ratio of copepod fecal pellets. The same was oksefor the C:P and N:P ratios of the fecal

pellets, which ranged from 28 to 179 and 4 to &Spectively (Paper I, II, IlI).

Effects of food quality on fecal pellet C:N:P ratibave been reported. The C:N ratios of
pellets of tropical and subtropical copepods wareally related to the C:N ratios of their
food (Checkley and Entzeroth 1985) and a modetingldood and copepod fecal pellets C:N
ratio has been constructed by Anderson (1994). Kewehe relation for tropical copepods
shown by Checkley and Entzeroth (1985) is thougiitta be valid for lipid-synthesizing
copepods. No relationship was found between the ratid of the seston (food) and that of
the fecal pellets produced byal@nusspp. in Grgtsund and in the WEAO (Paper I, I)eTh
C:N ratio of fecal pellets was generally higher pamed that of the seston in both areas (Fig.
8), in agreement with the general pattern describdabe literature (Morales 1987; Anderson
1994). Higher assimilation efficiency for N compadr® C has been shown (Landry et al.
1984; Checkley and Entzeroth 1985) and could emglas pattern; however, we showed that
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higher C assimilation would be m«beneficial for the metabolism and developmenthese
high-latitude copepodsConversely, he C:P ratio andnore especially the N:P ra of
copepod fecal pellets welewer than those of the ses (Fig. 9) both in Ggtsund and in the
WEAO (except at two stations for the C:P ratioggesting higher assimilation efficiency 1

C and N as compared to P.
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Figure 9. C:N, C:P and N:P raticof fecal pellets ofCalanusspp. based on results of Paper I, II .
IIl and additional data fo€. glacialis (cf. Appendix). Seston stoichiometric ratios are fromdbpth
of maximum chla concentration. Each boxplot gives the lower djea(R5% of data less than tt
value), the median, the upper quartile (25% of di¢ater than this value) and the whiskers shov
minimum and the maximum. n=number of individualsclés denote otiers.

Both the C:P and N:P ratiad fecal pellets revealed temporal variat&milar to that ofthe
seston C:P and N:P ratios ingtsund (Paper I). A comparaldbservatio was also made in
the WEAO (Paper I})showing that food elemental quality ttme exteninfluences the C:P

and N:P ratios of copepodda pellets.

A small experiment wasonducted wittC. glacialisCIV fed with an algaculture ofPorosira
glacialis (Bacillariophyceae) Individuals were separated in two beakers and egroup
received either algagrown under nutrie-replete conditionsH2 mediun) or algae grown in
depleted medium (F10No difference could be obsed in the C:N:P atios of the two alga
cultures. However, mroscopic observatio revealed numerous highly |jgmented
phytoplankton cells in theulture run under F10 mediuiThe fecalpellets producebased on
the two cultures had simil&:N ratics, which were higher (8) than thaft the algae culture
(5), in agreement with previous res.. Interestingly, thalifferent feeding regimes gave ri
to significant differences ithe C:P and N:P ratios of tlfecal pelletsin thepellets produced
by copepods fe@dlgae grown under Ic-nutrient conditions, both ratiosere nearly halof

those found in the pellefsom those fe with nutrient-replete algadhis small experimer
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suggests that not only the elemental compositiotheffood but also other aspects of its
composition impact the elemental composition obfqeellets. These are preliminary results,
but highlight the need for a better understandihdecal pellet elemental composition in

relation to food uptake.

