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Summary 

Copepods play a vital intermediate role in any marine pelagic food web. They channel energy 

from primary production to higher trophic levels and, via the biological carbon pump, 

substantially affect biogeochemical cycles and carbon fluxes. 

The distinct seasonality of primary production is probably the most important factor 

influencing life-cycle adaptions of herbivorous copepod species in high-latitude ecosystems. 

Ontogenetic seasonal vertical migration (OVM) with a resting stage (diapause) at greater 

depth is known as an adaption to escape food scarcity during winter. Diapause is characterised 

by reduced metabolic rates and the cessation of feeding. Therefore, diapausing copepods are 

presumably neutrally buoyant to avoid a depletion of their restricted recources by swimming 

movements. However, no experimental observations or density determinations have been 

conducted for Antarctic copepods so far and the mechanisms triggering the on- and offset of 

OVM and diapause, and regulating buoyancy, are still far from understood. 

Within the present study, novel hypotheses about the controlling factors of dormancy and 

OVM were established by testing an inter-linked role of ammonium accumulation for 

regulating buoyancy during diapause and an associated pH reduction for triggering metabolic 

depression. The accumulation of ammonium (NH4
+
) and the replacement of ions with a higher 

density is a known buoyancy regulation mechanism in several marine invertebrates. To keep 

ammonium in the less toxic ionised form, a low pH is required. Knowing that acidic pH 

conditions are a relevant factor inducing metabolic reduction, a low haemolymph pH might 

not only be a precondition for ammonium accumulation, but in addition trigger dormancy in 

copepods.  

Buoyancy observations of anaesthetised individuals revealed that diapausing species 

Calanoides acutus was neutrally buoyant during austral winter, whereas active overwintering 

species Calanus propinquus was negatively buoyant. Diapausing and non-diapausing species 

differed sigificantly in their extracellular cation composition. In actively overwintering species, 

the cation composition of the haemolymph was similar to that of seawater. In diapausing 

copepods, severly elevated concentrations of up to 530 mmol L
-1

 NH4
+
 and reduced 

contributions of the remaining cations Na
+
, Ca

2+
 and Mg

2+
 were found. Moreover, elevated 

ammonium levels were accompanied by acidic conditions of pH≤6. The replacement of cations 
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with a higher molecular weight against low density ammonium decreases the overall density 

of the diapausing copepod and supports neutral buoyancy, while staying isoosmotic with the 

surrounding seawater. The low extracellular pH is necessary to form NH4
+
 and to prevent it 

from diffusive loss, but in addition, could play a fundamental role in the regulation of 

metabolic depression and thus in the control of diapause. 

The present study contributes to a better understanding of the regulation mechanisms of 

dominant copepods` life cycles, in particular of the triggering and controlling factors of vertical 

migration and diapause. Since polar oceans are where climate change and global warming 

have the most visible and significant impacts, knowledge about physiological and metabolic 

adaptations of the species that inhabit it are of profound relevance for understanding and 

predicting effects on the whole polar marine ecosystem. 
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Zusammenfassung 

Copepoden bilden eine entscheidende intermediäre Komponente im marinen Nahrungsnetz. 

Sie leiten Energie von der Primärproduktion zu höheren trophischen Stufen und spielen eine 

wichtige Rolle im Kohlenstoffzyklus. 

Im Südlichen Ozean stellt die ausgeprägte Saisonalität der Primärproduktion den wohl 

bedeutsamsten Faktor für die Ausprägung von Lebensstrategien herbivorer Copepoden dar. 

Um dem Nahrungsmangel während der Wintermonate zu entgehen führen manche Arten 

ontogenetische, saisonale Vertikalwanderungen mit einem Ruhestadium in großer Tiefe, 

genannt Diapause durch. Während der Diapause nehmen Copepoden keine Nahrung auf und 

verringern ihren Stoffwechsel. Man geht davon aus, dass sie neutralen Auftrieb aufweisen, um 

eine Energieverschwendung durch aktives Schwimmen zu umgehen. Bisher wurden jedoch 

noch keine experimentellen Studien oder Beobachtungen bezüglich des Auftriebs von 

Antarktischen Copepoden durchgeführt. Zudem sind die Faktoren, die für die zeitliche Abfolge 

der Vertikalwanderung und der damit verbundenen Diapause verantwortlich sind, sowie die 

physiologischen Mechanismen der Auftriebsregulation, nach wie vor weitestgehend 

unbekannt.  

Die  vorliegende Studie testet eine neue Hypothese, nach der ein Ionenaustausch für die 

Auftriebsregulation und ein niedriger pH für die Stoffwechselreduzierung während der 

Diapause zuständig sind. Der Austausch von Ionen mit einer höheren Dichte und die 

Anreicherung von Ammonium (NH4
+
) mit einer niedrigeren Dichte, ist bereits als 

Auftriebsmechanismus in einer Reihe mariner Invertebraten bekannt. Um Ammonium in 

seiner weniger toxischen, ionisierten Form zu speichern, ist ein niedriger pH notwendig. Da 

niedrige pH Werte dafür bekannt sind für die Reduzierung von Stoffwechselwegen 

verantwortlich zu sein, könnten sie nicht nur als Voraussetzung für die Anreicherung von 

Ammonium, sondern auch der Stoffwechselreduzierung während der Diapause von 

Copepoden dienen.   

Bei der Diapause-Art Calanoides acutus konnte ein neutraler Auftrieb während des 

antarktischen Winters festgestellt werden. Im Gegensatz dazu wies die aktiv überwinternde 

Art Calanus propinquus negativen Auftrieb auf. Ruhende und aktive Arten unterschieden sich 

signifikant in ihrer extrazellulären Ionenzusammensetzung. Die Hämolymphe der aktiven Arten 
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glich in ihrer Kationenzusammensetzung der von Seewasser. In inaktiven Arten wurden 

hingegen sehr hohe Konzentrationen von bis zu 530 mmol L
-1

  Ammonium
 
(NH4

+
)

 
festgestellt. 

Erhöhte Ammonium-Werte gingen mit reduzierten Konzentrationen der übrigen Kationen 

Natrium (Na
+
), Calcium (Ca

2+
) und Magnesium

 
(Mg

2+
)

 
einher. Darüber hinaus lagen niedrige pH-

Werte von ≤6 in der Hämolymphe vor.  

Der Austausch von Kationen einer höheren Dichte gegen Ammonium mit einer niedrigeren 

Dichte verringert die Gesamtdichte des Individuums und unterstützt die Regulation von 

energiesparendem, neutralem Auftrieb während der Diapause. Der niedrige, extrazelluläre pH 

ist nicht nur für die Bildung von NH4
+
 erforderlich, sondern kann auch zu einer 

Stoffwechselreduzierung und damit zur Kontrolle der Diapause beitragen.  

Die vorliegende Studie trägt zu einem besseren Verständnis der Regulation und den damit 

verbundenen Mechanismen von Diapause und Auftrieb dominanter Copepoden-Arten bei. Da 

Polargebiete besonders stark von den Auswirkungen des globalen Klimawandel betroffen sein 

werden, sind Studien über die Anpassungsstrategien und physiologischen Mechanismen 

polarer Copepoden unerlässlich, um mögliche Auswirkungen auf das gesamte Ökosystem 

verstehen und vorhersehen zu können.  
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1 Scie tific Backgrou d 

1.1 Copepods of the Souther  Ocea  

Copepods pla  a er  i porta t i ter ediate role i  a  ari e food e , ha elli g e erg  

fro  pri ar  produ tio  to higher trophi  le els su h as fishes, sea irds a d hales. Their 

e retio  produ ts ser e as utrie ts for ph topla kto  gro th, a d fe al pellets produ ed  

opepods fuel the iogeo he i al ar o  le ia the e port of orga i  atter fro  the 

surfa e to the deep-sea e thi  fau a e.g. Lo ghurst .  

I  the Souther  O ea , opepods u eri all  do i ate the zoopla kto  o u it , 

a ou ti g for - % of the total a u da e a d - % of the total zoopla kto  sta di g 

sto k e.g. Pakho o  a d Fro e a  . The opepod o u it  is do i ated  o l  a 

fe  e de i  spe ies, ith large ala oid Calanoides acutus, Calanus p opin uus a d 

Rhincalanus gigas o tri uti g ost to total opepod io ass e.g. S h a k-S hiel ;  

Fig. .  

 

 

 

 

Figure 1. Do i a t cala oid copepods fro  the Souther  Ocea . Calanoides acutus A, photo  

M. Hopp a , AWI, Bre erha e , Calanus p opin uus B, photo  J. Huggett, Depart e t of 

E iro e tal Affairs, Cape To , South Afri a  a d Rhincalanus gigas C, photo  E. Vares hi . 

All three spe ies are s all-parti le feeder, feedi g pri aril  o  ph topla kto  a d protozoa s 

Hopki s a d Torres . Predo i a tl  her i orous, the  are stro gl  affe ted  the 

disti t seaso alit  of pri ar  produ tio  i  polar aters. Most of the i ter-a ual flu tuatio  

of ph topla kto  gro th is ased o  ar i g i te sit  a d dail  duratio  of light, a d o  the 

for atio  a d e te t of sea i e, ra gi g fro  -  k   i  austral su er to -  k  

i  austral i ter Ei ke  a d Le ke ; Fig. .  

A B C 

      



 

 

 

 .  O er i teri g strategies 

 

Figure . Monthl  sea-ice e tent in the Southern Ocean. Late su er/earl  autu : Mar h , 

i ter: Jul  , late spri g/earl  su er: De e er , su er: Fe ruar  ; deri ed fro  

satellite passi e- i ro a e o ser atio s Fetterer et al.  of the Natio al S o  a d I e Data Ce ter, 

U i ersit  of Colorado, Boulder age ta li e i di ates edia  e te t for that o th .  

Despite relati el  lo  ea  hloroph ll o e tratio s < . - .  g −  o er ost of the 

Souther  O ea , er  de se ut rief ph topla kto  loo s e eedi g hloroph ll 

o e tratio s of .  g −  a  e o ser ed i  three ge eral areas: oastal/shelf aters, 

areas asso iated ith the seaso al sea-i e retreat, a d the i i it  of the ajor Souther  

O ea  fro ts Moore a d A ott . The seaso al loo s de elop rapidl  follo i g the 

spri g elt a d dispersio  of sea i e a d last for a out  to  eeks efore the  de li e due 

to grazi g pressure, ell loss ia sedi e tatio  a d redu ed ater olou  sta ilit  Clarke 

. The e olutio ar  su ess of the three opepod spe ies is ased i ter alia o  their a ilit  

to adapt to the flu tuati g food suppl  a d to ridge periods of u fa oura le food o ditio s 

duri g austral i ter. 

.  O er intering strategies 

The three opepod spe ies ha e de eloped spe ies-spe ifi  adaptatio s a d are 

represe tati es of differe t o er i teri g strategies. First atte pts to a al se their life les 

ere ade  Ottestad , , O a e   a d A dre s  a d dis o ered 

o sidera le i ter-a ual a d i tra-spe ifi  differe es o er i g the stage- o positio  a d 

its erti al a d latitudi al distri utio . Seaso al erti al igratio  as a strateg  to te porar  

es ape fro  u fa oura le e iro e ts as fou d to e a do i a t feature i  all three 

spe ies, e e  though ariatio s i  ti i g, e te t a d the apa ilit  to prolo g the feedi g 

period i to the i ter o ths or o er i ter a ti el  feedi g ithi  the i e o ur e.g. 

A dre s ; Voro i a ; Mari  ; Atki so  ; S h a k-S hiel . Moreo er, 
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o side a le spe ies-spe ifi  diffe e es ith ega d to life- le adaptatio s a  e fou d i  

lipid- ios thesis path a s a d sto age patte  e.g. Hage  et al. ; Katt e  a d Hage  

; Lee at al. , Katt e  et al. , dieta  p efe e es e.g. Dalsgaa d et al. , 

eta oli  a ti ities e.g. D its et al. , Paste ak a d “ h a k-“ hiel  as ell as the 

pe fo a e a d ti i g of seaso al/o toge eti  e ti al ig atio s OVM  a d do a  

e.g. Bath a  et al. , Atki so  . 

. .  Dor a cy i  Calanoides acutus 

Do a  is defi ed as a `state of supp essed de elop e t` Da ks . It ep ese ts a  

e e g -sa i g t ait to idge pe iods of e i o e tal ha sh ess Dah s . I  opepods, 

it o u s i  oth f esh ate  a d a i e spe ies of the th ee ta a Ha pa ti oida, C lopoida 

a d Cala oida a d a  eithe  e e p essed i  esti g eggs, e st e t o  a ested 

de elop e t i  auplii, opepodids o  adults. The e is a latitudi al te de  of do a  ith 

ost epo ts of opepods f o  highe  latitudes, de easi g to a ds the te pe ate a d 

t opi al egio s Dah s . Do a  a  fu the  e di ided i to ` uies e e` a d 

`diapause` Da ks . Quies e e i.e. pseudo-diapause  is defi ed as a sho t-te  a d 

i egula  phe o e o , hi h a ts as a di e t espo se to a li iti g fa to  su h as lo  

te pe atu e o  food-s a it  ithout a  p io  a li atio  Dah s . Diapause, ho e e , 

is defi ed as a pe iod of a ested de elop e t hi h is o pulso  a d ge eti all  

dete i ed, ut t igge ed  e i o e tal fa to s Da ks . U de sta di g the 

phe olog  of opepod diapause has lo g ee  a  ai  of iologi al o ea og aph , ut the 

spe ifi  sig als that t igge  the o set, ai te a e a d te i atio  a d the ph siologi al 

e ha is s that a e espo si le fo  eta oli  dep essio  e ai  poo l  u de stood. “o e 

studies suppose e te al fa to s su h as photope iod, te pe atu e, he i al ues o  

populatio  de sities e.g. Elg o k , Ei sle , “pi dle  ; he eas othe s o side  

i te al fa to s su h as a iologi al lo k  e.g. Mille  et al. , Willia s-Ho ze a d Coull 

, o  lipid a ou t a d o positio  e.g. Co kett a d M La e  , Po d . The 

easo s hi de i g p og ess i  add essi g this issue i lude i te  alia the i a ilit  to i itiate 

diapause i  apti it  a d logisti al o st ai ts of o tai i g sa ples f o  o e i te i g depth 

i  e ote pola  egio s du i g i te . A o g A ta ti  opepods, the epipelagi  opepod 

Calanoides acutus is the o l  spe ies defi itel  k o  to u de go t ue  diapause Atki so  

.  



 

 

 

 . .  Do a  i  Cala oides a utus 

 
Figure . S he ati  - ear life le of Calanoides acutus ith o toge eti  erti al igratio  

a d diapause Pi tu e edit: Sig id S hiel . Offsp i g de elops f o  auplii to ea l  opepodite stages I 

to III i  su fa e ate s i  sp i g a d feeds o  the sp i g loo , atu e to stage III o  IV a d des e ds to 

o e i te  ithout feedi g i  deep ate s as stage IV a d V opepodids. Befo e populatio  as e ds i  

sp i g, stages V oult to stage VI adults, a d ise to feed i  su fa e ate s ith al ost all fe ales a i g 

spe  sa s. O set of spa i g i  No e e , a d peak egg p odu tio  i  De e e  a d Ja ua  A d e s 

, Ma i  .  

It has a lea l  defi ed o e- ea  life le a d o du ts e te si e seaso al e ti al ig atio s 

asso iated ith a esti g stage at depth Fig. . The late opepodite stages CIV a d CV 

des e d to depths of elo    i  late su e , ea l  autu  a d eside fo  -  o ths i  

diapause, hi h is ha a te ized  essatio  of feedi g, a ested de elop e t a d edu ed 

eta oli  ates e.g. S h a k-S hiel et al. , S h a k-S hiel a d Hage  . E e g  

e ui e e ts a e o e ed  assi e lipid sto es up to  % of d  ass, Hage  a d Auel 

, a u ulated i  the p e ious p odu ti e seaso  S h a k-S hiel et al. . I  ase of 

C. acutus, these lipid sto es o sist p edo i a tl  of a  este s a d se e as a lo g-te  

deposit to o e  asal eta oli  eeds du i g diapause as ell as to fuel the esta t of 

de elop e t, g o th a d ep odu tio  i  sp i g Hage  a d S h a k-S hiel , Atki so  
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, Lee et al. . Matu ati g i to adults a d fe tilisatio  take pla e i  late i te , efo e 

o l  the fe tilised fe ales e-as e d to the su fa e la e  to elease thei  eggs p io  to the 

sp i g ph topla kto  loo . Thus, a su essful o e i te i g a d he e ep odu tio  i  the 

follo i g sp i g a  o l  e a hie ed if diapausi g opepods o se e e e g  fo  oulti g, 

ep odu tio  a d egg de elop e t th oughout i te . Just like fo  do a , the t igge i g 

fa to s i du i g a d te i ati g OVM a d diapause i  Cala oides acutus a e still u k o .  

. .  A ti e o er i teri g i  Calanus p opin uus 

Al eit Cala us p opi uus is a p edo i a tl  he i o ous spe ies, it has ee  o se ed to 

s it h to a o e o i o ous/det iti o ous diet du i g i te , he  ph topla kto  

o e t atio s i  the ate  olu  a e lo . Si ila  to C. acutus, it has a o e- ea  life le, 

ut is a le to e te d its feedi g, g o th a d ep odu tio  pe iods i to the i te  o ths e.g. 

Atki so  . Thus, C. p opi uus o e i te s a ti el  a d pa ts of the populatio  e e  sta  

ea  the su fa e du i g the i te  o ths e.g. Bath a  et al. , Ma i  a d S h a k-

S hiel . I  o t ast to the diapausi g C. acutus, the lipid sto es i  C. p opi uus o sist 

ai l  of t ia lgl e ols TAG .  

. .  Multi- ear life le of Rhincalanus gigas 

Life- le adaptatio s of R. gigas appea  to e o e a ia le a d o e diffi ult to i te p et 

tha  those of the othe  t o spe ies. Its geog aphi  dist i utio  is athe  su -A ta ti . 

Multiple ge e atio s a e p ese t ea - ou d, i di ati g the p o a ilit  of a - ea  life le. 

Mai  o e i te i g stages a e CII, CIII a d CIV, hi h o ti ue feedi g, g o th a d oulti g 

i  the uppe  ate  la e  u til autu  e.g. Atki so  . Hi e atio /do a  is likel , ut 

p o a l  ot as i te se as i  C. acutus, o  highl  depe de t o  the latitude i ha ited a d the 

lo al feedi g o ditio s, espe ti el  e.g. Atki so  , Bath a  et al. . Matu it  i  

sp i g depe ds o  ate  te pe atu e sta ti g i  late No e e /De e e  a ou d South 

Geo gia a d late  i  olde  ate s fu the  south Ja ua  i  Weddell Sea  O a e  . 

Wa  este s a e the p i a  lipid sto es, as t pi al fo  diapausi g spe ies Lee et al. , 

Katt e  et al. . But a o di g to feedi g e pe i e ts a d lipid a al ses, R. gigas does ot 

fit the s he e of a t pi al he i o e, a d ese les o e a  o i o e ith det itus a d 

zoopla kto  as pa ts of its diet e.g. A ashke i h , G ae e et al. . 



 

 

 

 .  The ole of uo a  egulatio  

.  The role of uo a  regulatio  

The ph siolog  of pola  zoopla kto  is ge e all  ha a te ised  lo  o ge  o su ptio  

a d g o th ates o pa ed to te pe ate o  t opi al spe ies. La ge diffe e es i  eta oli  

ates o u  et ee  e thi  a d pelagi  o ga is s, ofte  elated to high eta oli  osts fo  

ai tai i g a positio  i  the ate  olu  Cla ke a d Pe k . He e, e e geti  effi ie  

i  sta i g i  a elati el  sta le depth la e  o e  a lo g pe iod of ti e is of fu da e tal 

i po ta e a d uo a  egulatio  pla s a e t al ole fo  a su essful i ple e tatio  of 

diapause. Diapausi g opepods a e assu ed to e ai  otio less a d eut all  uo a t 

th oughout diapause du atio , i  o de  to a oid a depletio  of e e g  ese es fo  s i i g 

a ti ities, hi h o eo e  ould att a t pote tial p edato s. Ho e e , spe ies-spe ifi  

o se atio s of eut al uo a  a d/o  de sit  dete i atio s fo  A ta ti  opepods did 

ot e ist so fa . Se e al studies ha e fo used o  the de sit  of o eal a d A ti  opepods, 

p edo i a tl  i  elatio  to thei  lipid o te t a d lipid lass o positio  e.g. G oss a d 

Ra o t , Køgele  et al. , K utse  et al.  a d it is idel  elie ed that lipids 

pla  a ajo  ole i  uo a  o t ol Visse  a d Jó asdótti  , Ca p ell a d Do e  , 

I igoie  , Po d a d Ta li g , Po d et al. , Po d . Lipids ha e a spe ifi  

de sit  lo e  tha  sea ate  a d i flue e the o e all de sit  of a  o ga is . Ho e e , 

se e al fa ts speak agai st the e lusi e ole of lipids as a uo a  o t ol. Fi st of all, the 

seaso al patte  of lipid a u ulatio  is out of phase ith the ti i g of e ti al ig atio . 

Copepods sta t to des e d to o e i te i g depth at the e d of su e , he  lipid o te t is 

at its a i u , a d, he e, lipid- egulated uo a  is high. O  the othe  ha d, o side a le 

a ou ts of lipids a e o su ed du i g o e i te i g, to fuel the e-sta t of de elop e t, 

atu atio  a d fe tilizatio  at the e d of i te  he  opepods a e still at depth e.g. Mille  

et al. , S h a k-S hiel et al. . Thus, at a ti e of i i u  lipid- egulated uo a  i  

sp i g, opepods eed to as e d to elease thei  eggs at the su fa e. Se o dl , od  lipids of 

opepods a e ge e all  o e o p essi le a d ha e a la ge  the al e pa sio  tha  the 

su ou di g sea ate  Ya a os et al. . The efo e, pu e lipid- egulated uo a  is 

e t e el  se siti e to the io he i al o positio  of the i di idual opepod a d highl  

depe ds o  the elati e f a tio s a d shifts of lipids, p otei s, hiti s et . hi h akes it 

athe  u sta le e.g. Ca p ell a d Do e  . It follo s, that the ai te a e of a  
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e e g -sa i g state of eut al uo a  du i g diapause e ui es additio al uo a  

egulatio  e ha is s. 

. .  Buo a  regulatio  a d pote tial eta oli  depressio   a o iu  
a u ulatio  

I  a e e t stud , high a ou ts of a o iu  io s NH +  e e dete ted i  the hae ol ph 

of A ta ti  opepods C. acutus a d R. gigas Sa to is et al. . Su h high o e t atio s 

≤  ol L-  a e o l  k o  i  a a ge of a i e o ga is s that use a o iu - i h fluids 

fo  uo a  egulatio . These i lude pelagi  deep- ate  sh i ps, ephalopods a d 

ph topla kto i  ells. The  sto e fluids, i  hi h io s of a highe  ole ula  eight, e.g. Na+, 

Mg + o  SO -, a e epla ed  less de se a o iu  to edu e the o e all de sit , hile still 

e ai i g isoos oti  ith the su ou di g sea ate  e.g. De to  et al. , Cla ke et al. 

, Sa de s a d Child ess , Bo d a d G ad a  . This e ha is  has e e  ee  

epo ted fo  opepods efo e, e e  though it offe s a a ge of ad a tages i  o pa iso  to 

e lusi el  lipid- egulated eut al uo a . A o iu  is a aste p odu t of the a i o-

a id/p otei  ata olis  a d is i depe de t f o  a ie t p essu e a d apid ha ges ith 

depth, as the  o u  du i g the e te si e e ti al ig atio s of diapausi g opepods. 

Ho e e , high o e t atio s of a o ia i.e. the total of NH  a d NH + , a e p o le ati  as 

the  a e highl  haza dous to ost a i als. I  a uati  usta ea s, e i o e tal e posu e to 

a o ia is lethal at elati el  lo  doses a d o e t atio s i  the hae ol ph a e usuall  

elo  .  ol L-  e.g. Weih au h et al. . I  a ueous solutio , a o ia e ists as eithe  

o -io i  a o ia NH  o  a o iu  io s NH +  i  a pH-depe de t e uili iu , shifti g 

to a ds NH  as pH i eases. NH  is the ost to i  fo  as it easil  pe et ates io e a es. 

It follo s that a lo  pH i  a o iu - i h fluids is e ui ed to i i ise the to i  effe ts of 

a o ia. Fu the o e, suffi ie t a ou ts of a o iu  eed to e se ueste ed a d sto ed 

to o t i ute to eut al uo a . He e, lo e i g the pH i  the hae ol ph keeps 

a o iu  a a  f o  ells that p odu e it a d at the sa e ti e i i ise loss ia diffusio .  

Lo  pH alues, ho e e , ha e p ofou d effe ts o  eta oli  p o esses, as ost e z e 

a ti ities o  ellula  path a s a e highl  pH-depe de t. A d op of i t a ellula  pH pHi  is a 

ele a t fa to  edu i g e e g  tu o e  a d eta oli  ates i  se e al i e te ates, fo  

i sta e the s ail O eohelix spp. Busa a d Nu itelli , Rees a d Ha d . 



 

 

 

 . .  Buo a  egulatio  a d pote tial eta oli  dep essio   a o iu  a u ulatio  

Fu the o e, shifts f o  pHi .  to .  i du ed do a  i  the i e sh i p A te ia Ha d 

a d Ca pe te  . Su h effe ts, ho e e , ould e e efi ial fo  opepods i  diapause, 

si e eta oli  dep essio  is esse tial to sa e e e g  du i g the food-li ited i te  pe iod. 

He e, lo  pH o ditio s ight ot o l  e a p e o ditio  fo  a o iu  a u ulatio , ut 

i  additio  o stitute a pote tial sought-afte  t igge  fo  the i du tio  of opepod do a . 