4.3.2. Contribution to nutrient cycling and verticd export

The contribution of copepod fecal pellets to vettitux of organic particles was measured at
three of the stations in the WEAO (Paper Ill). Aese stationgCalanusspp. fecal pellets

were clearly the dominating fraction of the expdrfecal material. The vertical export of
POC and PON were within the range of previously suead rates during summer in the
regions (Paper Il and citations therein). TheieaftTPP export ranged from 2 to 10 mg TPP
m?d™* and this figure is to the best of our knowledge finst ever reported from the Arctic

Ocean. Copepod fecal pellets were shown to makavarage contribution of 10% of the

vertical POC and PON exports. This is lower thanldw mean contribution (£15%) of fecal

pellets to vertical POC flux in the Barents Sea X@le Riser et al. 2008). This could be
explained by the important presence of fecal pelteam krill and appendicularians (larger
than the copepod pellets) in the study of WexekeRet al. (2008). An important feature
observed in the present work, and shown here ®ffitht time, is that fecal pellets made a
higher contribution to vertical TPP export than R®OC and PON exports, with a mean
contribution of 17% (Paper Ill). If we consider emod food as consisting mostly of
phytoplankton or phytoplankton-based detritus, fresent results show that calanoid
copepod fecal pellets constitute an important pathehanneling P from the autotrophs to the
deeper ocean during the productive season. Inostell areas, shelf, or coastal marine
regions, the process should be particularly comsdlgince it could constitute a source of P

for benthic communities.

In addition to being an important contributor totieal TPP export, fecal pellets produced by
the three species o€alanus had lower N:P and mostly lower C:P ratios than the
corresponding ratios for seston (Paper |, Il, Hig. 9, Appendix). Compared to the seston
composition in the upper mixed layer, this indisatkat calanoid copepods tend to supply,
through egestion, particulate material enrichedPinThis is potentially a result of C or N

limitation, implying a higher relative retention tfese elements compared to P in the body
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(Paper I, 1l, Sterner and Elser 2002). It is alssgible that it reflects superfluous feeding as
proposed by Beklemishev (1962), which implies ehlogganic content in fecal pellets when
phytoplankton abundance is high.

This P-rich fecal material was moreover shown teehthe potential to be retained in the
upper layer of the water column during the prodigcieason in the WEAO. The fecal pellets
contribution to TPP fluxes, but also to vertical®@nd PON fluxes, was indeed attenuated,
particularly within the upper 60 m of the waterwoh at several stations (Fig. 4 in Paper Ill).
The contribution of copepod fecal pellets to thetigal TPP flux was not measured in the
sub-Arctic Grgtsund sound. However, it has beenvahiiat copepod fecal pellets are more
likely to be retained than exported in the uppexadilayer in areas close to Grgtsund, where
krill fecal pellets can dominate the sinking feoadterial (Reigstad et al. 2000; Wexels Riser
et al. 2010). The higher relative content of Pha fecal pellets compared to the seston in
Grgtsund and the potential for a high retentiorpelfets in the upper layer indicate that a
large fraction of P could potentially be reminezal. Different mechanisms can be
responsible for the retention of fecal pellets: rdegtion through coprophagy and/or
coprorhexy exerted by zooplankton organisms bui disgradation by bacteria (Noji et al.
1991; Turner 2002). In the WEAO, the highest Pnid@ efficiency was observed at the
stations in peak bloom condition (station 74) wh#ére macrozooplankton biomass was
highest and dominated by large hyperboreus(Paper lll). Thus, higher retention was
potentially the result of zooplankton being morenewous, and thus more likely to encounter
the largeC. hyperboreudecal pellets in the upper mixed layer. Bactedafradation also
plays a role in the retention but it is difficulb tiscuss its importance. Recent studies
underlined that the microbial loop is more impottdran previously assumed in the Arctic
marine regions (Lovejoy et al. 2002; Sherr et 802 Seuthe et al. 2011). In the Arctic
Ocean, bacteria might be of greater importancefdoal pellet degradation during the post
bloom phase and late summer seasons, when its giimalbecome nearly as important as
primary production, as shown in a fjord of Svalbélxe@rsen and Seuthe 2011). This pattern is
expected to be enhanced by lower inorganic nutgencentrations and fewer fecal pellets
(Paper 11), which might increase the degradatioriectl pellets exerted by more numerous
and potentially nutrient or C- limited bacteria.g@pod fecal pellets thus have the potential to
provide an important source of nutrients to theagiel microbial food web and may therefore