Ho e e , ost studies so fa  fo ussed o  the effe ts of i t a ellula  p o esses. I  o t ast, the 

i pa ts a d pote tial e efits of a lo  e t a ellula  pH leadi g to a edu ed ae o i  e e g  

tu o e  a d thus eta oli  dep essio  e ai  to e i estigated.  
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 O je ti es 

This stud  ai s to esta lish o el h potheses a out the o t olli g fa to s of do a  a d 

o toge eti  e ti al ig atio  i  A ta ti  opepod spe ies  testi g a  i te -li ked ole of 

a o iu  a u ulatio  fo  egulati g uo a  a d a  asso iated pH edu tio  fo  

t igge i g eta oli  dep essio  du i g diapause. Ne  i sights i to ph siologi al a d 

io he i al ha a te isti s of do i a t A ta ti  opepods a e p o ided i  a o p ehe si e 

data set to e te d p e ious studies o  life- le st ategies, pa ti ula l  ith a e sa ples f o  

the i te  seaso  a d u usuall  deep a d detailed sa pli g depth i te als. The p ese t 

stud  o t i utes to a ette  u de sta di g of egulatio  e ha is s fo  diapause a d 

uo a  i  pola  opepods a d i  pa ti ula  of the t igge i g a d o t olli g fa to s of 

e ti al ig atio . 

H potheses 

I. Duri g diapause, A tar ti  opepods Calanoides acutus a hie e a  e erg -sa i g 

state of eutral uo a   

To date, it has e el  ee  assu ed that A ta ti  opepods a hie e eut al uo a  du i g 

diapause i  o de  to a oid a depletio  of e e g  ese es othe ise depleted  s i i g 

a ti ities. Ho e e , o e pe i e tal o se atio s o  de sit  dete i atio s ha e ee  

o du ted so fa . Withi  the p ese t thesis, uo a  of a aesthetised i di iduals of 

diapausi g a d o -diapausi g spe ies as assessed a d o pa ed isuall  du i g a  

e peditio  i  aust al i te  Pu li atio  I, Chapte  . 

II. A o iu  a u ulatio  a d io  repla e e t i  the hae ol ph of diapausi g 

opepod spe ies o tri ute to uo a  regulatio  duri g diapause 

Resti g a d o - esti g opepod spe ies e e aught o  th ee diffe e t e peditio s, the 

hae ol ph as e t a ted a d atio  o positio s e e easu ed Pu li atio  II a d III, 

Chapte   a d . The esults suppo t the h pothesis that diapausi g opepods egulate thei  

uo a  ia alte i g thei  io i  o positio . The epla e e t of atio s ith a highe  

ole ula  eight su h as Na+, Mg + a d Ca + agai st lo  de sit  NH + de eases the o e all 
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de sit  of the diapausi g opepod a d suppo ts eut al uo a , hile sta i g isoos oti  

ith the su ou di g sea ate . 

III. High NH + o e tratio s i  the hae ol ph of diapausi g opepod spe ies are 
asso iated ith lo  pHe o ditio s to a oid a diffusi e loss a d the pote tiall  
to i  effe ts of NH  

I  o de  to p o e that ele ated le els of a o iu  i  the hae ol ph of diapausi g spe ies 

a e asso iated ith lo  pHe o ditio s, esti g a d o - esti g opepod spe ies e e aught 

o  fou  diffe e t e peditio s a d the espe ti e pH of i di idual hae ol ph sa ples as 

easu ed Pu li atio  II a d III, Chapte   a d . The esults help testi g the h pothesis of a 

fu tio al li k et ee  a o iu  a u ulatio  as a uo a  o t ol e ha is  a d a  

asso iated d op i  pHe, ot o l  as a p e o ditio  fo  a o iu  a u ulatio , ut i  

additio  as a pote tial t igge  to ediate eta oli  dep essio  du i g diapause.  

IV. A o iu  a u ulatio  a d pH redu tio  is a seaso al phe o e o  a d aries 
ith depth 

If the h pothesis of a o iu -aided uo a , a d at the sa e ti e, pH-i du ed eta oli  

dep essio  is appli a le, it should e a seaso al phe o e o  ith highest a o iu  

o e t atio s a d lo est pH le els i  diapausi g i di iduals at o e i te i g depth, a d 

o al pH o ditio s a d lo est a ou ts of a o iu  i  a ti e i di iduals f o  su fa e 

ate s i  sp i g a d su e . To i estigate this h pothesis, opepods of diffe e t 

de elop e tal stages, sa pli g depths, seaso s a d he e, diffe e t life- le phases e e 

olle ted a d a al sed, ot o l  ased o  thei  a o iu  o te t a d pHe, ut also ith 

ega d to othe  ph siologi al a d io he i al ha a te isti s su h as lipid sto age patte , 

eta oli  ates a d sta le isotope o positio  Pu li atio  III, Chapte  .  

V. The a u ulated a o iu  origi ates either fro  dietar  i put duri g the 

produ ti e seaso  or fro  protei  ata olis  duri g diapause 

The o igi  of the a u ulated a o iu , as ell as its ti i g a d the se ue e of the 

asso iated pH de ease a e esse tial fo  the u de sta di g of the ph siologi al e ha is s 

ehi d uo a  egulatio  a d diapause o t ol. Pote tial sou es of a o iu  a e 



 

 

 

 

dis ussed ith ega d to the ti i g of OVM a d ph siologi al a d io he i al adaptatio s i  

pola  opepods s opti  dis ussio , Chapte  . . 

VI. Io  repla e e t a d a idi  pH o ditio s are pri iple o trolli g fa tors of 

opepod diapause also a ti g i  Ar ti  spe ies  

Diapause a d e ti al ig atio  a e o o  phe o e a also i  se e al A ti  opepod 

spe ies. The esults of this stud  a e o pa ed to e e t i estigatio s o e i g the 

e t a ellula  atio  o positio  a d pH i  A ti  diapausi g spe ies. Pote tial diffe e es a e 

dis ussed o  a glo al s ale s opti  dis ussio , hapte  . .  
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Abstract The herbivorous Antarctic copepod Calanoides

acutus overwinters inactively in a resting stage (diapause)

at depths below 500 m. It is assumed that during diapause

C. acutus is neutrally buoyant in order to retain energy

reserves otherwise depleted by swimming activities.

However, so far, no experimental observations on its

buoyancy have been reported and our knowledge of

buoyancy regulation mechanisms is incomplete. In the

present study, species-specific differences in buoyancy

were assessed visually. Observations were made of speci-

mens from the diapausing cohort of C. acutus and com-

pared to another herbivorous copepod Calanus propinquus,

which overwinters actively feeding in the upper water

layers. Freshly caught copepods were anaesthetized in a

3-amino-benzoic acid ethyl ester (MS222) in seawater

solution in order to exclude the influence of swimming

movements on buoyancy control. It was shown that C.

propinquus was negatively buoyant, whereas diapausing C.

acutus remained neutrally buoyant. This is the first record

that neutral buoyancy in diapausing copepods is main-

tained by the biochemical body composition without the

additional need of swimming movements.

Keywords Zooplankton � Copepod � Calanoides acutus �

Antarctic � Diapause � Buoyancy � Ammonium

Introduction

The two dominant Antarctic copepod species, Calanoides

acutus and Calanus propinquus, have developed opposing

life-cycle strategies in order to survive periods of food

scarcity in austral winter. They show distinct seasonal,

inter-specific, and stage-dependent differences in behavior,

physiological condition, and biochemical composition. C.

acutus descends to depths below 500 m and survives the

food-limited winter season by remaining inactive during a

resting stage (diapause) for several months. In contrast, C.

propinquus is a winter-active species, remaining in the

upper 500 m throughout the entire year, and switching to a

more opportunistic diet during winter (e.g., Donnelly et al.

1994; Schnack-Schiel and Hagen 1995; Atkinson 1998).

Both species rely on large lipid deposits as energy reserves

accumulated in the previous productive season, but they

accumulate different lipid classes (Schnack-Schiel et al.

1991; Kattner et al. 1994; Hagen and Auel 2001).

In C. acutus, neutral buoyancy during diapause would

reduce a depletion of energy reserves caused by swimming

activities and, hence, ensure the successful restart of

development and reproduction in the following spring. In

contrast, actively overwintering species are presumably

negatively buoyant and need to swim to counteract sinking

(Haury and Weihs 1976). Until now, these species-specific

differences in buoyancy have never been observed, neither

under experimental conditions, nor in situ.

The present study aims to clarify whether diapausing

copepods achieve and maintain neutral buoyancy without

the necessity of active swimming.
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Materials and Methods

Copepods were caught on board R/V Polarstern during

expedition ANTXXIX/6 in austral winter at station 500 (68�

0.80 S, 6� 40.40 W; 2 July 2013; bottom depth 4,799 m) and

507 (66� 33.70 S, 27� 2.40 W; 17 July 2013; bottom depth

4,880 m) in the Weddell Sea. Hydrographical data were

recorded prior to the zooplankton haul using a Conductivity-

Temperature-Depth (CTD) profiler (SBE 911plus). Verti-

cally stratified samples were collected with a multiple

opening/closing net equipped with five nets of 100-lmmesh

size from 2,000–1,500, 1,500–1,000, 1,000–500, 500–200,

and 200–0 m depth. Copepods were separated according to

species, sex, and ontogenetic stage and kept in filtered sea-

water in a temperature-controlled refrigerator (0.4 �C) prior

to the experiments. C. propinquus copepodite stages CV

were taken from the upper water layer (200–0 m) and for

diapausing C. acutus the main overwintering stages CIV

were chosen from deeper layers (1,500–1,000 m). A grad-

uated measuring cylinder (polymethylpentene, volume 2 l,

external diameter 84 mm, and 531 mmheight) was used as a

settling chamber, filled with filtered seawater. Due to a

pronounced thermocline in the upper 200 m where C. pro-

pinquus were caught, a mean experimental temperature

representing conditions occurring in both water layers was

chosen according to the CTD profile (0.4 �C, salinity 34.4,

and calculated density 1.026 g cm-3). Previous studies may

have suffered frombias by dissection, preservation, freezing,

and rinsing. Therefore, we deliberately avoided any form of

preparation of the copepods before the experiments to

exclude effects on the osmotic or biochemical composition

and, thus, on the overall density of an individual. Copepods

were only anaesthetized in a MS222 in seawater solution to

exclude the influence of swimming movements. The expo-

sure time to the anesthetic varied depending on the species

(see ‘‘Results’’). A successful anesthetization was defined as

the state in which external stimuli (gentle contact/touch of

the large anterior antennae) did not result in any reaction or

swimming/escape activities. Successfully anesthetized

individuals were gently and separately transferred into the

surface layer of the measuring cylinder using a small pipette.

The behavior in the water column was monitored visually

and sinking speeds were estimated with a stopwatch. The

length of monitoring was adapted to the duration of the

anesthesia. After a certain time in filtered seawater, the

anesthetizing effects subsided and individuals were checked

for their condition.

Results and Conclusions

Copepods were successfully anesthetized at a concentra-

tion of 0.3 g MS222 per liter seawater at 0.4 �C. The

exposure times, until narcotic effects were ascertained,

varied between 4 and 5 min for C. acutus and up to 40 min

for C. propinquus. After approximately 30 min in fresh and

filtrated seawater, the narcotic effects of the anesthetic

agent subsided in both species.

Once introduced into the settling chamber, all individ-

uals of anesthetized winter-active C. propinquus started

sinking. The sinking velocities differed due to the orien-

tation of the copepod in the water column. Whereas most

of the individuals sank rapidly (*1 cm s-1) with their

head first and legs folded alongside their bodies, some sank

sidewise with one or both first antennae slightly spread,

resulting in slower sinking velocities (*0.5 cm s-1). After

a maximum of 1.5 min, all individuals were found on the

bottom of the measuring cylinder. After the narcotic effects

of the anesthetic agent had subsided, all copepods started

swimming again and were found distributed over the entire

water column.

In contrast, all individuals of the anesthetized diapaus-

ing copepod C. acutus reached a point of neutral to positive

buoyancy just after having them transferred to the vessel

and remained floating in the surface layer, where they were

located irrespective of whether the anesthetic effects had

worn off.

Species-specific density determinations for Antarctic

copepods do not exist so far, whereas several studies have

focused on the density of boreal or Arctic copepods, pre-

dominantly in relation to their lipid content and lipid class

composition (e.g., Gross and Raymont 1942; Køgeler et al.

1987; Visser and Jónasdóttir 1999; Knutsen et al. 2001).

Knutsen et al. (2001) critically reviewed density mea-

surements of pelagic copepods and showed that all of these

studies comprise systematic errors. Knutsen et al. (2001)

used an experimental setup and procedure similar to the

present study. Sinking speeds were determined in freshly

caught and anesthetized individuals of diapausing Calanus

finmarchicus, but with one major difference to our study.

Prior to determination of sinking speeds, the large anterior

antennae were removed to avoid an influence on sinking

velocities. Stokes’ law was applied to calculate their den-

sity, with distinctly lowest densities during winter. How-

ever, the removal of the antennae should be critically

viewed, since leakage of hemolymph may have contributed

substantially to the overall density of the copepod and may

have biased the density determination.

The fact that large proportions of low-density lipids affect

the overall density and, hence, buoyancy regulation in

copepods has been recognized for a long time, and several

authors consider lipids as the main constituent determining

buoyancy and overwintering depth (e.g., Visser and

Jónasdóttir 1999; Irigoien 2004; Pond and Tarling 2011;

Pond et al. 2012). However, pure lipid-based neutral buoy-

ancy is inherently unstable and difficult to regulate as lipids

1370 Polar Biol (2014) 37:1369–1371
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are more compressible and have a larger thermal expansion

than the surrounding seawater (Yayanos et al. 1978). Large

compositional variability is evident for diapausing copepods

and lipid levelsmay vary between 10 and 35 %of drymass in

overwintering copepodites CV in late winter (Hagen and

Schnack-Schiel 1996). Small changes in lipid content and/or

composition may have tremendous effects on the overall

density of the organism and require additional buoyancy

regulation mechanisms for fine-tuning (Campbell and

Dower 2003; Campbell 2004).

Only recently were highly elevated levels of ammonium

(NH4
?) measured in the hemolymph of diapausing C.

acutus, while concentrations of other cations, particularly

those with a higher molecular weight (i.e., Na?, Mg2?,

Ca2?), were low. In contrast, none of the actively over-

wintering species showed elevated ammonium concentra-

tions and their cation composition approximated that of the

surrounding seawater (Sartoris et al. 2010; Schründer et al.

2013). Ammonium storage provides a potential mechanism

for fine-scale buoyancy regulation. It is a waste product of

protein and amino acid catabolism. Therefore, energetic

costs for the accumulation of ammonium are low compared

to active swimming or the accumulation of lipids.

Ammonium-aided buoyancy is independent of ambient

pressure, and therefore is well suited for the extensive

vertical migration of copepods in autumn, as well as in

assisting in the upward migration to the surface with

reduced lipid levels in the following spring (Schnack-

Schiel et al. 1991; Pasternak et al. 2009).

The present experimental approach suggests that diap-

ausing C. acutus achieve neutral buoyancy through their

biochemical body composition, without the need of

swimming movements. This has a fundamental advantage

as it reduces the depletion of energy reserves during dia-

pause, when copepods do not feed. Moreover, it diminishes

the risk of attracting predators, which otherwise would

respond to swimming activities. To clarify how far neutral

buoyancy can be maintained throughout the entire water

column with varying pressure and densities represents a

challenging task for future investigations.
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a d thei  i pli atio s fo  life- le adaptatio s 
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A st a t 

He i o ous opepod spe ies ha e de eloped spe ifi  life- le st ategies to ope ith the 

p o ou ed seaso alit  of p i a  p odu tio  i  the Southe  O ea . O toge eti  e ti al 

ig atio  OVM  asso iated ith a esti g stage diapause  at g eate  depth >   is a 

k o  adaptatio  to es ape food s a it  du i g i te , although the o t olli g fa to s 

i du i g a d te i ati g OVM a d diapause a e still u k o . This stud  p o ides a 

o p ehe si e data set of seaso al a d depth elated d a i s ithi  the life- le 

adaptatio s of esti g a d o - esti g A ta ti  opepod spe ies Calanoides a utus, 

Rhin alanus gigas a d Calanus p opin uus f o  fou  e peditio s, o e i g aust al sp i g, 

su e , autu  a d i te . High o e t atio s of a o iu  NH +  ith a i u  alues 

of up to  ol L-  i  i te  e e fou d i  diapausi g spe ies C. a utus a d R. gigas a d 

e e asso iated to a idi  pH o ditio s of pH ≤ . These fi di gs suppo t p e ious 

i estigatio s o  o el h potheses a out the o t olli g fa to s of opepod diapause. It is 

assu ed that the epla e e t of io s ith a highe  ole ula  eight a d the a u ulatio  of 

lo  de sit  a o iu  o t i ute to the a hie e e t of a  e e g -sa i g state of eut al 

uo a . Fu the o e, lo  pH o ditio s ight ot o l  e a p e o ditio  fo  a o iu  

a u ulatio , ut i  additio  t igge  do a  i  opepods.  
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 I t odu tio  

I  the Southe  O ea , st o g seaso al ha ges i  sola  adiatio , sea-i e e te t a d, he e, 

p i a  p odu tio  p ese t a halle ge fo  he i o ous zoopla kto  a d ha e shaped 

diffe e t spe ies' life les a d o e i te i g st ategies. The th ee do i a t la ge A ta ti  

opepod spe ies Calanoides a utus, Rhin alanus gigas a d Calanus p opin uus a e 

ep ese tati es fo  diffe e t life- le st ategies a d p ese t spe ies- a d stage-spe ifi  as 

ell as seaso al a iatio s i  thei  e ti al a d latitudi al dist i utio  e. g. Vo o i a , 

Ma i  , Atki so  , Ma i  a d S h a k-S hiel , Atki so  , the pe fo a e 

of seaso al/o toge eti  e ti al ig atio s OVM  e.g. Bath a  et al. , Atki so  , 

lipid- ios thesis path a s a d sto age patte s e.g. Hage  et al. , Katt e  a d Hage  

, Lee at al. , Katt e  et al. , dieta  p efe e es e.g. Dalsgaa d et al.  a d 

eta oli  a ti ities D its et al. , Paste ak a d S h a k-S hiel . C. a utus is a 

seaso al ig a t o e i te i g at g eate  depth as late opepodids i  a esti g stage alled 

diapause. While i  diapause, eta oli  dep essio  is e ide t f o  edu ed eta oli  ates 

a d s i i g a ti ities i  o de  to a oid a depletio  of e e g  ese es. C. p opin uus 

o e i te s a ti el  feedi g i  the uppe  ate  la e s, s it hi g to a o e o i o ous diet 

du i g i te , he eas R. gigas has a o e fle i le, o e- o  t o ea  life le ith pa ts of its 

populatio  e te i g diapause, hile the est e ai s i  the su fa e la e  Atki so  . 

E e  though ou  k o ledge o  life- le adaptatio s of A ta ti  opepods has astl  

i p o ed o e  the last de ades, the sig als a d ph siologi al e ha is s t igge i g 

o toge eti  e ti al ig atio  a d diapause a e still fa  f o  u de stood.  

O l  e e tl , opepod spe ies e e fou d to diffe  i  the io  o positio  of thei  

hae ol ph. High a ou ts of a o iu  NH +  asso iated ith lo  pH alues of ≤  e e 

easu ed i  the diapausi g opepods C. a utus a d R. gigas Sa to is et al. , S h ü de  et 

al. . Additio all , C. a utus ai tai s eut al uo a  du i g aust al i te  o l   its 

io he i al o positio  ithout the additio al eed of s i i g o e e ts S h ü de  et 

al. . These fi di gs p o ide a asis fo  o el h potheses, hi h postulate that the 

epla e e t of hea  io s e.g. Na+, Mg +, Ca +   a o iu  ith a lo e  de sit  edu es 

the o e all de sit  of the opepod a d helps ai tai i g a  e e g  sa i g state of eut al 

uo a  du i g diapause Sa to is et al. . A lo  hae ol ph pH is a p e o ditio  to 
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ai tai  a d a u ulate a o iu  i  suffi ie t a ou ts i  the less to i  io ised fo  NH +. 

Si e lo  pH alues a e also k o  as a ele a t fa to  edu i g eta oli  ate i  othe  

a i e i e te ates, the  a , i  additio , e su e eta oli  dep essio  du i g diapause 

Sa to is et al. , S h ü de  et al. . 

P e ious studies o  life- le adaptatio s e e ofte  est i ted to the su e  o ths a d 

o se atio s i  id- i te  a e a e due to logisti al o st ai ts. This stud  p o ides a 

o p ehe si e data set f o  fou  e peditio s, o e i g aust al sp i g, su e , autu  a d 

i te  Fig. . Copepods f o  diffe e t seaso s, de elop e tal stages, sa pli g depths, a d 

he e, diffe e t life- le phases e e olle ted a d a al sed ith ega d to thei  e t a ellula  

a o iu  o te t a d pH. I  additio , ph siologi al a d io he i al pa a ete  su h as 

eta oli  ates, lipid sto age patte s a d sta le isotope atios e e easu ed. Respi atio  

ates e e dete i ed to p o ide i fo atio  o  the eta oli  a ti it  of the opepods, 

he eas the a al sis of lipids a d fatt  a id o positio s as used to ide tif  spe ies-spe ifi  

lipid sto age patte s a d sele ti e ete tio  a d o ilisatio  of lipid o po e ts du i g 

sta atio  pe iods. I  additio , so e fatt  a ids a  e used as t ophi  io a ke s, as the  a e 

ha a te isti  of spe ifi  i oalgae g oups a d a e i o po ated la gel  u odified i to the 

sto age lipids Dalsgaa d et al. . The isotopi  atio of it oge  δ N: N/ N  is usuall  

i di ati e fo  the t ophi  positio  of a o su e . Due to the sele ti e ete tio  of the hea ie  

N isotope i  the od  tissues a d the e etio  of the lighte  N isotope, the isotopi  

o positio  is t pi all  e i hed i  N  .  ± . ‰ f o  o e le el to the othe  Mi aga a 

a d Wada .  

The e a e t o ai  o je ti es of this stud . The fi st o je ti e is a seaso al o pa iso  of the 

e t a ellula  atio  o positio  a d pH to test o el h potheses o  ph siologi al p o esses, 

i  hi h diapausi g opepods egulate thei  uo a  ia ha ges i  thei  io  o positio , 

hile a  asso iated pH edu tio  se es as a pote tial t igge  fo  eta oli  dep essio . If so, 

a o iu  a u ulatio  a d pH edu tio  should e a seaso al phe o e o  ith highest 

a o iu  o e t atio s a d lo est pH le els i  diapausi g i di iduals at o e i te i g 

depth du i g i te , a d o al pH o ditio s a d lo est a ou ts of a o iu  i  a ti e 

i di iduals f o  the su fa e ate s i  sp i g a d su e . The se o d o je ti e is to o fi  

a d supple e t e isti g k o ledge o  life- le st ategies of pola  opepods a d to la if  
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the life-histo  a kg ou ds of the i estigated opepods, ased o  supple e ta  data o  

espi atio  ates, lipid o te t, lipid lass a d fatt  a id o positio  a d sta le isotope atios 

f o  diffe e t seaso s, statio s a d depth la e s. 

 Mate ial a d Methods 

.  Sa pli g 

Copepods e e sa pled du i g fou  e peditio s o oa d RV Pola ste n i  late su e /ea l  

autu  ANT XXVII/ , Fe ua  to Ap il , late sp i g ANT XXVIII/ , De e e  , 

i te  ANT XXIX/ , Ju e to Jul   a d ea l  su e  ANT XXIX/ , Ja ua  to Fe ua  

, Fig. .  

 
Figu e . Stud  a ea ith sa pli g sites. 

)oopla kto  sa ples e e olle ted  st atified e ti al hauls f o  a a i u  depth of 

  to the su fa e usi g ultiple/ope i g losi g ets Multi et Ma i, outh ope i g .  

²; Multi et Midi, outh ope i g .  ²;  µ  esh size fo  oth . Additio al hauls f o  
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a a i u  depth of   to the su fa e e e ade ith a Bo go et outh ope i g .  

², esh size  μ  a d du i g ANTXXVIII/  also ith a Tu ke  T a l outh ope i g .  

², esh size  μ . Spe i e s of Calanoides a utus, Calanus p opin uus a d Rhin alanus 

gigas e e so ted f o  the sa ples a d ide tified to se  a d opepodite stage opepodite 

stage - : CIII-CV; adult fe ales: F . Fo  espi atio  easu e e ts, hae ol ph e t a tio  

a d pH easu e e ts, li e i di iduals e e kept i  filte ed sea ate  i  a te pe atu e-

o t olled ef ige ato  o  ooli g o tai e  at °C p io  to the easu e e ts. Fo  a al ses of 

d  ass, lipid o te t a d o positio  a d sta le isotope sig atu e, spe i e s e e deep-

f oze  at - °C.  

.  Hae ol ph e t a tio  a d a al sis 

Hae ol ph as e t a ted a uall  f o  i di idual li e opepods usi g s all glass 

apilla ies fo  fu the  details see S h ü de  et al. . Ea h hae ol ph sa ple as 

diluted i   µl of de-io ised ate  a d the atio  o positio  as a al sed  io  

h o atog aph  usi g a DIONEX ICS  ith a  Io Pa  CS  olu  a d etha e sulfo i  

a id MSA,  ol L-  as a  elue t at .  l i -  flo  ate. I o ga i  io s su h as NH +, 

Na+, Mg +, K+, a d Ca + e e ide tified a o di g to ete tio  ti es i  o pa iso  to a atio  

sta da d of k o  o positio  Dio e , Si  Catio  Sta da d . Catio  o e t atio s a e 

e p essed as ol L- .  