rather enhance carbon and nutrient recycling taore them vertically.
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Several other factors can affect the retentiorcieificy of fecal pellets in the upper mixed
layer. During the productive season, a statiomménBarents Sea showed that storm events can
reduce the P retention in the surface layer byageduthe stability of the upper mixed layer
(Paper 1ll). Phytoplankton species differ both ennis of elemental composition (Geider and
Laroche, 2002) and physical properties such aseshag density, which may potentially alter
the elemental ratios and proportion of fecal matdhat can be exported. The type of cells
eaten by the copepods has been shown to chandectieellets’ density and sinking speed
and thus the likelihood that they will be degragealagically. For instance the copepod
Acartia tonsaproduces smaller fecal pellets with a higher dgrend slower sinking speed
when fed with heterotrophic flagellates and dingédates than when fed with diatoms or
ciliates (Feinberg and Dam 1998). In the Arctic imarregions, the proportion of
heterotrophic flagellates as compared to diatons lheen shown to increase during the
summer season (lversen and Seuthe 2011), mosy likgdlying changes in fecal pellet
density and sinking speed. Studying the fecal pdfy@amics and bacteria production jointly
is necessary in order to determine whether theargds will increase or decrease fecal pellet

degradation.

In summary, it has been shown that while food gadbes not seem to affect the elemental
composition of fecal pellets, food quality does. iWhhe C:N ratio of fecal pellets |s
generally higher than that of the seston, their &18 N:P ratios vary in relation to the seston
stoichiometric ratios. The C:P and N:P ratios aafepellets tend to be lower than the ¢:P
and N:P ratios of seston, which indicates that poddecal pellets are rich in P and haV(ea[he

y
production in the WEAO, copepod fecal pellets dbated more to vertical TPP expqrt
(mean of 17%) than to POC and PON export (about)18%the same time, the contributipn

potential to supply P both for export and recyclimuring a period of intense prim

of fecal pellets to these fluxes was attenuatethénsurface layers, particularly for the TPP
flux. This indicates that P-rich fecal pellets ddeed export P at depth but also contribute to
the retention of P in the surface layer duringgheductive season in the WEAO. Retentjon
of fecal pellets may be more pronounced duringl#te bloom phase when nutrients fre

depleted and bacterial production and water colatratification are enhanced.
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5. Climate change perspectives for the copepod-sestinteraction in the
western European Arctic Ocean

A better understanding of the food requirementsAdftic key species contributes to the
general comprehension of how ecosystems functiawener, efforts to understand the
Arctic ecosystem are particularly crucial sincestis the part of the world that is most
strongly subject to rapid climate change. Indekd,Arctic marine regions are experiencing a
warming which is 2 to 4 times faster than the wan@rage (Screen and Simmonds 2010). In
addition, some Arctic marine ecosystems are highbguctive. A loss of key species such as
calanoid copepods is thus expected to have largécations for the food web interactions
and structure but also for the export and recyatihgrganic matter that is mediated by these

species (Frank et al. 2005).

One of the most important impacts of warming in Aretic marine regions is the melting of
sea ice, which constitutes the main driver for cotep models (Serreze and Francis 2006;
Arrigo et al. 2008). Available models predict acregase of annual primary production in the
central Arctic Ocean, whereas productivity is expdcto decrease in the large southern
regions of the WEAO (Slagstad et al. 2011; Wassn2&iri; Wassmann and Reigstad 2011).
Predictions for 2045-2055 have been made by thedean Union ATP project (Fig. 10). In
the WEAO, the annual primary production is expedtethcrease only on the east Greenland
shelf (Fig. 10B). Increased water column strattfma, caused by surface warming and sea ice
melt, is among the factors responsible for the lomedicted primary production in the
WEAO (Wassmann 2011; Ellingsen et al., unpublisti@d). Since ice melt will occur earlier
in the year, the period of phytoplankton productmay be longer, thus extending the period
of food production for copepods. However, an eaitte melt would influence not only the
timing of the phytoplankton bloom but also ice &daoom, and might lead the timing of
copepod migration in the water column to mismatuk earlier ice algae bloom (Leu et al.
2011; Wassmann 2011).
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Figure 10. A. Average annual primary production (g C®ry") for the period 2001-2010. B.
Predictions on the relative annual changes in psimaroduction for the period 2045-2055.
(Unpublished ATP project data from the physicaligigically coupled SINMOD model, courtesy of
I. Ellingsen et al.).