.  E t a ellula  pH- easu e e ts 

E t a ellula  pH pHe  as easu ed i  i di idual hae ol ph sa ples of at least  l 

di e tl  o oa d usi g a Na oD op  fluo o ete  The o Fis he  a d a fluo es e t d e 

HPTS, -H d o p e e- , , -t isulfo i  a id t isodiu  salt, M  as a pH i di ato . pH as 

dete i ed  al ulati g the atios of fluo es e e e itatio  at a ele gths  a d   

i  o pa iso  to a ali atio  u e ith  M I idazole Sig a-Ald i h, Stei hei , 

Ge a  uffe ed sea ate . Measu e e ts esulti g i  pH u its elo  .  o  a o e .  

should e i te p eted ith autio  due to li itatio s of the fluo es e t d e HPTS. Fo  a 

detailed des iptio  of the ethod see S h ü de  et al. .  
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.  Respi atio  easu e e ts 

O ge  o su ptio  as easu ed o -i asi el   optode espi o et  usi g se e al -

ha el Fi e -Opti  O ge  Mete s Fi o   P eSe s, P e isio  Se si g G H  du i g 

e peditio  ANTXXVII/  a d a -Cha el Fi e -Opti  O ge  Mete  OXY- , P eSe s, 

P e isio  Se si g G H  du i g e peditio s ANTXXVIII/  a d ANTXXIX/ . Measu e e ts e e 

o du ted i  gas-tight glass ottles of  l olu e. The ottles e e filled ith o ge ated 

a d filte ed sea ate . Depe di g o  i di idual size,  to  i di idual opepods e e 

t a sfe ed i to ea h ottle. O e o  t o a i al-f ee o t ols e e easu ed i  ea h 

e pe i e t to o e t fo  u spe ifi  i o ial espi atio . Du i g the easu e e ts, all 

ottles e e kept i  a ate  ath i  a da k a d te pe atu e- o t olled ef ige ato  at .  °C. 

The de ease i  dissol ed o ge  o e t atio  as logged e e   to  se  fo  up to  

hou s. Data f o  the fi st hou  of ea h e pe i e t e e e luded f o  fu the  a al sis i  

o de  to i i ise the effe ts of ha dli g st ess at the egi i g of the e pe i e ts. Afte  

ea h easu e e t, i di iduals e e he ked fo  o ditio  a d deep-f oze  at - °C fo  

su se ue t dete i atio  of d  ass.  

.  D  ass dete i atio  a d lipid a al sis 

Fo  d  ass dete i atio , opepods e e l ophilised fo   h a d eighed i di iduall  usi g 

a Sa to ius Mi o ala e NCII S ith a p e isio  of ±  µg. 

Total lipid o te t as easu ed g a i et i all  a o di g to Fol h et al. , odified  

Hage  . Sa ples e e ho oge ised ith a Potte  ho oge ize  B au , Potte  S  a d a  

ult aso i  ell dis upte  Ba deli  ele t o i , UW . Lipids e e e t a ted ith a  o ga i  

sol e t di hlo o etha e/ etha ol, :   olu e  a d ashed ith a ueous KCl solutio  

. % . The e t a ts e e d ied u de  a st ea  of it oge  a d eighed.  

Fo  the a al sis of the fatt  a id FA  a d fatt  al ohol FAl  o positio , su sa ples of the 

lipid e t a ts e e t a seste ified ith % o e t ated sulphu i  a id i  etha ol at °C fo  

 h a o di g to Katt e  a d F i ke . Measu e e ts e e a ied out ith a gas 

h o atog aph Agile t Te h ologies A  e uipped ith a DB-FFAP olu    le gth, 

.   dia ete  a d heliu  as a a ie  gas. Fatt  a ids a d fatt  al ohols e e ide tified 
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 o pa i g thei  ete tio  ti es to those of k o  sta da ds Me hade  fish oil; atu al 

opepod sta da d Calanus hype o eus . Total a  este  WE  o te t as esti ated ased 

o  the FAl  o te t assu i g e ual a o  hai  le gths of the FAl  a d FA o po e ts i  the 

WE ole ules Katt e  et al. . Total a  este  o te t is e p essed as pe e tage of total 

lipid %TL . 

A p i ipal o po e t a al sis PCA, P i e  . .  as o du ted to ide tif  patte s i  the 

spe ies-spe ifi  a d/o  seaso al fatt  a id o positio . P io  to a al sis, data e e a si -

s ua e- oot t a sfo ed to o pe sate fo  o -ho oge ous a ia e of pe e tage alues 

Os o e . Fatt  a id o positio s e e a al sed follo i g the t ophi  io a ke  

o ept a o di g to Dalsgaa d et al. , ith : - , : - , : -  a d : -  

ei g t a e s fo  a p i ipal diato - ased diet, : -  a d : -  as flagellate a ke s, 

: - , : -  a d : -  ei g ala id a ke s a d : , : -  a d : -  as 

p i ipal o po e ts of io e a es Dalsgaa d et al. , Kell  a d S hei li g .  

.  Sta le isotope a al sis 

Deep-f oze  opepods e e l ophilised fo   h, eighed a d t a sfe ed i to ti  apsules. 

Sta le isotope a al ses of it oge  δ N  e e a ied out at TÜV Rhei la d Ag oisola  G H 

Jüli h, Ge a   ass spe t o et  Ca lo E a I st u e ts, EA NA  Se ies  ith 

sta da d AIR at osphe i  ai ; IAEA-N , Vie a  as efe e e a d heliu  as a a ie  gas. 

Isotopi  atios a e al ulated afte  Hodu  a d Ho so  . 

 Results 

.  Hae ol ph pH a d atio  o positio  

I  the hae ol ph of diapausi g C. a utus a d R. gigas, ea  pHe as sig ifi a tl  lo e  

tha  i  a ti el  o e i te i g C. p opin uus ANOVA, p< .  i  all de elop e tal stages 

a d o ths Ta le , Fig. . I  the t ue diapausi g spe ies C. a utus, the lo est pHe as 

easu ed i  i te  pHe . , Ta le .  
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Figu e . Hae ol ph pH of Calanus p opin uus, Calanoides a utus a d Rhin alanus gigas i  diffe e t 

seaso s, the p ese t data la k dots  o ple e t pu lished data g e  dots   S h ü de  et al. . 

Mea  alues ± sta da d de iatio , u e  of epli ates as i  Ta le . 

 

Figu e . Relatio ship et ee  pH a d o e t atio  of a o iu  NH +, ol L-  i  the hae ol ph 
of Rhin alanus gigas i  aust al i te  stage CIV =- + , R²= . , p= . ; CV =- + , R²= . , 
p= . ; fe ales =- + , R²= . , p< . . 

Ho e e , i  all th ee spe ies, ea  hae ol ph pH alues e ai ed fai l  o sta t 

th oughout the ea , a i g et ee  .  to .  i  C. p opin uus, .  to .  i  C. a utus a d 

.  to .  i  R. gigas. Seaso al, as ell as depth- elated diffe e es e e ot sig ifi a t. I  
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i te -a ti e C. p opin uus, a o iu  o e t atio s e e lo  i  all de elop e tal stages 

a d du i g all sa pli g o ths, ith a a i u  of  ol L-  i  adult fe ales i  i te  

Ta le . I  C. a utus a d R. gigas  o t ast, a o iu  o e t atio s e e al a s 

sig ifi a tl  highe  th oughout the ea  a d i  all de elop e tal stages ANOVA, p< . . 

A o di gl , o e t atio s of the othe  atio s, i  pa ti ula  of sodiu , e e edu ed  

Ta le . I  the diapausi g spe ies C. a utus, a o iu  o e t atio s e e ge e all  

highest i  o e i te i g stages CIV du i g aust al i te  ith a ea  o e t atio  of  

 ±  ol L-  a d a  i di idual a i u  of  ol L- , although seaso al a d depth-

elated t e ds e e ot sig ifi a t Ta le . I  Rhin alanus gigas, the a o iu  o te t as 

sig ifi a tl  affe ted  a idit  a d i eased ith lo e  pH alues. The o elatio  as ost 

p o ou ed i  adult fe ales =- + , R²= . , follo ed  CV =- + , R²= .  

a d CIV =- + , R²= .  Fig. . 
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.  Respiratio  rates 

Mass-spe ifi  o ge  o su ptio  ates e e ge e all  highe  i  s alle  opepodite stages, 

ith a a i u  of ±  µ ol O  h-  g DM-  i  a ti e o e i te i g C. p opi uus CIV f o  

the su fa e la e  - . O e all, highest a iatio  of espi atio  ates o u ed du i g 

i te  at the su fa e, a gi g f o   to  µ ol O  h-  g DM-  i  a ti el  o e i te i g C. 

p opi uus CIV a d f o   to  µ ol O  h-  g DM-  i  R. gigas CIV Fig. . 

I  the diapausi g spe ies C. a utus, o ge  o su ptio  o side a l  de eased ith depth i  

autu , a gi g f o  . ± .  µ ol O  h-  g DM-  i  the uppe    to . ± .  µ ol O  h-  g 

DM-  at -   i  CV a d f o  . ± .  -   to .  µ ol O  h-  g DM-  -

  i  CIV. I  i te , espi atio  as ge e all  lo  th oughout the ate  olu  a d did 

ot e eed  µ ol O  h-  g DM- , he eas du i g sp i g, ates of up to  µ ol O  h-  g DM-  

e e easu ed i  fe ales f o  the su fa e la e  Fig. .  

 

Figure . Respi atio  ates µ ol O  gDM-  h-  of Cala oides a utus, Rhi ala us gigas a d Cala us 
p opi uus i  autu  A , i te  B  a d sp i g C  CIII-CV: opepodite stages - , F: fe ale . 

 



Chapte   

 

 

 

.  Dr  ass a d total lipid o te t 

I  all th ee spe ies, lipid ass LM, g i d.-  as positi el  o elated to od  d  ass DM, 

g i d.- , e ept fo  C. p opi uus i  sp i g sp i g: C. a utus = + . , R = . , R. gigas 

= + . , R = . ; su e : C. a utus = + . , R = . , C. p opi uus = + . , 

R = . ; autu : C. a utus = + . , R = . , R. gigas = + . , R = . ,  

C. p opi uus = + . , R = . ; i te : C. a utus = + . , R = . , R. gigas 

= + . , R = . , C. p opi uus = + . , R = . . D  asses ge e all  i eased 

f o  sp i g to a ds su e , ea hed highest alues i  i di iduals f o  deepe  ate  la e s 

>   f o  Fe ua  to Ap il a d de eased agai  to a ds i te  Fig. .  

Total lipid o te t TL, %DM  a ou ted fo  a i i u  of %DM i  Rhi ala us gigas du i g 

i te  to a a i u  of %DM i  Cala oides a utus du i g ea l  su e  Ja ua , Fig. . I  

diapausi g spe ies C. a utus, lipid le els e e sig ifi a tl  o elated to depth of o u e e 

a d i eased ith i easi g depth i  fe ales i  ea l  su e  Ja ua   

 =  - , R  = . , p< .  a d CIV a d CV du i g autu  CIV:  =  - , R = . , 

p< . ; CV:  =  - , R = . , p< . . I  R. gigas, total lipid o te t as ge e all  lo e  

tha  i  the othe  t o spe ies, a gi g f o  % i  i te  to % i  sp i g Fig. . I   

C. p opi uus CV f o  g eate  depths, total lipid o te t lea l  i eased f o  De e e  to 

Ma h/Ap il a d de eased to a ds i te . I  fe ales f o  the su fa e la e s, lipid o te t 

g aduall  i eased f o  sp i g to a ds the e d of su e  Ma h/Ap il  a d at g eate  

depths, TL d opped to a ds i te   %DM Fig. . 
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.  Lipid lass o positio , wa  ester o te t, fatt  a id a d fatt  al ohol o positio  

The la gest diffe e es et ee  the th ee spe ies e e the a u ulatio  of diffe e t lipid 

lasses, follo ed  spe ies-spe ifi  as ell as stage-depe de t a d seaso al a iatio s i  

total lipid o te t a d i  the fatt  a id/fatt  al ohol o positio  Ta le .  

Both i a ti el  o e i te i g spe ies C. a utus a d R. gigas a u ulated e  high a ou ts of 

a  este s ith up to % of total lipid i  C. a utus a d %TL i  R. gigas. I  o t ast, o a  

este s e e fou d i  a ti el  o e i te i g C. p opi uus. 

The fatt  a id o positio  of the diapausi g spe ies C. a utus a d R. gigas e e ge e all  

do i ated  the pol u satu ated fatt  a id : - . I  C. a utus, ele ated a ou ts of e  

lo g- hai  ala id a ke s : - , : -  a d : -  e e fou d. I  o t ast su h 

lo g- hai  oieties e e ea l  a se t i  R. gigas Ta le . I  C. p opi uus o e all a o  

fatt  a ids e e i  de easi g o de  : , : - , : - , : - , a d : -  a d 

o e all ost p o ou ed seaso al diffe e es i  fatt  a id o positio  e e fou d i  adult 

fe ales. He e, sa ples f o  the su fa e i  sp i g lea l  diffe ed f o  the othe  sa ples, 

ha i g se e el  edu ed le els of ala id a ke s : -  a d : - , a d i  tu  e t a 

o di a  high pe e tages of phospholipids : - , : -  a d :  Ta le .   

A PCA as o du ted to o pa e the sa ples of all spe ies a d uises ith ega d to fatt  

a id o positio  a d the fi st t o p i ipal o po e ts a e sho  i  Fig. . PC  e plai s 

. % a d PC  . % of the total a ia e of FA o positio al data. PC  as ha a te ized  

egati e loadi gs of ala id a ke s : - , : - , : -  a d : , a d positi e 

loadi gs fo  all e ai i g fatt  a ids o t i uti g less tha  % to total fatt  a ids. All sa ples 

e e g ouped i  th ee ell defi ed spe ies-spe ifi  luste s a o di g to the fatt  a id 

p ofiles. Espe iall  Rhi ala us gigas as tightl  g ouped togethe , he eas i  C. p opi uus 

th ee fe ale sa ples f o  the su fa e la e s i  sp i g a d a deep- ate  sa ple of C. a utus 

CV i  i te  de iated f o  the othe  sa ples Fig. .  
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Figure . P i ipal o po e t a al sis PCA  of the fatt  a id o positio  of Cala oides a utus, 

Rhi ala us gigas a d Cala us p opi uus data e e a si e s ua e- oot t a sfo ed, fatt  a ids 

o t i uti g < % to total fatt  a ids, a d fatt  al ohols a e e luded . 

.  Sta le Isotopes 

Isotopi  atios of δ N e e egati el  o elated ith sa pli g depth i  all stages of C. a utus 

i  autu , i  opepodids CIV i  i te  a d sp i g a d CV i  su e  Fig. . Highest δ N 

e e easu ed i  opepodids CIV f o  the su fa e la e  du i g autu  .  ± . ‰, Fig. . 

At  to   depth, o e i te i g opepodids CIV had a e a ka l  sta le δ N atio of 

. ‰ th oughout the ea . I  R. gigas, δ N atios a ged f o  . ‰ i  CV du i g autu  to 

. ‰ i  fe ales i  sp i g Fig. . Depth- elated t e ds e e less p o ou ed a d a iatio  

as espe iall  high i  the esopelagi  la e  ≈   i  autu  .  - . ‰ . O l  i  sp i g, 

δ N atios e e positi el  o elated to sa pli g depth i  adult fe ales Fig. . 

Isotopi  atios of δ N i  a ti el  o e i te i g C. p opi uus a ged f o  .  ± . ‰ i  

opepodids CIV i  i te  to a a i u  of . ‰ i  a  adult fe ale i  sp i g Fig. .  δ N 

atios e e positi el  o elated ith sa pli g depth i  opepodids CIV a d CV i  autu .  
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Figure 7. δ
15

N (‰) ratios of Calanoides acutus, Calanus propinquus and Rhincalanus gigas at mid-depth of 

sampling interval (m) in austral autumn (A), winter (B), spring (C) and summer (D) (CIV-CV: copepodite 

stages 4-5, F: female). 

 

 

 

 

 

 

 



 

 

 

 Chapte   

 Dis ussio  

He i o ous opepods i  pola  o ea s ha e to ope ith seaso all  li ited food-suppl  du i g 

the lo g pola  i te . To o e o e e te ded pe iods of sta atio , se e al spe ies i ludi g 

the A ta ti  Cala oides a utus a d th ee A ti  Cala us spe ies o e i te  at depth i  a 

do a t state alled diapause, e lusi el  fuelled  i te al e e g  ese es i  the fo  of 

lipids e.g. Co o e  , Atki so  , Hi he . The e ha is s t igge i g des e t at 

the e d of su e  a d i du i g eta oli  dep essio  fo  diapause a e still fa  f o  

u de stood. 

I  a p e ious stud , “a to is et al.  dis o e ed that diapausi g opepod spe ies 

a u ulated la ge a ou ts of a o iu  io s NH +  i  the hae ol ph a d postulated that 

the epla e e t of atio s ith a highe  ole ula  eight su h as Na+, Mg + a d Ca +  lo  

de sit  NH + a  o t i ute to a  e e g -effi ie t uo a  egulatio  du i g diapause. 

We “ h ü de  et al.  sho ed that a o iu  a u ulatio  i  diapausi g opepods is 

asso iated ith edu ed e t a ellula  pH le els. The dist i utio  a d fo atio  of a o iu  

is st o gl  li ked to the pH. I  a ueous solutio , a o ia total a o ia: NH /NH +  e ists as 

eithe  io ised NH + o  u -io ised NH . Lo  pH fa ou s the fo atio  of NH +, the less to i  a d 

less diffusi e fo  of a o ia, a d, as su h, is a p e e uisite fo  the sto age of a o iu  i  

la ge ua tities. 

I  additio , e e o ded e pi i all  that diapausi g C. a utus ith high a o iu  o te t 

had eut al uo a  ithout s i i g a ti it  du i g i te , he eas Cala us p opi uus, 

hi h does ot sto e a o iu , as egati el  uo a t “ h ü de  et al. .  

I  the p ese t stud , e fo used o  seaso al a d depth- elated a iatio s i  atio  

o positio , a o iu  o te t a d othe  e oph siologi al a d io he i al pa a ete s i  

o de  to elu idate ho  p o esses of e ti al ig atio , diapause a d a o iu  a u ulatio  

i te a t du i g the life le of the A ta ti  C. a utus i  o t ast to o-o u i g opepods  

C. p opi uus a d R. gigas ith diffe e t adapti e st ategies.  

Diapausi g a d o -diapausi g opepods diffe ed i  thei  e t a ellula  atio  o positio . 

Withi  the hae ol ph of C. a utus a d R. gigas, st o gl  i eased le els of a o iu  

NH +  e e fou d, he eas le els of the e ai i g atio s e e edu ed. Ele ated le els of 
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lo -de sit  a o iu  a d i o  o t i utio s of hea ie  io s o t i ute to uo a  

egulatio . Neut al uo a  p o ides a  ad a tage du i g o e i te i g at g eate  depth 

e ause it edu es e e g  e ui e e ts fo  o sta t s i i g. I  othe  a i e ta a su h as 

s uids Cla ke et al. , deep sea sh i ps “a de s a d Child ess  a d p otozoa  

De to  et al. , the sto age of lo -de sit  a o iu  is a ell-k o  uo a  

e ha is . It p o ides a ost effi ie t solutio , si e a o iu  is a aste p odu t of the 

p otei  ata olis . Mo eo e , the uo a  effe t of a o iu  is i depe de t of ha ges i  

a ie t p essu e, e pe ie ed  opepods du i g p o ou ed seaso al e ti al ig atio .  

Ele ated le els of NH + e e asso iated ith lo  pH i  the hae ol ph i  oth diapausi g 

spe ies. I  R. gigas, a o iu  o e t atio s e e sig ifi a tl  o elated to hae ol ph 

pH i  all stages, hile i  C. a utus li ea  elatio ships e e fou d i  ost seaso s ith the 

e eptio  of i te  “ h ü de  et al. . The st o g ausal elatio ship et ee  pH a d 

a o iu  o e t atio  does ot e essa il  lead to a sig ifi a t o elatio  et ee  these 

p ope ties th oughout the ea . It is also possi le that o l  a e tai  th eshold i  pH ust e 

su passed fo  the fo atio  of NH +.  

The g eat a ia e of a o iu  o e t atio s i  ou  data set a  e e plai ed  a 

o i atio  of i te -a ual, spatial a d i di idual a ia ilit . We o i ed data f o  fou  

diffe e t A ta ti  e peditio s i  su se ue t ea s to eate a i tual seaso al le. Although 

all e peditio s ta geted the Weddell “ea, it as ot possi le to olle t sa ples at e a tl  the 

sa e positio s du i g ea h uise. I  additio , i di idual a ia ilit  i  life histo  et ee  

spe i e s ould ot e uled out. The ti i g a d e te t of a o iu  a u ulatio  as a 

uo a  aid a e highl  i di idual p o esses a d depe d i te  alia o  the ph siologi al status 

a d the io he i al o positio  of ea h i di idual. Depe di g o  the de elop e tal status 

a d the ph siologi al a kg ou d, ea h od  o po e t o t i utes to the o e all de sit  of 

the i di idual i  a i g p opo tio s. Moulti g, sta i g, go ad a d egg atu atio , a tuall  

all eta oli  p o esses, ha ge the elati e io he i al o positio  a d he e de sit .  

Besides uo a  egulatio , lo  pH alues a  also e i ol ed i  i du i g eta oli  

dep essio  du i g diapause. I  se e al i e te ates, fo  i sta e i e sh i p A te ia sali a 

a d s ail O eoheli  spp., lo  i t a ellula  pH alues a e a ele a t fa to  edu i g e e g  

tu o e  a d eta oli  ates i  diffe e t od  ells a d o  the o ga is i  le el Busa a d 
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Nu itelli , Ha d a d G aige  , Ha d a d Ca pe te  , Rees a d Ha d  a d 

pote tial effe ts o  eta oli  p o esses ia ha ges i  e t a ellula  pH ha e ee  sho  fo  

a i e o  Sipu ulus udus Reips hläge  a d Pö t e  . The efo e, it is possi le that 

lo  e t a ellula  pH o ditio s i  the hae ol ph ould also t igge  do a  i  opepods.  

To supple e t seaso al t e ds i  hae ol ph pH a d a o iu  o e t atio , e 

easu ed a  e te si e data set o  othe  ph siologi al a d io he i al pa a ete s i ludi g 

espi atio  ates, lipid o te t a d o positio  as ell as it oge  sta le isotope atios.  

I  a o da e ith p e ious studies e.g. Hage  et al. , Katt e  a d Hage  , Katt e  

et al. , the th ee A ta ti  opepod spe ies diffe ed i  thei  lipid lass o positio  a d 

lipid sto age st ateg . While C. a utus a u ulated a  este s as ajo  lipid lass, lipids of C. 

p opi uus e e do i ated  t ia lgl e ols. R. gigas also s thesizes a  este s, ut ith 

fatt  a ids of sho te  hai  le gth Katt e  et al. . The diffe e t lipid sto age st ategies 

ha e ee  att i uted to diffe e es i  life le a d dieta  o positio . Wa  este s usuall  

se e as lo g-te  e e g  sto es i  diapausi g spe ies, he eas t ia lgl e ols o e  sho te  

te  e e g  e ui e e ts of C. p opi uus, hi h s it hes to a o e a i o ous diet du i g 

i te  Metz a d “ h a k-“ hiel , Paste ak a d “ h a k-“ hiel .  

U e pe tedl , C. a utus f o  deepe  la e s i  all stages i  autu , i  CIV i  i te  a d sp i g 

a d CV i  su e  had lo e  δ N atios tha  o spe ifi s f o  the su fa e. This esult as i  

o t ast to othe  opepods, he e δ N atios ofte  i ease ith i easi g depth of 

o u e e Laak a  a d Auel . I easi g δ N atios ith i easi g depth of 

o u e e i  zoopla kto  a e usuall  e plai ed  a de easi g a aila ilit  of ph topla kto  

a d/o  ph todet itus as pote tial food sou e at depth a d the otio  that si ki g pa ti ulate 

o ga i  ate ial POM  is ei g o su ed a d e o ked se e al ti es o  its a  do , 

leadi g to highe  δ N atios i  deep-sea POM due to epetiti e isotopi  f a tio atio . We 

assu e that spe ifi  adaptatio s i  the p otei  a d it oge  ata olis  of C. a utus elated to 

a o ia a u ulatio  ight esult i  o pa ati el  lo  δ N atios i  o e i te i g 

spe i e s at depth. Fu the  studies a e eeded to elu idate the eta oli  path a s i ol ed 

i  a o ia a u ulatio  a d ho  the  affe t it oge  isotopi  f a tio atio  i  C. a utus. 
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Cala id opepods pla  i po ta t oles i  e e g  t a sfe  i  a i e e os ste s. The  li k 

p i a  p odu tio  to highe  t ophi  le els a d, ia the iologi al a o  pu p, su sta tiall  

affe t iogeo he i al les a d a o  flu es. I  high-latitude e os ste s, glo al li ate 

ha ge leads to ha ges i  phe olog  a d seaso alit . “p i g loo s o u  ea lie  due to 

soo e  eakup of sea i e a d/o  a e  ate  te pe atu es ea lie  i  the seaso  “ø eide et 

al. , Leu et al. . If the te i atio  of diapause a d o e i te i g i  do i a t 

he i o ous opepods as dete i ed  i te al ph siologi al fa to s i depe de t f o  

li ate ha ge - as i di ated  the esults of ou  stud  - , a shift i  the ti i g of the sp i g 

loo  ight esult i  a is at h et ee  p i a  p odu tio  a d zoopla kto  o su ptio  

ith pote tial t e e dous effe ts o  the pelagi  food e . The efo e, it is esse tial to 

u de sta d the egulati g e ha is s of do i a t opepods` life les a d ou  esults 

o t i ute to a ette  u de sta di g of the e oph siologi al fa to s i ol ed i  the egulatio  

of diapause a d o e i te i g.  
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4 Synoptic discussion 
He i o ous opepods o stitute a ke  ole i  the pelagi  food e  of oth pola  o ea s. 

The efo e, it is esse tial to u de sta d the egulati g e ha is s of thei  life les to p edi t 

e ologi al o se ue es of e.g. li ate ha ge o  the hole pola  a i e e os ste . 

To a ds highe  latitudes, p i a  p odu tio  les a e li ited  the seaso alit  of light a d 

sea-i e o ditio s, a d he i o ous opepods ha e adapted to the flu tuati g food-suppl   

diffe e t life- le st ategies. Calanoides acutus o du ts e te si e seaso al e ti al ig atio  

asso iated ith a diapause at g eate  depth i  the Southe  O ea . Diapause is ha a te ised 

 edu ed eta oli  ates a d s i i g a ti ities a d he e eut al uo a  at 

o e i te i g depth. The ph siologi al e ha is s ehi d uo a  egulatio , as ell as the 

t igge i g fa to s te i ati g ig atio  a d the o - a d offset of diapause e e the su je t of 

this thesis.  