The potential changes in food quality are moreaift to predict. In terms of stoichiometry,
an increase in PAR in the stratified surface layeuld increase C fixation by the autotrophic
cells, which in combination with lower predictedtment concentrations would result in
increased C:nutrient ratios in phytoplankton (Van Waal et al. 2010). Higher C:nutrient
ratios render C limitation less likely for the cppes while nutrient limitation, N or P, could
be more frequent. However, the way C is assimilatedl used in the body of these copepods
needs to be better elucidated before clear predittan be made. Duarte et al. (2012) predict
a shift from a diatom-dominated regime to a regimeminated by smaller forms
(picoplankton) in the Arctic Ocean. Instead of lgeanCQ sink, this ocean may act as aLO
source to the atmosphere in the future. Yet, diffscult to predict the impact of such changes
on seston stoichiometry. Long C-chain molecules @esent in essential fatty acids of
diatoms, but also iPhaeocystisand other flagellates can be eaten by calanoidmmis and
used for lipid synthesis (Lee et al. 2006; Leule2811). A change in seston composition
toward picoplankton dominance may lead to a deer@aghe availability of long C-chain
fatty acids with negative repercussions for caldrammpepods and their lipid synthesis. This
comes in addition to the increased chances for pmgse to miss the ice algae bloom

mentioned earlier.
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Clearly, calanoid copepod’s food will fluctuateqoantity, but also in composition according
to Duarte et al. (2012). These changes are expéotee abrupt rather than smooth in the
Arctic marine regions. Since the elemental compwsiof fecal pellets is shown to be linked
to some extent to that of seston (Paper I, Il),dhganic export and nutrient recycling will
also be affected. Other factors such as temperateralso involved. Arctic copepod species
such asC. glacialis are more sensitive to temperature increase thafinmarchicusfor
instance: increased temperatures reddceylacialis’ survival rate (U. Grote, unpublished
data). C. glacialis starved for 20 days and exposed to different teatpees (2.5, 5 and
7.5°C), showed a tendency toward increased usehaif stored lipids with increasing
temperatures (A. B. Aubert, unpublished data). Tais be explained by a higher C demand
in relation to higher respiration at higher temperas, as proposed by Hirche (1987). Thus,
while potential higher C:N ratio in phytoplanktomasild be beneficial for copepods’
increased C requirements in a warming Arctic, tleerdase of specific long C-chain

compounds in the phytoplankton may affect theihtgito synthesize lipids.

In summary, the copepod-seston interaction is iy to change in the warming Arctig.
While early life stages aCalanusspp. may experience a mismatch with the ice dtpam,
phytoplankton will be available during a longer ipdrof the year in the WEAO, albeit |n
lower quantities.The composition of seston is also expected to ahdngm a diatom
d

storage ability of copepods. Changes in the foadpmsition and quantity would also haye

dominated regime to picoplankton dominance, witlpeeted repercussions for the lif

effects on the fecal pellet composition and thustioa export and recycling of nutrienfs.
Direct effects of warming on copepod physiology also to be expected, such as poteiptial

increase of respiratory demands and decreased/alrate.
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6. Conclusions and perspectives