The ai  o je ti es e e to test a set of i te -li ked h potheses o  the ole of a o iu -

egulated uo a  a d a  asso iated de ease of e t a ellula  pH fo  t igge i g eta oli  

dep essio  du i g diapause. The o p ehe si e data set esults f o  fou  A ta ti  

e peditio s. It o p ises a spe ies-spe ifi , stage-depe de t, as ell as seaso al- a d depth-

elated o pa iso  of the e t a ellula  atio  o positio  a d hae ol ph pH. 

Supple e ta  data o  ph siologi al a d io he i al pa a ete s f o  the th ee do i a t 

he i o ous A ta ti  opepods C. acutus, Rhincalanus gigas a d Calanus p opin uus a e 

p o ided i  the o te t of diffe e t life- le st ategies. 

Chapte   des i es e pi i al o se atio s o  eut al uo a  i  diapausi g C. acutus du i g 

aust al i te . Chapte   suppo ts o el h potheses o  i  uo a  egulatio  ia 

odifi atio  of the e t a ellula  atio  o positio  a d ii  eta oli  dep essio  a d 

diapause i du tio   a edu tio  of e t a ellula  pH. Chapte   i teg ates a o p ehe si e 

seaso al a d depth- elated o pa iso  of a o iu  o e t atio s a d pH le els ith othe  

ph siologi al a d io he i al pa a ete s to o fi  a d e te d e isti g k o ledge o  life-

le st ategies of pola  opepods. 

 



.  The i po ta e of eut al uo a  fo  a su essful i ple e tatio  of diapause 

 

 

4.1 The i porta e of eutral uoya y for a su essful i ple e tatio  of diapause  

The o t ol of uo a  a d the ai te a e of a  opti al o e i te i g depth o e  a lo g 

pe iod of ti e pla  a u ial ole, d i i g a ato i al, io he i al a d eha io al adaptatio s. 

Diapausi g opepods eed to est ai  a  a ti ities of high e e geti  e pe ditu e to su i e 

the food-li ited i te  pe iod ithout a depletio  of thei  est i ted esou es. A ti e 

s i i g has ee  sho  to e espo si le fo  a fou - to se e fold i ease of eta oli  

ate i  opepods Calanus helgolandicus a d Dioithona oculata e.g. Pa lo a a d Mi ki a , 

S etli h  a d U a ska a , Buske  , a d espi atio s ates of a aesthetised, a d 

he e i o ile pla kto i  usta ea s e e a out fi e to si  ti es lo e  tha  those of 

a ti el  s i i g spe i e s Da e po t a d T ue a  . He e, e ha is s to o iate 

o  edu e s i i g a ti ities to keep e e geti  de a ds lo  a e of fu da e tal i po ta e 

du i g diapause. Diapausi g i di iduals slo  do  thei  eta olis  to a i i u  of esse tial 

ital fu tio s S etli h  a d Hu a e a  a d it is assu ed that the  e ai  otio less 

a d eut all  uo a t th oughout diapause du atio . Ho e e , e pe i e tal o se atio s of 

s i i g eha iou  a d uo a  o  de sit  dete i atio s fo  A ta ti  opepods did ot 

e ist so fa .  

The p ese t stud  o tai s the fi st e o d that diapausi g C. acutus a hie e a state of eut al 

uo a  du i g aust al i te  a d that uo a  is ai tai ed o l   thei  io he i al 

o positio . I  o t ast, a ti e-o e i te i g C. p opin uus e e egati el  uo a t 

Chapte  , S h ü de  et al. . I  o de  to float, diapausi g opepods ust ha e the sa e 

de sit  as the su ou di g sea ate . Mai  o t i uto s to egati e uo a  a e p otei s a d 

a oh d ates ith de sities of .  a d .  g - , espe ti el , e eedi g the de sit  of 

sea ate  ≈ .  g - . The i o po atio  of la ge a ou ts of lo -de sit  lipids is a ajo  

o t i utio  to eut al uo a  a d a  i easi g u e  of studies fo us o  the ole of lo -

de sit  lipids fo  uo a  egulatio  du i g diapause e.g. Visse  & Jó asdótti  , I igoie  

. Ho e e , a pu el  lipid- ased uo a  egulatio  leads to a  i he e tl  u sta le 

depth of eut al uo a  due to the the al e pa sio  a d o p essi ilit  of lipids Visse  

a d Jó asdótti  , Ca p ell a d Do e  . It follo s, that the ai te a e of eut al 

uo a  e ui es at least additio al egulatio  e ha is s. 
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4.2 Buoya y regulatio  y a o iu  a u ulatio  a d io  repla e e t  

Widel  dist i uted adaptatio s fou d i  pelagi  i e te ates to edu e the o e all de sit  a e 

a  i ease i  lipid o  ate  o te t, a edu tio  i  e oskeleto  al ifi atio  o  the use of gas-

filled ha e s De to  a d Gilpi -B o  , De to  a d Gilpi -B o  , Sa de s a d 

Child ess . A othe  app oa h is the edu tio  of the de sit  of od  fluids  io  

epla e e t, fo  i sta e i  pelagi  deep- ate  sh i ps, ephalopods a d ph topla kto i  

ells De to  et al. , Cla ke et al. , Sa de s a d Child ess , Bo d a d G ad a  

. I  a hiid s uids a d the deep-sea usta ea  Notosto us gi osus, ea l  all 

sodiu  io s Na+  a e epla ed  NH + i  od  fluids. The a u ulatio  of up to  ol L-  

NH + a d a  asso iated e ha ge of io s ith a highe  de sit  esults i  a  uplift of o e tha  

 g L-  a d p o ides eut al uo a  De to  et al. , Sa de s a d Child ess .  

Withi  this stud , a  i te se a u ulatio  of a o iu  ith si ila  o e t atio s of up to 

 ol L-  as fou d i  the hae ol ph of oth diapausi g spe ies Cala oides a utus a d 

Rhi ala us gigas Chapte   & , S h ü de  et al. , S h ü de  et al. su itted . The 

ele ated o e t atio s of NH + e e asso iated ith i o  o t i utio s of the e ai i g 

atio s, i  pa ti ula  Na+ a d di ale t Mg +, Ca +, he e highlighti g a su sta tial io  

epla e e t. These fi di gs suppo t the idea of a p e ious stud  Sa to is et al.  a d 

esta lish io  epla e e t as a uo a - egulati g e ha is  i  opepods.  

 

 

 

 

 

 

 



.  The i te -li ked ole of a o iu  a u ulatio  a d pH edu tio  

 

 

.  The i ter-li ked role of a o iu  accu ulatio  a d pH reductio   

I  ost a i e o ga is s, i ludi g a als, fish a d usta ea s, the o e t atio  of 

a o iu  i  od  fluids is ge e all  lo  -  µ ol L- , Weih au h et al. , due to the 

pote tiall  to i  effe ts of its deio ised fo  NH . This stud  e te ds the h pothesis of io  

epla e e t a d a o iu  a u ulatio  as a uo a  aid  the fi di g that a o iu  

o e t atio s e e sig ifi a tl  affe ted  a idit  a d i eased ith lo e  pH alues i  the 

hae ol ph of diapausi g C. a utus a d R. gigas Chapte   & , S h ü de  et al. , 

S h ü de  et al. su itted . It p o es that pH o ditio s a e kept lo  to ai tai  a o iu  

i  the less to i  NH + io ised fo  a d to a oid a diffusi e loss of NH . 

pH pla s a ke  ole i  a  ph siologi al p o esses su h as e z e a ti it , p otei  fu tio  

a d io  t a spo t Gattuso a d Ha sso  . Lo  i t a ellula  pH o ditio s edu e e e g  

tu o e  a d eta oli  ates i  se e al i e te ates, fo  i sta e the s ail Oreoheli  spp., 

a d i du e do a  i  the i e sh i p Arte ia sali a Busa a d Nu itelli , Ha d a d 

G aige  , Ha d a d Ca pe te  , Rees a d Ha d . The odulatio  of the 

i t a ellula  pH is a egulated ellula  p o ess, hi h e ui es a spe ifi  e e g  de a d fo  the 

io  e ha ge et ee  i t a- a d e t a ellula  o pa t e ts agai st a  ele t o he i al 

g adie t Reips hläge  a d Pö t e  . I  o t ast, e t a ellula  pH is poo l  egulated a d 

u de lies p oto  t a sfe  f o  the i t a ellula  spa e depe di g o  the eta oli  ate 

Pö t e  . Ho e e , i  it o e pe i e ts o  isolated od  all us ulatu e of the 

a i e o  Sipu ulus udus ha e sho  that lo  pHe alues suppo t a edu tio  of ATP 

ade osi e- '-t iphosphate  tu o e   a  i hi itio  of et p oto  t a spo t a oss the ell 

e a e, thus lo e i g the e e g  de a d of pHi egulatio   a de ease i  the o e all 

ate of a id- ase egulatio  a d o t i uti g to a  e e g -sa i g st ateg  du i g eta oli  

dep essio  La ge u h a d Pö t e  . A de ease of pHe f o  a o t ol le el of .  to .  

esulted i  a edu tio  of the ae o i  eta oli  ate  - % La ge u h a d Pö t e  

. The efo e, it is possi le that lo  pH o ditio s also a t as a t igge  fo  eta oli  

dep essio  a d he e diapause i  opepods. The o i atio  of e pe i e tal a d ole ula  

app oa hes i  futu e studies ill help to i estigate hethe  the i po ta e of pHe ha ges 

fo  eta oli  egulatio  is as high i  diapausi g opepods as it as de o st ated fo  S. udus. 
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.  Seaso al co pariso  of extracellular catio  co positio s a d pH levels 

A o di g to the h pothesis that a o iu  a u ulatio  suppo ts eut al uo a  du i g 

diapause a d that a  asso iated d op of e t a ellula  pH o t ols eta oli  dep essio , NH + 

a u ulatio  a d pHe edu tio  should e seaso al phe o e a a d a  ith opepodid 

de elop e t a d depth. The e pe tatio  ould e that a o iu  o e t atio s a e 

highest i  o e i te i g stages at g eate  depth a d that pH o ditio s a e o  ph siologi al 

le els of ≥ .  i  a ti e i di iduals at the su fa e i  sp i g a d su e  to p e e t eta oli  

dep essio . Ho e e , a o iu  o e t atio s a ied g eatl  e e  ithi  i di iduals of the 

sa e spe ies, de elop e tal stage a d seaso , a d seaso al as ell as depth- elated 

diffe e es e e ot sig ifi a t Chapte   & , S h ü de  et al. , S h ü de  et al. 

su itted . As al ead  e tio ed i  Chapte  , ost of the a ia e a  e e plai ed  a 

o i atio  of i di idual, i te -a ual, a d spatial a ia ilit . G eat a ia es i  a o iu  

o e t atio  a e a o o  phe o e o  i  othe  a o ia al o ga is s su h as s uid 

Lipiński a d Tu o o ski . The e te t of a o iu  a u ulatio  as a uo a -aid is a 

highl  i di idual p o ess a d depe ds i te  alia o  the ph siologi al status a d the 

io he i al o positio  of ea h i di idual. Du i g diapause, essatio  of feedi g a d 

do a  p e e t/ i i ise o positio al ha ges ith ega d to ate -, ash-, p otei -, lipid, 

a oh d ate-, hiti -, a o - a d it oge - o te t Do ell  et al. . But at the e d of 

the o e i te i g pe iod, oulti g a d ep odu ti e p o esses ha e t e e dous effe ts o  

the elati e p opo tio s a d olu e f a tio s of all od  o po e ts. No late  tha  that, the 

de sit  de easi g effe ts of a o iu  a u ulatio  a d io  epla e e t o e i to effe t. 

Depe di g o  ha itat, latitude a d seaso al p og ess, o side a le a iatio  i  i di idual life 

histo ies a ot e e luded. Espe iall  du i g t a sitio  pe iods su h as sp i g, pa ts of the 

populatio  ight still eside i  diapause hile othe s al ead  sta ted a ake i g. Fu the  ias 

a  o u  e ause sa ples a e f o  fou  sepa ate e peditio s, a d it as ot possi le to 

epeat sa pli g at the sa e positio s.  
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.  The origi  a d ti i g of a o iu  accu ulatio  
Ele ated le els of a o iu  as fou d i  diapausi g opepod spe ies ithi  this stud  a  

ha e t o possi le o igi s. The fi st pote tial a  is that NH + is de i ed f o  dieta  i put 

du i g the p odu ti e seaso  a d is a u ulated at the su fa e efo e opepods sta t to 

des e d to o e i te i g depth. The se o d a  is that it o igi ates f o  the a i o-a id 

ata olis  of od  p otei s du i g diapause. The deg adatio  of p otei s is the ajo  sou e 

of it oge ous o pou ds i  a uati  usta ea s Weih au h et al. . Ho e e , 

sta atio  e pe i e ts of A ti - o eal opepods Cala us helgola di us, Cala us fi ar hi us 

a d Cala us gla ialis Ma o  et al. , Ta ela de  et al. , as ell as k ill a d sids 

F aze  et al. , Go okho a a d Ha sso   e ealed that o - it oge ous su st ates 

su h as fatt  a ids a e p efe a l  used to eet asal eta oli  e ui e e ts du i g 

sta atio , thus sa i g p otei s fo  g o th a d ep odu tio  Ro a  , Ma o  et al. . 

With ega d to the ti i g of a o iu  a u ulatio , this ould ea  that ost of the NH + 

is p odu ed i  the a ti e pe iod efo e des e di g to o e i te i g depth. It ould at least 

e plai  h  high le els of a o iu  e e fou d th oughout the hole ea  at a ious 

depths a d ot o l  i  o e i te i g stages at g eate  depth. Ho e e , this se ue e ould 

e ou te p odu ti e i  the p o ess of do a d ig atio , si e opepods ould des e d 

at ti es he  thei  a o iu  a d lipid  sto es a d, he e, uo a  a e at a i u .  

The ti i g of OVM a d the se ue e of ph siologi al adaptatio s i  pola  opepods a e 

su je t of a  o goi g dis ussio , also ith ega d to the a u ulatio  of lipids Visse  & 

Jo asdotti  , I igoie  . The lipid sto es a d, he e, lipid- egulated uo a  ea h a 

a i u  p io  to the o set of the do a d ig atio . As a esult, i stead of si ki g 

passi el , opepods eed to s i  a ti el  u til the  ea h o e i te i g depth. Si ila l , 

opepods eed to as e d i  sp i g ith se e el  edu ed lipid le els. The efo e, lipids ha e 

ofte  ee  o side ed as a a ie  fo  do a d ig atio  athe  tha  a  aid Ya a os et al. 

. A  i easi g u e  of studies, ho e e , suppo t the assu ptio  that the ph si al 

p ope ties of the a u ulated a  este s ithi  the lipid sto es pla  a ital ole i  the 

a hie e e t of eut al uo a  at o e i te i g depth Visse  a d Jó asdótti  , Po d 

a d Ta li g , Po d et al. , Po d . Visse  a d Jó asdótti   de eloped a 

si ple th ee o po e t odel to al ulate a depth of eut al uo a  of diapausi g Cala us 

fi ar hi us i  the Fa oe-Shetla d Cha el, ased o  p essu e- a d te pe atu e-i du ed 
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de sit  diffe e es et ee  the a u ulated a  este s a d the su ou di g sea ate . The  

p oposed a et effe t that a  este s e o e de se  ith i easi g depth a d de easi g 

ate  te pe atu e, thus i easi g the od  de sit  of the i di idual i  o de  to p e e t a 

h d ostati  lift  the othe ise lo -de sit  lipids. Po d a d Ta li g  a d Po d et al. 

 e pa d this idea a d postulate that a  este s ith a e tai  th eshold of > % 

u satu atio  ith espe t to the a ou t of dou le o ds et ee  a o  ato s i  the WE 

ole ule  a e assu ed to u de go p essu e- a d te pe atu e-i du ed phase t a sitio s f o  

li uid to solid phase at depths ≥  . A o di g to Visse  a d Jó asdótti  , the de sit  

diffe e e et ee  sea ate  at a sali it  of  a d °C at the su fa e a d °C at   is 

.  g - , he eas the espe ti e de sit  diffe e e fo  a  este s et ee  the sa e 

depths is .  g - . This ould ea  that opepods that a e positi el  uo a t at the 

su fa e ould e o e eut all  uo a t at g eate  depths. The effe t of o  a o iu -

o tai i g fluid is p o a l  i  a si ila  a ge, assu i g a de sit  diffe e e of .  g -  

a o iu - o tai i g fluid ith .  g -  at  ol L-  s. sea ate  ith .  g -  

at sali it   a d  °C . A o i atio  of oth fa to s, i.e. the i ease i  a  este  de sit  

a d lo -de sit  a o iu  a u ulatio , ould a tuall  ep ese t a possi le e pla atio  fo  

the egulato  e ha is s of opepod uo a . Both, lipids a d a o iu  a e 

a u ulated du i g the p odu ti e seaso  at the su fa e a d opepods eed to s i  to a 

e tai  depth u til a de sit  i ease o  e e  a p essu e-i du ed phase-t a sitio  of a  

este s is a hie ed. The e te t of lipid a u ulatio  a d the deg ee of u satu atio  of the a  

este s dete i e the o e i te i g depth of eut al uo a . Lipids a e to a e tai  pa t 

utilized at the e d of diapause fo  oulti g, g o th a d ep odu ti e p o esses so that 

a o iu  a u ulatio  ould a t as a fi e-tu i g e ha is  a d assist i  the su se ue t 

up a d ig atio  i  sp i g, he  lipid le els a e se e el  edu ed. 

If so, pH edu tio  eeds to p e ede a o iu  a u ulatio  du i g the a ti e feedi g 

pe iod. Copepods ust fi st edu e thei  pH to a oid the to i  effe ts a d the diffusi e loss of 

a o ia. A lo  pH ould the  ep ese t the t igge  fo  the essatio  of feedi g a d the 

o set of diapause. This se ue e ould e plai  h  pH le els did ot sho  a disti t seaso al 

t e d a d lo  pH le els e e also fou d i  sp i g a d su e . But it ould e ai  

u e plai ed ho  opepods ith a edu ed eta olis  a d he e s i i g a ti it  a e a le 

to ea h depths of p essu e-i du ed eut al uo a , as it is assu ed i  the a o e dis ussed 
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h pothesis. Futu e studies should fo us o  a o i atio  of e pe i e tal a d ole ula  

app oa hes to a tuall  u de sta d the hole ph siologi al e ha is  a d se ue e of 

uo a  egulatio . 

.  Extracellular catio  co positio  a d pH i  Arctic copepods 

I  oth pola  o ea s, opepods ha e de eloped si ila  adaptatio s to the st o g seaso alit  

of light a d food egi e at highe  latitudes. I  the A ti , th ee of the la gest opepod spe ies, 

i.e. Cala us fi ar hi us, C. gla ialis a d C. h per oreus, a e k o  to pe fo  o toge eti  

e ti al ig atio  a d o e i te  i  diapause Co o e  , Hi he , Kaa t edt , 

Falk-Pete se  et al. . The o ious uestio  is hethe  io  epla e e t a d pH edu tio  

a e pote tial o t olli g fa to s of opepod do a  a d uo a  egulatio  also ithi  

these o eal a d A ti  spe ies.  

I deed, i  a e e t stud  F eese et al. , a lea  seaso al patte  of pHe ith alues of 

elo  pH  i  o eal i te  a d highe  tha  pH .  i  the su fa e la e s i  su e  e e 

fou d i  the hae ol ph of C. gla ialis. Ho e e , NH + le els did ot follo  a seaso al t e d 

a d o e t atio s e e ge e all  lo e  up to . ± .  ol L-  tha  i  the A ta ti  

spe ies ithi  this stud . I stead, o side a le a ou ts of up to  ±  ol L-  of 

Lithiu  Li+  e e fou d ith o e t atio s ei g disti tl  highest du i g the o e i te i g 

pe iod a d lo est he  i di iduals e e a ti el  feedi g at the su fa e. The ph siologi al 

effe ts of Li+ ould ot et ee  la ified, ut the e e g  de a di g a u ulatio  a d a 

egati e o elatio  to Na+ o e t atio s a e i di ati e fo  a iologi al fu tio . The autho s 

suggest that A ti  diapausi g opepods e efit f o  the o i atio  of oth NH + a d Li+ 

a u ulatio  a d the epla e e t of io s ith a highe  de sit  at the e d of the 

o e i te i g pe iod  suppo ti g uplift du i g up a d ig atio  F eese et al. . 

The uestio  e ai s, h  a disti t seaso al t e d i  pHe as fou d fo  A ti  diapausi g 

opepods, ut ot fo  A ta ti  opepod spe ies i  the p ese t stud . Withi  the stud  of 

F eese et al. , opepods e e sa pled i  egula  ti e i te als f o  a seaso all  i e-

o e ed fjo d i  lose i i it  to a la d- ased statio . I  o t ast, sa ples f o  the A ta ti  

stud  o igi ate f o  fou  diffe e t e peditio s a d f o  t a sitio  zo es of a i g seaso al 

p og ess. He e, p ofou d a iatio s i  life-histo i  a kg ou ds ithi  the opepod 

populatio s a ot e e luded.  
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 5 Conclusions and future perspectives  

The p ese t stud  add esses o el h potheses a out the ole of a o iu  a u ulatio  a d 

pH edu tio  as o t olli g fa to s fo  diapause i  A ta ti  ala oid opepods. It i ludes the 

fi st epo t that diapausi g Calanoides acutus a hie e a state of eut al uo a  du i g 

aust al i te   its io he i al o positio  alo e ithout the additio al eed of e e g -

e ui i g s i i g o e e ts. I  o t ast, a ti el  o e i te i g Calanus p opin uus a e 

ha a te ised  egati e uo a .  

It ould e o fi ed that diapausi g a d o -diapausi g opepod spe ies diffe  i  thei  

e t a ellula  atio  o positio . Withi  the hae ol ph of diapausi g C. acutus a d 

Rhincalanus gigas, st o gl  i eased le els of a o iu  NH +  e e fou d, he eas le els 

of the e ai i g atio s e e edu ed. The epla e e t of atio s ith a highe  ole ula  

eight su h as Na+, Mg + a d Ca +  lo  de sit  NH + de eases the o e all de sit  of the 

diapausi g opepod a d suppo ts the a hie e e t of eut al uo a  du i g diapause a d 

up a d e ti al ig atio  i  sp i g.  

This is the fi st stud  to sho  that the a u ulatio  of a o iu  io s as elated to se e el  

de eased e t a ellula  pH le els of pH ≤  to fa ou  the fo atio  of less to i  a o iu  

io s a d to p e e t diffusi e loss. Othe  studies ha e sho  that lo  i t a- o  e t a ellula  pH 

o ditio s a e espo si le fo  eta oli  edu tio  a d the i du tio  of do a  i  a a ge of 

i e te ates. Fu the o e, i  A ti  diapausi g Calanus glacialis, a seaso al t e d of 

e t a ellula  pH as fou d, e e  though atio  o e t atio s e e i depe de t f o  pH 

ha ges. Thus, it is possi le, that lo  pHe le els a e ot o l  a p e o ditio  fo  a o iu  

a u ulatio  a d uo a  egulatio , ut i  additio  i du e eta oli  dep essio  a d 

diapause. To assess the ole of lo  pHe o ditio s as a pote tial t igge  of opepod do a , 

futu e studies should e o i ed ith ole ula  a d e pe i e tal app oa hes to gai  o e 

p e ise i fo atio  o  the ph siologi al p o esses du i g diapause.  

Futu e s e a ios a out CO  o e t atio s i  the Ea th’s at osphe e p edi t a fou fold 

i ease due to a th opoge i  e issio s f o  the egi i g of the i dust ial e olutio  to the 

ea   Platt e  et al. . O e dissol ed i  sea ate , CO  a ts as a eak a id, 

i flue i g the i a o ate/ a o ate atio a d leadi g to a de li e i  sea ate  pH. Mea  pH 

i  su fa e ate s has de eased f o  app o i atel  .  to .  et ee  p e-i dust ial ti e 
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a d the s a d is e pe ted to ea h .  i  ea   Gattuso a d La ig e , ith 

se e e effe ts o  the a id- ase status, al ifi atio  a d photos theti  p o esses of affe ted 

o ga is s e ie ed  Gattuso a d Ha sso  . E e  though pote tial ph siologi al 

effe ts of a de ease i  e t a ellula  pH le els still eed to e fu the  o fi ed, it e ai s 

asto ishi g ho  opepods ope ith a edu tio  of o e tha   pH u it as fou d i  this stud . 

Re e t studies i estigated the i flue e of e i o e tal o ditio s su h as i eased 

te pe atu es 5 a d °C  a d/o  ele ated pCO  of  pp  o  the e t a ellula  pH of C. 

glacialis du i g a d at the e d of diapause To kes et al. 5 . The  did ot fi d a  espo se 

of pHe, leadi g to the assu ptio  that C. glacialis is apa le of egulati g pHe e e  at 

e i o e tal o ditio s p edi ted fo  the e d of the e tu . O l  at highe  food 

o e t atio s, a  i ease of pHe as fou d, i di ati g that feedi g is u ial i  the t a sitio  

f o  diapause to a ds a ti it  To kes et al. 5 . 

Copepods a  e ai  elati el  u affe ted f o  the th eat of o ea  a idifi atio  o  a 

ph siologi al le el, ut this does ot ou t fo  ha ges i  food ualit , seaso al shifts i  food 

a aila ilit  et . I easi g at osphe i  CO  o e t atio s, a o pa ied  i easi g 

te pe atu es ea  the isk of a d asti  edu tio  i  sea-i e e te t a d thi k ess i  pola  

o ea s, alte i g the o set, du atio  a d ag itude of p i a  p odu tio  due to ea lie  i e 

eak-ups. A te po al is at h et ee  the ti i g of ph topla kto  loo s a d the 

ep odu ti e les of opepods a  ha e d a ati  o se ue es fo  the e ti e a i e food 

e  Sø eide et al.  a d ake studies o  opepod ph siolog , adapti e pote tial a d 

pote tial i pli atio s of li ate ha ge o  the life les of do i a t he i o ous opepods 

a  u ge t task i  pola  a i e s ie es. 
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