This thesis addressed the characterization of thi:RC composition and elemental
requirements of lipid-synthesizing calanoid copepaa planktonic, marine high-latitude
ecosystems. It also investigated the role copeptaysin vertical C:N:P export and recycling
via egestion of fecal pellets. The results preskimtere highlight the need to apply a two-
compartment approach when studying elemental ltraita imposed on high-latitude
copepods by stoichiometric imbalances, with liptdrage and somatic tissues separated
(Paper ). The calculated somatic ratios show tihege copepods may be able to invest into
C-rich lipid storage even at times when they ar@nted. This apparent paradox calls for a
better understanding of how C is assimilated bgehsopepods, but also of how C is linked
with specific biochemical compounds. Study of thekd between elements and the
biochemical compounds would help us understandrakebharacteristics of the growth and
development of these species. Phosphorus appebesabimportance in the ontogeny of the
copepods (Paper I). Factors such as developmeyd atal bloom phase should be considered
in future studies since they influence the somatiios.

This work considers Arctic and sub-Arctic maringamisms (specifically lipid-synthesizing
copepods) for the first time by applying stoichidritetheory. It sheds light upon the large
gap in stoichiometric information from the Arcticanme regions. Yet, calanoid copepods are
only one component of planktonic ecosystems ofHigh North, and the stoichiometry of
other Arctic taxa should also be studied to undecstheir food requirements better. A larger
data set would allow comparisons with organismsnfidifferent biomes, and may confirm
whether high-latitude calanoid copepods have adniginowth rate compared to those from
lower latitudes, as suggested by their lower savaidy C:P and N:P ratios.

The results presented here also illustrate the fitapoe of considering stoichiometric ratios
of the particulate matter on which copepods feedner to study their elemental food

limitation. These ratios are also considered in fdeal pellets the copepods produce, and
which contribute to vertical C export. The stoighigtric ratios including P of seston and fecal
pellets are among the first reported from the Ar€@icean. We showed that copepod fecal
pellets contribute significantly to P export viartveal transport during the Arctic productive

season, with a larger contribution to P export ttee@ and N export (Paper Ill). At the same

time, a fraction of these fecal pellets is recydledhe upper layers. Since fecal pellets are
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enriched in P compared to seston (lower C:P andrhiiBs), degradation of pellets in the
water column therefore has a potential to re-supply the productive surface layer. The data
were collected from the western European Arcticadcand a sub-Arctic marine region, and
more measurements are needed to verify if the vbddrends apply to other Arctic marine
areas and other seasons. Indeed, since fecal gefetind N:P ratios have been shown to
fluctuate in conjunction with the ratios of sestave can expect seasonal changes in these
ratios. More experimental work should be conduatedrder to understand the link between
the C:N:P ratios of both the food and fecal peltdtgopepods inhabiting the Arctic marine
regions. In particular, factors related to potdntlhanges in climate will affect primary

production in the future Arctic and need our aftamt

This thesis should inspire future studies in thaldfiof Arctic stoichiometry. Acquiring
stoichiometric data is important at the scale ajptankton physiology and ecology and for
vertical export of C, N and P. In addition, theseaineed for ecological data and studies that
can be integrated in theoretical frameworks (Elsexd Hamilton 2007). Ecological
stoichiometry has been shown to be a powerful meaasldressing ecological problems and
can be applied to different types of ecosystemswvéder, studies implying stoichiometric
consideration are still rare in Arctic marine ecisyns. Hence, stoichiometry is a useful tool
in the effort to build predictive models, partialjain the Arctic, where the effects of climate

change are the greatest.
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Appendix

C:N:P ratios of seston (+ standard deviation) awhlf pellets produced yalanus glacialis
stage CIV sampled orf"&f May 2010 at an ice-covered station on the weast of Svalbard.

C:N C.P N:P
Seston 45+1 72+4 17+ 4
Fecal pelletC. glacialisCIV) 7.8 93 12
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